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ABSTRACT

My research activitiesluring the PhDfocused on the study of colloidal semiconductor
nanocrystals (NCs) the cortext of their application irlight-emitting diodes (LED)In fact, their
attractive optoelectronicproperties make them particularly suitable for lighting and display
technology It is common knowledge thatamocrystalshasedLEDsre now regardedasone of the
most promising emittingnaterialsin terms of lightemitting efficiency, wavelength tunability and
cost. Indeed, titure applications usinfNGLEDs auld range from widecolour gamut and large
displays tovirtual reality; or flexible and transparergcreengequiringhigh performance.

In particular, | focused on two types of colloidal NCs: giemitting CsPbBrhaving a perovskite
structureand blueemitting corecrown CdSe/CdS nanoplatel¢PLS)

RegardingCsPbBr NCs, | studiedlifferent ligandexchange processes: in solutimtate, but
especially in the solid statevhose fewer literature studies are availableSolidstate ligand
treatment wascarried outafter the fabrications of NGhin films: a relevantmprovement of the
photoluminescence quantum yield (PLQY) of the film itsaf been reachedut alsoa changeof
solubility of its surface, allowing multiple deposition of nanocrystal layers. A greater thiokhess
the emitting filmcan indeel ensure a abundant recombination dhjected chargesAfterwards,
and precisely thanks to thehange in solubilityl developed a laydvy-layer (LbL) assembly
methodologythat results in high quality films with finely controllable thickness.

Concerning insteal€€dSe/CdS NPUsworked on 3 monolayer(ML) core synthesisn order to
improve their PLQY and aspect rat{tength/width). To do this, | exploiteBxperimental Design
techniqueswhich allowed me to study the variabiliof the system in greater depththen crowned
CdSe coreanoplateletswith a layer of CdS tachieve betterstability and luminescence efficiency
Specifically, | obtaineaPLQYf 66+£7%and with such NCi waspossible to fabricate LEDs, carefully
studying different type of structure®Vith an ExternalQuantum Eficiency(EQEdf 1.8%, | obtained

the highest valuever reportedfor blue coe/crown CdSéasednanoplateletsn LEIS.
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1 INTRODUCTION

1.1 Colloidal Semiconductor Nanocrystals

"Size matters" is one of the major themes in colloidal semiconductor nanoscience: from
the definition of colloidthat is a mixture in which one very little dispersed substance (1
nm-m >a0 A& &adzZALISYRSR GKNRdAK2dzi Fy2G§KSNI &dzo
which are particles having at least one dimension in the regib@Q.nm. Materials within

this sizespan possess properties in between single molecules and their bulk counterparts,
and theyshowsizedependent tunable optical features thappearwhen electronic wave
functions (mathematical function that relates the location of an electron to its energy) are
guantum-confined in dimensions of sever@nometres!?

Quantum confinement is an important phenomenon thetppers when the size of the
nanocrystals is close to the Bohr radius of the material: in such situation, the exciton is
confined in the solid. The confinement of carriers results in the quantization of their
energy levels, which depends on the respective dimersioThis enables the
manipulation of emitted light energy by adjusting particle size while maintaining a
consistent chemical composition.

To better understand this concept, it is appropriate tgive the definition of
semiconductor: its typical characteristic, the conductivity, has a value that lie in between
conductors and insulators. Conductors possess high conductivity, and are typically
represented by metals while insulators, like glass and pldstéice high resistivity to the
motion of charge carriers. In semiconductochargeO | NN#ognEnLinside the solid
hasa valuein between the twoln accordance with the principles of quaniunechanics,
electrons within the solid lattice are constrained to occupy specific energy states. These
energy states are closely spaced and are collectively termed "energy bands." The occupied
and unoccupied energy states amspectivelyindicatedas the valence band (VB) and the
conduction band (CBI}.ispossibleto classify materials based on the position of the Fermi
level and the size of the band gaphe Fermi level is theighest energy level withia
solid-state materialoccupiedby electrons ad K In metals, the Fernievellies within the
conduction band. This means that there are a significant number of unoccupied electron

states available for electrons to move through. Metals have a very small or effectively zero



band gap. This means that there is no energy gap between the valence band and the
conduction band, and electrons can easily move from one band to the other.
semiconductors, the Fermi energy is typically located in the band gap, close to the middle
of the band gap. Semiconductors have a finite energy band gap, which is relatively small
if compared towhat happens ininsulators. Minimum energy needed to transition
electrons from the valence band to the conduction band is known as bandgap engrgy (E
and varies depending on the material. The promotion of electrons into the conduction
band can be achieved throughsufficientamount of energy E (E >pE The typical £
energyrangénd SYA O2 Y RdzOG@XE N& 3 &P ndH X 9

In semiconductor physics, it ¢sucial to understand the concept of direct and indirect
band gaps, particularly in the context of electronic transitions and optoelectronic
applications. These terms describe how electrons move within the energy bands of a
semiconductor materialn a material with a direct band gap, the highest energy state in
the valence band (where electrons normally reside at low temperatures) aligns perfectly
with the lowest energy state in the conduction band (where electrons are excited to at
higher temperatires orby external stimuli like photons). In other words, in a direct band
gap semiconductor, electron transitions from the valence band to the conduction band
involve minimal changes in momentum. These transitions are associated with the
emission or absorptionfgohotons with the same energy as the band gap, making them
interestingfor optoelectronic applications such as lighitting diodes (LEDs) and laser
diodes. Common examples of direct band gap semiconductors include gallium arsenide
(GaAs) and indium phpbide (InP)On the other handin a material with an indirect band

gap, the highest energy state in the valence band and the lowest energy state in the
conduction band do not align in terms of energy and momentum. Instead, the electron's
momentum must change for the transition to occtypically involving a phonon (lattice
vibration) to conserve momentum. Indirect band gap materials have less efficient electron
transitions andare less effective at emitting or absorbing photons compared to direct
band gapmaterials. Common examples of indirect band gap semiconductors include
silicon (Si) and germanium (Ge). Indirect band gap materials are often used in electronic
devices like transistorsFigure 1 illustrates the connection between the nano

semiconductor's size and its bandgap value.
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Figurel: Representation of the relationship between the dimensiseaficonductor and the Bang Gap |
entity.

Since nanocrystals are solid entities, confinement can occur along one of three
dimensions. As we increase the number of dimensions under confinement, we typically
classify these systems as quantum wells (one dimension), quantum wires (two
dimensions), oguantum dots (three dimensiong)lhe electronic characteristics of these
materials are subjected to alterations depending on the number of confined dimensions.
In such small dimensions, another common theme is "the surface matters", emphasizing
the influence of the structural and electronic properties of the surface, which can be
further functionalized by surface chemistty Important participants of the surface
OKSYAadNRB FINB (GKS afAdlyRaAeédd [ATAlFIYRAZ I f &s
molecules that bind to the atom donatingharing,or receiving electrons from it. They
usualy end with an organic chain that allows to reach thkectroneutrality of the
nanocrystal through the dispersion imon-polar solvents: the polar head coordinates the
dangling surface ions while the organic chain interact positively with thepodar solvent
(Figure 2). Binding of ligands to nanocrystals can be conveniently described by the
Covalat Bond Classification (CBd&veloped by Greétin 1995 to classify metdigand
interactions in complexed.igands are defined as, X or Z type depending on the
number of electrons that tey donate to the Ndigand bond Ii-type 2 electrons, Xype 1

electron, Ztype 0 electronk



These unique properties characterize colloidal semiconductor nanocrystals (NCs) and
allow them to be used for a wide range of optoelectronic applicatiéttigven thanks to

the production of monodisperse NCs with precise sizeroband different morphologies.

NC = nanocrystal

“—_o =ligand

Figure2: A nanocrystal with polar heads of ligands attached to its surface angbalam chains elongated
non-polar solvent.

1.1.1 Synthesis of nanocrystals

To achieve precise control ovesize, shape, and optical characteristics of nanocrystals
(NCs), significant attention has been focused on establishing reproducible and facile
synthetic methodsThese methodsre categorized as either "todown" or "bottom-up."
Topdown strategies involve breaking down and shaping macroscopic solids, through
mechanical means (e.g., -afiilling):? or chemical processes (e.g. chemical exfoliation,
etc.).®® Conversely, bottorup approaches start from molecules and ions, progressing
through chemical reactions wapor or liquid phasdt has been proven that, aomg all
bottom-up approachesliquid-phase one is the best for the fabrication of wadfined
colloidal NC$*°In this chemicalapproach two primary stageare involved nucleation

and growth. Nucleation is thgrocess by whicinitial nuclei of the final crystalline phase



are formed, while growth represents how these initial nuclei of the crystalline pagse
added further structural units to achieve thefinal size!®

Figure3illustratesthe nanocrystal nucleation and growth theogya primarily qualitative
portrayal of the temporal changes in solute concentration during nanocrystal formation,

as elucidated in the seinal work of LaMer and Dinegdl.
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Figure3: Nanocrystals formation through LaMer diagram: supersaturation, nucleation and growth ste

Theentire processcan be splittednto three different steps:

1. Supersturation: Molecular precursors, which are monomdrsund to long/short
molecules, are introduced. The binding strengthsathbond determines the rate at
which monomers become available. Over time in this first stage, the concentration of
monomers increases and finally a critisapersaturationis reached

2. Nucleation Nuclei form and after thata certain number of monomers are withdrawn
from the pool of monomers. This eventually leads to a reduction of free monomers in the
solution. Once the concentration of monomers has dropped below the critical
supersaturation, the nucleation stops.

3. Growth Gncentration of monomerslecreaseand thus the number of monomethkat

react to form the particlesncreases. At the beginning, this means that all nanocrystals

grow homogeneouy but some mdividual crystal€andismantle to maintain a certain



concentration of free monomerand somamnacraoscopiccrystalscanprecipitate from the

solution.

There are differentiquid phase preparation methods oblloidal semiconductor NCs

the main ones are described in the next subchapters.

1.1.1.1 Aqueous Bottom-up synthesis

Aqueous bottomup synthesis method is generally used to prepare watdtble NCs.
One of he earliest method to prepare colloidal semiconductor NCaqueous solution

was the preparation of CdS NCs in the3¥ypically, the aqueous bottomp synthesis

is realized through a precipitation reacti@xploitingcationic and anionic precursors in
the presence of stabilizers under flow conditions in a solution with appropriaté&® pH
Through the modulation of stabilizers tygechemicals concentratiofl, temperature
reactiort? and time?®the size of the NCs can be modifidthis procedure reliesn Lewis
acid/base reactions. Based on the HSAB (Hard and Soft Acids and Bases) theory, hard acids
react faster and form stronger bonds with hard bases, while soft acids react faster and
form stronger bonds with soft basésHowever, if the cation and anion are the main
monomers, they can react very quickly after injection of the precursor solution, leading
to fast consumption of the monomerdhis can lead to increased particle growiiAn
interesting aspect of this method is the use of environmentally frieneliygents(mainly
water) and experimental temperature usually lovw&than other methodsdescribed in

this section
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1.1.1.2 Ligand Assisted reprecipitation method (LARP)

“Good” Solvent
+ Metal Halide Salts

X 4+ Organic Ligands
Perovskite Nanocrystals

] Mixing [

“Bad” Solvent @)
x ®e o

Figure4: Scheme of LARP method for nanocrystals liquid phase synthe

The liganebssisted reprecipitation (LARP) method is based on the supersaturated
recrystallisation mechanism. It consistf spontaneous separation of ions from the
solution and the formation of new crystals if ion concentration goes over saturation.

This method isvidely used for the preparation of methlbrid perovskite NG Typically,

a mixture of precursors is dissolved in a "good" (e.g. polar) solvent with ligands. The mixed
solution is dropped into th@onLJ2 £ I NJ 6 & 0 | R éiniens& stifrisdy iguted).dzy R S NJ
This inducs instantaneous supersaturation and lead to rapid nucleation and growth of
NCs. The size of thresultingNCs can be varied by varying the precu@g&and ligand

concentrations?®A scheme of the process is illustrated-igure4.

1.1.1.3 Top-down liquid phase exfoliation

The topdown liquid phase exfoliation method is commonly used to prepare bi
dimensional quantum dots (2RDs). While the bottorup synthesis of 2lDs uses
smaltmolecule precursors, the tedown method mainly uses the bulk 2D layered
materials. Instead ofhaving smalmolecule precursors aggregated into -2IDs in

aqueous or noragqueous solvents by hydrothermal/microwave or solvothermal routes as

11



in the bottomup synthesis, in the todown methods, 2BQDs are usually exfoliated from
their native 2D layered materials by physical or chemical ways, as for example
ultrasonication, electrochemistry, pulsed laser ablation,
hydrothermal/solvothermal/micravave and intercalation methods. In general, these
routes initially create functional groups and defects on 2D nanosheets, resulting in the
exfoliation of 2D layered materials into smaller-@Ds*® By breaking the weak bonds,
two-dimensional nanomaterials can be stripped off into individual flakes or multilayered

sheets.

1.1.1.4 Hot-injection synthesis

Precursor (A+)

Hot Solution
Solvent
Ligands

MX2

Figure5: Scheme of the Hdhjection synthesis of perovskite NCs. Precurs@ idjected in a MxX ligand:
and solvents solution (inert atmosphere) to obtain nanoparticles.

The hot injection (HI) bottorup methodlogyis one of the most widely usexbproactes

for the synthesis of colloidal semiconductor NCs. HI method was first reported for the
synthesis of CdM (M=S/Se/Te) NCs by Muetagl. in 1993%! In this procedure,\tpically,

a solution containing precursors is rapidly injectadhigh temperatureinto another
solution containingdditionalprecursors and surfactants, followed by rapid and complete
mixture under vigorous stirring={gure5).3? HI is very efficient to obtain monodisperse
colloidal semiconductor NCs with high crystallinity, narrow size distributionvithadyood

control of composition. Howeveit, usually requires high temperature and is not suitable

12



for largescalesynthe®s. NCs produced using the HI method are typically found in a
dispersed staténto an organic solvenindeed it is feasible to enhance their dispersion
within an organic solvent through additional modification steps, tailoring them for
particular applications.

The size of NCs producezkploiting this procedurecan be controlled by altering
concentrations(including precursors, ligands, and solventdadjusting reaction timsg

3435 and varyingreaction temperatures.®® As far as perovskites are concernedpid
precursor injection and vigorous stirring would result in a short nucleation :fime
nucleation and growth kinetics of NCs are very fast (usually few seconds) due to the ionic
nature of the chemical bonds this class of materialI herefore, NC&haracteristicean

be adjusted by changing the type and ratio of the added cheiiaad the reaction
temperature®3 Reiss and colleagues introduced a diffusion model that elucidates the
mechanism of size distribution control during the growth st&ym this modelwhen

there is an abundance of monomessnaller particles grow more rapidly than larger ones.

If growth isstoppedduring this sizdocusing regime, the resulting NCs will have a narrow
size distributiorf® However, it is worth noting that other growth processes, such as
Ostwald ripening, may also play a role in certain cases.

For chalcogenides, a number of experimental and theoretical studies have investigated
the influence of monomer supply kinetics on nucleation and grat#ifin these studies,

the monomer supply rate controls the number of crystals produced during the nucleation
phase and can be used to tune the nanocrystal diameter. The kinetics of monomer supply
additionally impact the growth of nanocrystals by sustainingessaturation levels
following nucleation. Supersaturation is recognized for its role in shaping both the size
distribution and morphological development of the resulting nanocrystfisAccording

to models proposed by Rempetial. and Clarlet al.,*®when there is a sustained high level

of supersaturation during nanocrystal growth due to a balance between monomer
production and consumption, the result is a narrowing of the size distribution of
nanocrystals. Conversely, when supersaturation is lowy@aldtripening(gradual growth

of larger particles at the expense of smaller onescomes a significant factor in the
growth process2#°In addition, several studies have documented a relationship between
surfactant concentration and nanocrystal size, with higher concentrations of ¥fgie*

phosphonic?® and phosphinic acid@sproducing lower concentrations of nanocrystalsd

13



different sizes Initial research indicated that surfactants hindered nucleation by
coordinating with the initial cadmium ions and reducing their reactivitpwever,
subsequent findings demonstrated that phosphonic acids have a minimal impact on the

precursor conversion rate while exerting a substantial influence on patrticle size.

1.1.2 Nanocrystals-LEDs

When quantum confinement of semiconductor materials at the nanoscale dimension
came to light?*3*semiconductor nanocrystals (also knowrgasintum dos, QDs) started

to gain interest from both academia and industries for their practical applications such as
displays’*°® biosensors? solar cells, photosensitive absorbing lay&rand multilevel
channel materials for semiconductor devic®s.

The advantages and value of QD emitters for display applications stem from their ability
to flexibly engineer bandgaps, exhibit an excellent color gamut with narrow spectral
width, minimize light scattering in the visible spectrum due to their small size, and
seamlessly integrate into conventional device fabrication processes. Based on these
merits, two types of QD displays have been developed: amoverting and direct
electricaldriving. QD Light Emitting Diosl@QDLED produceelectroluminescencérom

QDs by injecting and recombining electrons and hel#ghin the latter. High efficiency,
perfect contrast ratio achieved by each pixel operation, extremely thin device structure
(submicron scalavhich is useful for slim desiyrand potential use of flexible substrates,

in addition to the original advantages of QDs as light emitters made thEEIDknown as

the potentially most efficient display.

Nevertheless, the demands of commercial displays are stringent, requiring both high
efficiency and exceptional durability even in challenging conditions. Additionally, process
reproducibility is a crucial practical requirement. In the context of QD LEf@erngl
Quantum Efficiency (EQE), the photoluminescence Quantum Yield (QY) of the QD emitter
and the balance of charge injection into the emitting layer are pivotal factors influencing
device performance.

To achieve a heightened photoluminescence QY in QDs, it is essential to carefully design
critical parameters in the QD structure, such as elemental composition, size, shape,

distribution, coreshell energy level alignment, and shell structure. Control over

14



parameters like thickness, surface/interface defects, and the choice of surface ligands is
also necessary. To optimize the charge balance, improvements or synchronization in the
charge mobility of each layer (including hole/electron transport layers ardethitting

layer) are needed, along with minimizing their energy barriers for hole/electron injection.

1.2 Outline and aim of the thesis

This PhD thesghowsmy contributionto the field of colloidal semiconductor nanocrystals
and light sourcesIn this document, you will find theesults of three years of research
focused on nanocrystals synthesis and processing intefmletheir applicationin LEDs

as emitting agents

The first part is focused on the study of perovskites nanocrysthks aim was to
synthetize metal halide perovskites (MHP) NCs and charactehige structure,
morphology,and optical propertiesNCs need to undergo various stepgh as ligands
replacement, exposure to polar solvents relatively high temperaturebefore being
suitable fordevice fabricatiorffinal aim of my workandtheir synthesis had to be carefully
tailored. In order to increase the efficiency of as synthetized NCs for LED manirfgc

they have been treated with liquid phase ligand exchatigtowever, liquidpohase ligand
exchange on perovskites NCs had alreadynbe&idely studiedwhereas literature lacked

in ligand exchange studies performed directly on the film. The advantage of carrying out
ligand exchange once the NCs ateeadydeposited on the substrate is tirechangein
polarity that can be induced and exploited forther NCs depositions. This point will be
explained in detail in section 2.4. Solid state ligand exchange was later used for the
realization of a facile and efficient methdto build finely controllable thick films
retaining the photoluminescence properties. This metregbloitsii K S &bjy-[ 1@ & BINE
RSLRaAGAZYS LINBOA2dzaft & dzaSR % NJ 2 G KSNJ LIdzNLI2
In the second part, a different type of colloidal semiconductor nanocrystals: CdSe/CdS
core-crown blueemitting nanoplatelets, colloidal equivalents of quantum wellsere
studied Also, in this case, interest in Ligdrhitting Diodes by the scientific community is
strong, mainlybecauseobtaining emission inthe blue region ofthe electromagnetic
spectrumisessential to produce white light. Indeed, the efficiency and stability of red and

green QD based devices is close to standards for commercial agpigaivhile blue

15



QLEDs (Quantum det€EDs) lag behirfdin order toimprovethe efficiency and handling

of CdSe/CdBanocrystals for device fabricatiorfirst focused on the optimization of core
reported synthesis by Di Giacorabal®® To do thisa careful stegby-step experimental
design worlwas exploited Throughthis study, nanoplatelets synthesigasimproved in

terms of Photoluminescence Quantu¥field aspect ratio, undesired phases formation
and trap states. Afterwards, a crowning of CdSe core with CdS has been carried out with
slight modificationto the literature reported procedure®® Finally, Light Emitting Diodes

based on resulting emitting materials were realized.
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2 COLLOIDAL PEROVSKITE NANOCRYSTALS

2.1 Introduction (synthesis, optical properties)

Perovskite nanocrystal$igure § are semiconductor nanocrystalsharacterized by the
formula AMX%, where A represents either an organic group or an inorganic cation,
surrounded by twelve neighboring X halide anianslM denotes a metal cation bonded
to six neighboring X via ionic interactions. "A" da@nan organic molecule (e.g., MA
CHNH:" or FA: CH(NK).") or an inorganic cation (e.g., 'T&% In the first casethe
compoundis called organinorganic hybrid perovskiterhilein the second case inorganic
perovskites’®° The versatile ionic substitution capability within the perovskite family
results in a vast array of membetsThese compounds have demonstrated a variety of
attractive electronicand optical properties, such as tunable direct bandgaps, large
absorption coefficients, long carrier diffusion lengths, long carrier lifetimes and high
photoluminescencequantum yields3®’%’® Therefore, they found a wide range of
applications in solar cell€®! light-emitting diodes$*® photodetectorg®>8”8¢ and

lasers?®%0

2.2 Lead Halide Perovskites

o o
"
' O a=cs
o © M=Pb
b © X=Br,ClI
l.. o6
o O

Figure6: Crystal lattice of a cubic perovskite
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Lead Halide Perovskites (LHPs) K | @S  tardd crystallizéfim the cubic APb¥pe
perovskite lattice or its octahedrally tilted variants. These structurechagacterizedy

the three-dimensional (3D) interconnection of [PfXoctahedra, with the Asite cation
residing in the large intersticgBigure6).°! In accordance with the Goldschmidt tolerance
factor concept, which relates to the effective packing of ions, it is observed that only MA,
FA, and Cs ions can effectively stabilize the 31 fPdiiework® Thiseffect onstability
arises from their geometric compatibility within a twelegeordinated A-site. When
cations larger or smaller than these are introduced, they tend to encourage the formation
of lower-dimensional polymorphs (0D, 1D, or 2D). In such cases, octahedra share edges
or faces, leading to larger and often indirect energy band gaps.

Lead Halide Perovskitase usuallysynthetized with Hl and LARP methdds some other

of the procedures outlined in the introduction could be also ugether routes for the
synthesis of colloidal LHPs include microwassisted synthesis, sonication of precursors
in a solvent/ligand mixture and ball millidg®

Ligandassisted hot injection synthesis R00 °C) is often used (initially by Protesestu
al.),*® but also the LARP method (see introductiéhBoth methodologies are applicable

to the whole APbxfamily and the reaction conditions can be adjusted to obtain different
shapes such as nanoplatelets, nanosheets and nano#ffé&sA distinctive characteristic

of LHP NCs is their ability to emit light brightly without the need for electronic surface
passivationt® This observation implies that the electronic properties of LHPs display a

remarkable tolerance towards material defects and surface imperfecfions.

The robust tolerance to defects in LHPs can be attribiitedeveral factorsFirst only
vacancies, specifically And X sites possess low enough formatioenergies to be
relevant. Conversely, interstitial and antisite defecise few due to the considerable
energy required to displace ions within the perovskite lattieehile typically they
introduce deep trap sti@s in the electronic structur&192Secondly, the shallow nature

of states related to vacancies is a consequence of specific bonding characteristics in LHPs.
This includes the antibonding nature of the valence band maxima, which exhibits a
combination of mixed halide 3/4/5p and Pb 6sachcter, and the presence of spiorbit

effects in the conduction band, primarily composed of doamt Pb 6p character.

Essentiallythe surfaces of LHP NCs can be conceptualized as layers of vacancies, and as

18



such, they exhibit similar behavior to vacancies. This property provides an explanation for
the observed high photoluminescence (PL) quantum yields (QYs) in LHP NCs even in the
absence of surface passivatiti.

When perovskites are photoexcitethe generation of two types of entitieakes place

charge carriers and excitons. These entities recombine, emitting photons witigieae
determined by the bandgapf the perovskite material¥* The composition ofhe NCs

hasa large impact on tical propertiesasdoes the size of crystals once they are shrunk
down to exhibit quantum confinemerit:}%*Being in a range 0f-100 nanometers, metal

halide perovskite NCs, including LHPs, exhibit intriguing optical properties such as high
PLQYs and a narrow emission spectrum that can be tuned from the near UV to the near

IR by varying their constituent elemts, size or dimensions.

2.2.1 Ligand Exchange in liquid phase

The surface of a metal halide perovskite nanocrystal is terminated with ligands that bind
to the QD surface as highly dynafficion pairswith an equilibrium that could be
dramatically affected by theISARhemistry of the solutiod® The highly ionic nature of

the perovskites surface makesperovskites QDs surface manipulation a resource
compared to highly covalent systems such #8&i G with Xtype ligands, or the more
extensively studied WI%1or \VVIEC QDs, which typically bind ligands at/ge Lewis
acids or Hype Lewis bases. To date, there have been a number of reports on the surface
modification of CsPkaXwhere X = Br or'ts13 Native ligand$have been exchanged for
bifunctional moleculed!?!'3and ionpair ligand exchange has yielded high performance
LEDS* as well as improved environmental stabillty.The manipulation of the surface
resulted into nearunity photoluminescence quantum vyield (PLQY), eliminating the
necessity for intricate passivation shells that are typically essential othss B4

Usually, QDs are capped with relatively insulating long ligands that are required for the
processing and stability of the QDs. Consequently, whésr the synthesis, thBICs are
embedded in LEDs, they suffer from the isolatsmce thesdong chainsmpede carrier
mobility. Replacing these long ligands\fally oleylamine and oleic acidpresented in

Figure7) with shorter ligands without degrading or destabilizing the perovskite NCs film
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could be useful to improve their stability, solubility, and compatibility for various

applicationspoth in optoelectronics and photovoltaics.

Liquid phase ligand exchange is a common technique used to modify the surface

chemistry of perovskite nanocrystals and involi@s steps:

9 The first step is to choose liganddth the desired properties for the intended
application. These ligands should have chemical affinity for the perovskite
nanocrystal surface and provide stability agidpersibilityin the chosen solvent
or matrix.

1 Then selected ligands should be dissolved in an appropriate solvent to create a
ligand solution. The concentration of ligands in the solution may vary depending
on the desired ligand coverage on the nanocrystal surface.

1 Perovskite nanocrystalsiustbe dissolved in a solvent which can be the same or
different from the one used for the ligand solution. The choice of solvent should
be compatible with both the original ligands on the nanocrystal's surface and the
new ligands.

1 Exchangereactiors are then performed under controlled conditions, such as
temperature and time, to ensure complete ligand exchanfjee exchange of
ligands occurs at the nanocrystal surface, with the new ligands replacing the
originalonesthrough coordination chemistry.

1 After ligand exchange, it is essential to purify the nanocrystals to remove excess
ligands and byproducts. This purification can involve centrifugation, precipitation,

or other separation techniques.
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Figure7: From left: oleylamine, oleic acid, didodecyldimethylammonium bromide and ammonium thioc

molecules

Ligands like dilodecyldimethylammonium bromide (DDAB) and ammonium
thiocyanate NH,SCN)n Figure7, havebeen demonstrated to be an effective way to

passivate the superficial bromine vacancies of CsPbBr3NEs

2.3 Layer-by-layer method developed with solid state ligand
exchange

2.3.1 Film fabrication

Concurrentlywith the advancements in chemical synthesis of nanocrystals (NCs), a range
of integration and assembly techniqgues have been developed to craft -nand
microstructures tailored for applications in electronic and optoelectronic deviégs3In
addition to the distinctive sizeand shapedependent characteristics exhibited by
individual NCs, purposeful assembly of these NCs offers a straightforward means of
generating ensembles referred to as "NC solids." These NC solids possess unique
propetties that differ from those of discrete NCs or bulk materfisDiverse twe
dimensional (2D) and thredimensional (3D) structures have been successfully

constructed using assembled NC solfds.

Qubsequent chemical assembly processes and-filim fabrication techniques can be
employed to integrate NCs into desired configurations for a wide array of device

applicationsnot feasiblewith epitaxially grown films. These nanoarchitectures, rooted in
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assembled NC solids, have the potential to replace various components of conventional
devices while introducing novel functions or performance enhancements based on the
unique properties of the NCs. For instance, metal nanoparticles (NPs) have found utilit
as electrodes or photoamplification materials, while semiconductor quantum dots (QDs)
have been employed as active materials in applications like-digtitting diodes (LEDS)

or solar cellg%120

In the context of these device applications, nanocrystals (NCs) are typically arranged in a
vertical stack within a range of organic and inorganic layers, taking the form of patterned
films or layers. Consequently, it is crucial to achieve precise caeolthe creation and
stacking of patterned NC films, ensuring they maintain uniform thickness and exhibit
minimal roughness when applied to various materials or substrates.

There aremany waydo fabricate NC films and some of them are reportexte below
Solutionbased methods have gained extensive use in the fabrication of nanocrystal films.
This is primarily because colloidal NCs, in theisyedhesized state, are dispersed in
organic solvents, and the fabrication process often involves various polyaraiorganic
electronic materials. Additionally, these solutibased processes are typically more eost

effective when compared to conventional vacuum techniques.

2.3.1.1 Casting

One of the most straightforward methods for filfarmation is the casting of a colloidal
nanocrystad $blution onto a target substrate. This casting process leads to the creation
of closely packed NC films. The quality of the resulting NC film is determined by the
kinetics of the deposition process. In this section, we will explore two commonly

employed asting methods: drop casting and spin coating.

Drop castingentails applying drops of the NC solution onto a target substrate and allowing
the cast film to dy (asshownin Figure8). This method is simple and does not require
expensive equipment. However, achieving uniformity and precise thickness control for
the filmsis challengingln fact, thefinal morphology is predominantly influenced by the
drying step and the solvent's evaporation at the liquid/vapor interface often rigsyit

non-uniform films!?® Typically, the thicknessn the edgess greater than that at the
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center, this significantlyimpacting device performancg beingthe homogeneityof the
active materials is a critical factor. Nevertheless, it is not impossible to produce well
ordered NC solids under strictly controlled material and processing condifoisis
requiresmeticulous management of factors such assi@ncentration, surface ligands,

solvent volatility, temperature, and substrate surface condition.

Figure8: Example of colloidal nanocrystal solution dropcast on a glass substr

For the attainment of highly uniform films, trspincoatingmethod is more commonly
preferred?%128 due to its high uniformity, reproducibility, and simplicity. The process
involves applying the nanocrystal soluti@ver a substrate that is set in motion by
rotation (as illustrated irrigure9). To facilitate this, a spinoater is employed, enabling
precise control over various process paramsiéncluding the rotation spee@uring this
rotation, most of the solvent on the substrate is either expelled due to angular
momentum or evaporaté through spinning, leaving behind a thin NC film on the

substrate.

In contrast to drop casting, where the slow evaporation step primarily influencedthle f
film's morphology, irspincoatingit is the rapid spinning step that exerts the dominant
effect. Consequently, the film's thickness and surface roughness are determined by
factors such as the rotational speed, the solvent's volatility and viscosity, and the
concentration of NCs in the sion. The film thickness (um), denoted as "d," in the spin
coating process can be expressed using the empirical resdtipmpresented ifEquation

1,'where Gis the initial NC concentration in the solution (kfinZ ' A& G KS Ay A,
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viscosity (kg it 1), D is the solute diffusivity @s*0 = . A& GKS | y")dz I NJ @
FYR h yR i N8B SYLANROIFf O2yadtlyidao

Mo F t "_nm» (1)

Generally,iiswellSa G of AAKSR (KIG GKS O2yadlyda b |y
the material system&®g KAt S ' | yR 5 SEKAOGAG |y AyONBI a
G. Therefore, effective control of film thickness can be achieved by adjusting the
solution's concentration and the rotation speed. Despite its usefulness, spin coating does

have certain limitations. First, during the rotation, more than 90% of the iisitilaition is

wasted, and only a small portion of the nanocrystals (NGsfjastively forming the film

Secoml, the process cannot produce predefined patterns unless additional lithographi
procedures are incorporatett® Hence, the development of advanced technologies is
necessary for creating structured nanocrystal (NC) solids in two or three dimensions
(2D/3D).

b
- - . - T TTT 2
NCs deposition on a
substrate

Spinning of the substrate Solvent evaporation

Figure9: Scheme of spinoatingtechnique to obtain a NC film on a rotating substrate.

2.3.1.2 Dip-coating

Dip coating is a commonly employed and straightforward methogrfoeducingfilms with
colloidal nanocrystals, as illustratedrigure10.11%131.132t involvesdippingthe substrate

into the nanocrysta solution and then carefully withdrawing it at a controlled rate. As
the substrate is drawn out from the solution, a thin layer of NCs forms on its surface. Given
that the film's thickness primarily hinges on the withdrawal speed, precise control of the
retrieval rate is essential. The coating thickness (in meters), denoted as "h," can be

theoretically expressed using the LandLevich equationEquation 2:13!
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U is the withdrawal speed (n¥'® = + A &vapokKsSrfade leljsih (RJ%6 = ~ A &
density of the solution (kg ), and g is the gravitational acceleration (tf).sThe crucial
factor influencing this process is the withdrawal speed, while the remaining terms in
Equaion 2 can be controlled by adjusting the environmental conditions, such as
temperature, humidity, and vapor pressure, which are specific to the material in use.
Consequently, in practical applications, the film's thickness can be finely tuned, ranging

from a fav nanometers to several hundred nanometers, by simply altering the withdrawal

Pull

] 1

Substrate oo
&l

Figure10: lllustration ofthe dip-coating techinque. A substrate is immersed in a NC solution and ce
withdrawn at controlled rate.

speed. However, it is worth noting that dgmated films often exhit interruptions due
to edge effects related to the process. For example, the Marangoni &ffeain lead to
irregular transitions at the upper margin during the immersion step, caused by variations
in surface tension. Despite these challenges, one significant advantage of tbeatipg
process is its adaptability for continuous #wtroll produdion, making it welsuited for

large-scale, continuous manufacturing processes.
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2.3.1.3 Langmuir Blodgett deposition

The LangmugBlodgett (LB) deposition method, originally developed for amphiphilic
organic molecule$®® serves as a potent technique for generating sei$embled
monolayers of nanocrystal&lms are constructed by successively depositing individual
nanocrystald.B layers onto a designated substrate. The presence of organic ligands on
the surface of colloidal NCs makes thsuitablefor the LB proces$:+138

The LB deposition process NCsgeeFigurell) closely resembles that used for organic
materials. Initially, a layer of NCs is formed by spreading them across a liquid surface. One
of the key parameters for controlling the final film's morphology is the surface pressure,
which can be adjusted by mawg one or two sliding barriers on the liquid surface. Ihitia

the NCs are loosely packefs the surface pressure gradually risgsase transition
occursand creation of a complete monolayer. Further compression leads to a small
pressure increasdeadng the collapse of the monolayer and the formation of a double
layer. Once the NC layers reach the desired packing density and thickness, they can be
transferred to a target substrate via a vertical dipgjpglling process. Alternatively, the

NC layer came transferred using a horizontal contacting/lifting process, known as the

Monolayer
y Air

U

Liquid

Sample

Figure11: Scheme of Langmuir Blodgett deposition.

LangmuigSchaefer techniqué®®

However, the LB technique comes with several limitations. Fidulyng this procedure
both the NCs and substrates typicalycounterwater sincethe assembly process usually
occurs at the water/air interface. Many materials, such as conductive polymers and

organic molecules used in M@sed devices, as well as the NCs themselves, are
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susceptible to damage from water exposuif@Another limitation lies in the difficulty of
large-scale production due to the narrow and delicate processing conditions associated

with ultrathin LB films floating on liquids.

2.3.1.4 Doctor blading

Doctor blading serves as a prominent technique fericating nanocrystal (NC) films,
particularly in the context of relatively thker films,asshown n Figurel2. This method
involves the movement of a sharp plate or blade across the NC solution atop a substrate,
resulting in the creation of a uniformly thick NC film. The film's ultimate thickness is
determined by the gap between the blade and the substrattso, he shape of the
meniscus formed between the blade and the coating solution influences the film's overall
morphology.

The final thickness of the film (measured in micrometers and denoted as "d") can be

calculated usig Equation 338

JL
a=- Q;—r (3)

In this equation, "g" represents the gap between the blade and the substrate (measured

in um), "c" denotes the concentration of NCs in the solution (measurégd/m® = | YR b b
is the material's density (measuredkg/m®). Consequently, the film's thickness primarily

hinges on both the gap between the blade and the substrai®l the concentration of

the NC solution.

One limitation of the doctor blading method is its inability to produce ultrathin NC films
composed of only a few layers, i.e., films with an ultrathin thickness. This is because the
thickness of the film is contingent upon the physical gap between thdebénd the

substrate, which is challenging to control at the nanometer scale. Additionally, there is

the possibility of NC aggregation or crystallization during the process, as the solvent slowly

evaporates following the blading procedure.
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Figure12: Scheme of Doctor Blading film deposition: the blade moves across the NC solution atop a
substrate creating a thick NC film.

2.3.2 Method developed

The enhanced performance achieved through liquid phase ligand exchange is also
reflected in optoelectronic devices. For instance, Zheh@l. showcased an external
quantum efficiency (EQE) of 13.4% for CsPb&mnocrystal lightemitting diodes treated

with didodecyldimethylammonium bromid&! while in 2019, Cheet al. fabricateda
device based on CsPhBanocrystals treated with ammonium thiocyandt® All these
treatments were executed in the liquid phase, employing straightforward and rapid
methods involving the mixing of nanocrystal solutions with an excess of the new ligands.
Nevertheless, it is of sigréfint interest to exploreanalogueligand exchange processes
carried out directlyon solidstate films. In fact, ligand exchange in the solid state can
enhance photoluminescence quantum yield (PLQY) and stability, as well as enable film
fabrication using a laydwy-layer (LbL) assembly technique, aoonly employed for PbS
nanocrystalsi43144

The LbL assembly approach has been refined over recent years and adapted for various
applications such as catalysis, optics, energy, membranes, and biometiicine typical
process for nanocrystal films, an initial layer of nanocrystals is deposited from a colloidal
solution, and theefore the surface's polarity is altered through ligand exchange. This
technique permits the deposition and processing of each successive nanocrystal layer
without interfering with the previously deposited on&&:4 Gradually constructing films

with thin nanocrystal layers allows precise control over the overall emissive material
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thickness while introducing different functionalitié¥:*°To the best of our knowledge,
such approach has not been successfully demonstrated for metal halide perovskite (MHP)
nanocrystals, mainly becausigey are susceptible to photoluminescence quenching and
damage when exposed to polar solvefts.

In our study, we have developed a lay®srlayer approach based on scktiate ligand
exchange for CsPhranocrystal films. Employing this method, we managed to increase
the film thickness while maintaining uniformity, nanocrystal shape, and crystal structure,
resulting in a neaperfect photoluminescence quantum yield (PLQY) within the film. In
this investigtion, our focus was on two widely recognized exchange ligands: D12AB
NH,SCN?tboth known for promoting high PLQY and enhanced stability. We meticulously
optimized the processing of these ligands to prevent any damage to the nanocrystals or
disruptions in the film's homogeneity. Subsequently, we gently cast the ligand solutions
onto the perovskite layer, resulting in CsPbBanocrystal films with a thickness of up to
385 nm, emitting at 511 nm, and boasting a PLQY approaching 100%.

Furthermore, we demonstrated that our protocol can be extended to other emissive

metal halide perovskite nanocrystals, such as GsPbl

2.3.2.1 Synthesis of perovskite nanoparticles
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Figurel3: Normalized opticahbsorption and PL of pristine CsPffmocrystals in solution (solid line) an
the film (dashed line).

We prepared CsPbBnanocrystals (NCs) stabilized by oleic acid (OA) and oleylamine

(OLA) ligands using a maodified version of the-ihgction synthesis method initially
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described by Baranost al!*2 The NC solution produced in this synthesis exhibited an
absorption peak and a photoluminescence (PL) peak at 504 nm and 51&gpectively
(as shown irFigure 13). The PL fullvidth-at-halfFmaximum (FWHM) was 18 nm. The
resulting NCs displayed a cubic morphology withteral size of 8 + 2 niffrigurel3).

2.3.2.2 Film fabrication

We employed CsPbBmanocrystals tgroduce films via spin coating onto an ITO (indium
tin oxide)/glass substrate. The CsPHBEC solutions used for film fabricatidrad a Pb
concentration of 1.30 + 0.03 mygl. In their pristine state, CsPBMC films exhibit only

a minor alteration in optical absorption compared to the initial solution, while the
photoluminescence (PL) peak shifts towards longer wavelengths, spegif@c&l5 nm

(as shown irFigure13). This 4 nm PL redshift is attributed to the close packing of NCs in

the film, resulting in energy transfer from smaller to larger NCsiaaa increase in self

Figurel4: a) Representative TEM micrograph of CsPbBr3 nanocrystals. (b) Representative SEM
of CsPbBr3 nanocrystal layer on BiMstrate.

absorption. Ashownin the scanning electron ieroscope (SEM) image kigurel4, the

film derived from pristine CsPbBXCs displays a compact and uniform structure. Lastly,
CsPbBMNCs exhibit a photoluminescence quantum yield (PLQY) of 62 + 6% in solution and
36 £ 3% in the filmThe decrease in PLQY on transition from solution to film is in good
agreement wih findings in the literatureenergy transfer from smaller to larger particles

and selfabsorption in densely packed particle assembiés.
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2.3.2.3 Solid phase ligand exchange and solvent study

T-T~-T

NCs deposition on ITO Spinning of the substrate Solvent evaporation
(substrate)
Dropcast of Ligand Solution Spinnign of the substrate Solvent evaporation ) AResuIting caning
on rotating substrate (extendend time of spinning) with improved luminescence

Figurel5: Scheme of solidtate ligand exchange performedrough spincoatng.

The pristine CsPbBnanocrystal films weraisedto investigate the impact of ligand
exchange on the film and to develop the laymrlayer (LbL) assembly. We selected two
ligands, known to enhance the performance of metal halide perovskite (MHP) NCs,
namely DDAB*and NHSCN?! The standard ligand treatment for the film was entirely
conducted on a spigoate in ambient conditiongmigure15). The static modeprocess
involved the deposition of a concentrated CsPBBs followed by rotation (1500 rpm for

40 seconds). Subsequently, the ligand treatmenswarried out in dynamic mod&%00

rpm for 120 seconds)yith the ligand solution dropped onto the rotating substrate and

kept in motion for an extended duration.

In most instances, ligand exchange in solution invotiiessimpleaddiion of the new
ligands dissolved in the solvent used for the synthesis itsethe NC solution. However,
when conducting the process on a film, besides avoiding polarraslivieat could harm

the NCs, itg crucial to consider théact that thenon-polar solvents might dissolve the
previouslydeposited film. Therefore, adjusting the polarity of the solvent used for ligand
exchange in the film plays a critical role in preventing both the dissolution of the already
deposited NC film{given bynon-polar solvent)and damage to the NQgiven by polar
solvents) Furthermore, the solvent must alé® able todissolve the new ligand, andig
essential to carefully tailor the ligand concentration in the solution, aligning it with the

amount of NCs deposited on the substrate. Excessive ligand coatientrin the
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exchange solution can damage the NCs and lead to photoluminescence quenching.

Conversely, a low concentration of new molecules in the exchange solution does not

affect the NCs' solubility, thus preventing the success of the LbL assembly.

Solvent Relat?ve
polarity Solvent only Solvent + DDAB  Solvent + SCN
Water 1 Damaged film - -
2-Dichloropropan 1 Damaged film - -
Ethylene glycol 0.79 Damaged film - -
Methanol 0.762 Damaged film - -
Acetic acid 0.648 Damaged film - -
1-Propanol 0.617 Damaged film - -
Isopropanol 0.546 Damaged film - -
1,2-Dichloroethane 0.327 Damaged film - -
Preserved film Preserved film
2-Butanone 0.327 Qomw:z t ] Moz t [ -
NHASCN not
Dichloromethane 0.309 Preserved film Damaged film dissolved
Chloroform 0.259 Damaged film - -
Preserved film Preserved film Preserved film
Methyl acetate 0.253 @Qpm: t[ mHCO: t mwnwE: t]
Diglyme 0.244 Damaged film - -
Preserved film Preserved film
Ethyl acetate 0.228 @Hm: t [ Damaged film mbysz t [
Preserved film Preserved film
Ethyl benzoate 0.228 Qpez t] - Q@QH M2 t]
Preserved film
Anisole 0.198 Preserved film mo m: t [ -
m-Xylene 0.178 Damaged film - -
1,4-Dioxane 0.164 Damaged film - -

Table 1:Solvent tested (column 1), relative polarity (column 2) of solvents tested for-stalid liganc
treatment; film response in terms of PLQY for spasting of solvent only (column 3); film response in te
of PLQY for spinasting of DDAB solution (colard) and NH4SCN solution (column 5)

These considerations prompted usdonduct a comprehensive study&gble 3 in which

we explored the effects of various solvents wdiifferent ligancd €@ncentration. For each

solvent, we conducted three separate tests via sgasting: first, we spicasted the

solvent onto a pristine NC film to assess the preservation of film homogeneity and the

variation in photoluminescence quantum yield. For solgahtat yielded positive results

in the first trial, we proceeded with two additional tests using DDAB and@N solutions

based on the same solvent. The correct ligand concentration, capable of maintaining film
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homogeneity, was determined, and the success of the ligand exchange procedure was

evaluated through PLQY measurements.

We foundout that it is not possible to entirely preserve PLQY when solely solvents
(without dissolved ligands) are spun onto the surface ofgeposited films. This is due

to a localized field generated by the solvent (particularly polar solvents) dropped onto the
film, as dscussed by Chet al!** However, in some cases, we observed an increase in
PLQY after spinasting solutions containing the new ligar®s. Through our
comprehensive investigation, we determined that the most effective solvent for
treatment is methyl acetate for CsPRBICs (with a relative polarity of 0.253 on a scale
where water polarity is 1).

Indeed, films treated withDDAB dissolved imethyl acetate exhibited a substantial
improvement in PLQY of 263%. In comparison, the sebest solvent, ethyl benzoate,

led to a PLQY improvement of only 34% with DDAB. Angghed performing solvenis
anisole, which resulted in a 31% improvement in PLQY with DDAB. As previously reported

for ligand exchange conducted in solution for both SEahd DDAB?!* the enhanced
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Figurel6: (a) normalized optical absorption and PL of DDAB solid state treated film (solid line) and o
film (dashed line); (b) normalized optical absorption and PL g8 solid state treated film (solid line)
of pristine film (dashed line).
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PLQan be attributed to improved passivation of the NC surface, consequently reducing
the defect density capable of quenching photoluminescence. A similar effect occurs
during solidstate ligand exchange. Beyond methyl acetate, our data confitmas
existenceof a polarity range (0.320.198) with a reduced probability of damagitige

NCs This range includes solvents such alutanone, dichloromethane, and ethyl
acetate.

The superior performansof methyl acetate can be attributed tibs hydrolysis process
occurring in the presence of dit¢148 Hydrolysis of esters (e.g., methyl acetate, ethyl
acetate, and ethyl benzoate) is more favored compared to that of ketones (e.g., 2
butanone) and dichloromethane due to the presence of elecittracting groups
stabilizing the electrophilic carbon. Théwee, methyl acetate is more likely to react with
atmospheric water, which results in the removalpéaternumberof ligands among the
considered solvents (a hypothesis supported by sfinger decrease in PLQY when
methyl acetate is used alone, without dissolved ligandi&us,it allows for more new
ligands to attach to the NC surface, leading greaterincrease in PLQY. CsRiaXknown

to have a more ionic nature compared to other types of NCs (e&ky/,dhd IkV NCs}?"1%8

Figurel7: a) SEM micrograph of a DDAB solid state tredien on ITO/glass substrate) SEM microgray
of a NH4SCN solid state treated film on ITO/glass substrate.

thus, interactions between NCs and capping ligands also have a more ionic nature and can
be displaced by polar solvents. In the previously mentioned polarity réhg2%0.198)

this effect isminimized Table 2.

InFigurelg, | present the optical and morphological characterization of films treated with
DDAB and NiSCN solutions via methyl acetate, respectively. As previously mentioned,
both ligandexchanged films exhibited a significant increase in PLQY, from 36 + 3% for
pristine films to >95% for DDAReated films and 60 + 696r NHi'SCNreated films. The

difference in PLQY enhancement between the two ligands can be attributed to the
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different concentrations used. SCN polarity can degrade the NCs if an excessive amount
is used during the ligarexchange process, thus limiting the concentration of SCN
compared to DDAB during the exchange. This could imply a reduced number of exchanged

molecules and, consequently, a moderate increase in PLQY.

DDAB liquid treat.

DDAB solid treat.

Transmission (a.u.)

Pristine

Oleylamine

Transmission (a.u.)

NH,SCN liquid treat. V(

Transmission (a.u.)

NH,SCN solid treat.

3500 3000 2500 2000 1500
Wavenumber (cm™)

Figurel8: (a) FTIR spectra of DDAB bare molecule, DDAB treated NCs in solution and treated film; (b) F
of pristine NC film, oleylamine and oleic acid bare molecules; (c) FTIR spectra of NHASCN bare molect
treated NCs in solution and treated film
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We did not observe any significant PL shift in the sstiide treatedfilms (Figure 16)
compared to the pristine film. Similarly, the full width at half maximum (FWHM) and
optical absorption were not markedly affected. The absence of changes in the PL spectra
indicates that the NCs did not alter their size following the ligand exchange caraze

This observation is further supported byMbBnalyse®f both films (sed-igurel7aandb

for DDAB and NSCN, respectively), where the films remained uniform, and the NC
morphology remained unchangedsa comparison we conducted ligand exchange with

the two molecules in solutiomnd measured the resulting filmgfabricated after the
exchange) PLQY. In this case, we measured a PLQY of 92 + 8% and 40 * 4%0&tedpin
films obtained from CsPbBNCs liganeéxchanged in solution with DDAB and.SBN,
respectively. Surprisingly, these findings suggest that the ligand exchange procedures
carried out directlyon the film were even more impactful than those conducted in
solution.

To gain insight into the nature of the ligand exchange process, we conducted Fourier
transform infrared spectroscopy (FTIR) measurements on both pristine and exchanged
samples, examining them in both solution and film states. In the samples treated with
DDAB (as seen iRigurel7a), its presencds notcleardue to the overlap between the
peaks of DDAB and oleylamine (depictedFigure18b) at 1465 cni*. This overlap arises
from their highly similar molecular structures. However, a comparable modification of the
peak located at 1480 crh(associated with CHbending) is evident in both the samples
treated in liquid form and those treated in the solid state.

In the samples treated with NBCN, as illustratech iFigure 17c, the presence of
thiocyanate isndicated by the peak at 2082 &hmpresent also irthe spectrum of the
NH,SCN molecule used for the treatment. Tiresence of peaks in thgpectralregion
around this frequency is commonly linked to the presenc&6N. Notably, peaks at 2048
cmP! and 1400 crit appear with a slight shift (40 ¢ compared to the NESCNfree
molecules. This shift can be attributed to differences in the atom surroundings, resulting
from the binding of the ligand to the NC surface. Additionally, a peak at 1764 cm
correspnding to oleic acid necules is observed (as showrFigurel8b), indicating that
traces of native ligands are still present, albeit at varying intensities, both in the solution

and the film. Furthermore, in the NHCMreated film, peaks exhibit a closer resemblance
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in intensity to those attributed to €1 bonds (2926 cthand 2856 crit) compared to the
liquid-treated sample.

From theseobservations, we can infer that the ligand exchange procedures do not involve
the complete replacement of all the original ligands but rather arflg certain amount

that is sufficient to enhance the optical properties of the material. This explanation is
further supported by the photoluminescence (PL) spectra of the treated films (as seen in
Figurel6a and B, where only minor alterations are detected. When comparing exchange
in solution with exchange in the film, we can conclude that for DDAB treatment in
solution, new peaks are more prominent, which is expected considering the larger surface
area exposed tohe new ligands. Conversely, for BCN treatment, we observed more
intense peaks related to the new ligand in the sqifthse treatment, likely due to the

ease of filling vacancies on the NC surface, facilitated by the small size of the molecule.
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2.3.2.4 Layer-by-layer

Following the thorough investigation and optimization of salidte ligand treatment, we

proceeded to perform layeby-layer assembly using spawating, also known as "spin
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Figurel9: (a) Optical density of CsPhBanocrystal films treated with DDAB, MBCN and deposited \ayer
by-layer method and thigkesses (lines are a guide to the eye) with increasing number of layers. (b) SE}
of the second layer built by thélL. method (DDAB) (c) SEM picture of the second layer built by the LbL
(NH:SCN). (d) AFM topography of the second layer built by the LbL method, using DDAB asBGH) M
RMS roughness reads 9 and 21 nm respectively; (f) optical density of 2sflokystal films treated wi
DDAB, NESCN and deposited via the laymrlayer method and thicknesses (lines are a guide to the eye
increasing number of layers.
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assembly, exploitingthe same rotational speed employed for film fabrication. Among the
various methods available for multilayer film producti@nye opted for spircoating due

to its convenience and rapid processing capabilitit’leed when compared to
immersionbased multilayer deposition techniques, sfioating significantly accelerates

the assembly process, enabling the deposition of layers in approximately 30 to 40
seconds. This accelerated rate is attributed to various govermimges, such as
electrostatic interactions and centrifugal force, making spin assembly much faster than
immersive procedures. Moreover, spin assembly typically gieldre uniform films#

The solidstate ligand treatment alters the solubility of the deposited NC layer, facilitating
the subsequent layer deposition. However, the solubility of the new ligands must be
considered when determining the appropriate solvent for depositing additibi@layers.

For instance, DDAB is soluble in toluene, making it counterproductive to use toluene for
the second NC layer. Conversely, DDAB is not soluble in octane at room temperature;
therefore, we employed octane for the LbL assembly. On the other HRESCN is
insoluble in toluene. The deposition of additional layers can be repeated multiple times
until the desired film thickness is achieved. The resulting CsPBrfilms exhibit an
increase in optical absorption with the incremsnumber of layers for both DDAB and
NHSCN, indicating uniform surface morphologies

Optical density (OD) values of the absorption peak and the relative thickness of each layer
in the emissive film, constructed via LbL assembly following the exchange WiSCNH

and DDAB, are presented Figure19a. Similarly, the film thickness increases with the
deposition of subsequent layers, as confirmed by atomic force microscopy (AFM)
thicknessanalysis Figure19a). SEM images of CsPbHBIC films after LbL assembly are
presentedin Figure19b and c(for DDAB and NSCN, respectively), revealing that the
uniformity, shape, and size of nanocrystals are yediserved. With the deposition of

three layers, we were able to achieve an average film thickness of up to 385 BiDA®B
treated samples and 220 nm for MFCNreated samplesds indicated by atomic force
microscopy data reported iffable 2 Figure19d). The greater thickness of DDAB film
compared to the SChh this case is probably due to the polarity of St can slightly
degrade the deposited particlebnportantly, the increased thickness is accompanied by
high photoluminescence guantum yield induced by the ligand exchange process (>95%

for DDAB and 60 + 6% for MBCN, respectively) and a limited root mean square (RMS)
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roughness of the resulting thick film, measuring 28 nm for DBéd&ed samples and 11

nm for NHSCNreated samplegseeTable 3.

Layer1 Layer?2 Layer 3 Layer1l Layer2 Layer3

thickness thickness thickness RMS RMS RMS

(nm) (nm) (nm) (nm) (nm) (nm)
CsPbByr (DDAB) 126 157 358 7 9 11
CsPbBr (NHASCN) 130 160 220 25 21 28
CsPhi(DDAB) 76 131 202 8 7 11
CsPhd (NHASCN) 40 78 127 7 10 16

Table2: Average values of RMS roughness and film thickness as a function of number of layers for DDAB and
NH,SCN treated films.

2.3.2.5 Versatility of the method

Finally we showcasathe versatility of the LbL assembly method we have developed by
applying it to other metahalide perovskite nanocrystaighile adjusting the polarity of

the solvent used. Specifically, we extended our LbL assembly approach te KEBbI
dispersed in hexane or octanasinganalogougto CsPbBj ligand solutions of DDAB and
NH,SCN. However, in this scenario, we opted for ethyl acetate as the solvent for the solid
state ligand exchange, as the use of methyl acetate was found to induce the
decomposition ofCsPhjinto leaddepleted phase'$® (relative polarity of 0.228 for ethyl
acetate vs. 0.253 for methyl acetate).

Through this adaptation, we successfully generated a final €§EHilm with a thickness

of up to 200 nm for a sample treated with DDAB (as depidte&igure 19f). It is
noteworthy that the increase in optical density with the number of layers aligns with the
thickening of the emissive material. In the case ofBEN ligand treatment, the optical
density decreases after the third layer, possibly suggesting degradation of the film. It is
crucial to emphasize that future extensive experimentation involving various ligands and
ligand concentrations holds the potential further enhance the LbL processing of CsPbl
films, bringing it to a level comparable with CsRbBrthis context, our primary objective
was to demonstrate that our approach dhthe capability to be applied to other perovskite

NC compositions, undscoring its flexibility and broad utility.
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The method developed and explainedietailin section 2.4 has been usatsoin another
work,%° where solutionprocessed DBR®istributed Bragg Reflectoraje employed to
build an optical microcavity embedding a greemitting CsPbBrperovskite colloidal
nanocrystaffilm. In this study, after depositing each layer of CsB#Bx few microliters

of methyl acetate were dropped under dynamic conditions before depositing the
following layer using the same method. Tkiep has a positive impact on both film
formation and optical characteristics by removing the original ligand molecules (oleate
and oleylamonium) from the surface of the film. Consequently, this prevents the loss of
emitting material during subsequent depositi stepst*®148This approach in constructing

a multilayer structure enables the casting of substantial quantities of emitters. These
emitters are highly sought after for their applicability in various fields where the
production of a significant amount of light is oftemecessary, such as in lasing
applications'®1162 all while maintaining the exceptional optical properties typically

associated with colloidal perovskite NCs.
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3 COLLOIDAL CdSe/CdS CORE-CROWN NANOPLATELETS

3.1 Introduction - synthesis, optical properties

In 2006, CdSe nanoplatelets (NPlvgith alarge lateralsizean only afew molecular
layers thickwere initially reported Compared with QDs, NPLs not only possess the
properties typically found in semiconductor nanocrystals but also exhibit other interesting
and attractive optical properties, including narrow emission, a large exciton binding
energy, a giant oscillator stngth, a substantial absorption crosection, a fast
fluorescence liféme, and large optical gairt§*'%® Due to their highly pure emission
color, NPLs have been considered as excellent-digtitting materials in displays and
LEDg®"/168

The predominant criterion for categorizing NPLs, which are constrained in only one
dimension, is theithickness.This parameter is quantified by the number of crystalline
planes, often referred to as monolayers (ML). Examining the structure of the particles
obtained in the zindlendecrystal structureit is evident that the broad upper and lower

facets oriented along <100> are capped with cadmium at8fhNumber of ML are
defined by the formula=—— where n is the number of Se crystalline planes and n+1 in

the number of Cd crystalline plan€Bhe classification of NPL thicknesses norinteger

values (e.g. 2,5, 3,5, 3 ML, etc.) results from considering the presence of cadmium

@® Cd
® Se

Figure20: Crystalline projection and illustrates a zislende platelet of CdSeith a thickness of 4.5 ML.

termination. Increasing the number of Méads to a reduction in exciton confinement,
resulting in a gradual (discretegdshift of theemission Figure20 provides a crystalline
projection andshowsa zineblende platelet of CdSe with a thickness of 4.5 ML.

Cadmium chalcogenides aredirect-band semiconductors. In theielectronic band
structure, the composition is defined by the,[y, and p orbitals of the chalcogenide,
representing the valence band (VB), and by the 4s orbital of cadmium, which defines the

conduction band (CB). Due to the electron spin, there are degenerate states in both the
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valence (with a sifold degeneracy) and the conduction bands (with a et
degeneracy). The angular momentum of the p orbitals and the influence ofospin
coupling, which is the interaction between the electron's spin momentum and the
electrostatic field of the nucleus, partially break the degeneracy of these states.
Consequently, different bands can be discerned in the band structure-G&®. Near

the band edge, one can observe the light hole (Ih) band with higher curvature, the heavy
hole (hh)band with lower curvature, and the spliff (so) band, separated by an energy

3 LI RSy 2 (iASehenatic reforéskrdation of this concept is presentefigure21.
Notably, the transition with the lowest energy corresponds to the electieavy hole (e

hh) peak, and it primarily determines the emission energy in the photoluminescence of

these patrticles.

— Abs
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Figure21: From the leftdiagramillustrating the band structure ofrai-blende (zb) CdSproviding clarificatio
on the heawshole (hh, red), lighhole (Ih, red), and spligff (so, black) band#bsorption (Abs, solid line) a
photoluminescencéPL, dashed line) spectra o5 3nonolayers (ML) of Cel8anoplatelets (NPLslong witt
their associated excitonic characteristics.

Upon the absorption of a photon with a specific energy and the creation of a bound
exciton,the return to thermodynamic equilibriuman be accomplished through various
processes. The most desirable process from a technological standpoint isstigad
radiative recombination, wherein a photon with energy equal to the tuned bandgap (Eg)
is emitted as carriers relax to their ground stateHowever, there are alternative
mechanisms, some radiative and others radliative, that can compete with baredge

recombnation, leading to a reduction in photoluminescence quantum yield (PLQY). Apart
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from the Auger processé€’where the energy of recombination is used in generating hot
carriers, and interactions with lattice vibrations, the presence of surface states
characterized by dangling bonds or missing atoms within the bandgap stands out as one
of the most significant aopeting recombination pathways. These surface defects,
depending on their relative position to the conduction band (CB) and valence band (VB),
serve as traps for electrons or holes and are typically referred to as trap states.

If the energy difference between the trap state and the VB or CB falls within the range of

BandEdge
recombination
(radiative)
CB
° e' hV
e shallow trap '
e deep trap
Charge . A | hv
recombination ©
h+ deep trap
/
h* shallow tra O h:
VB

hv;

Vikv

NON BaneEdge recombinations
(radiative & NONradiative)

Figure 22: Schematic representation of the main recombination proceasesstates occurring after tl
absorption of a photon of adequatmergy.

thermal excitation, represented ask (where kis Boltzmann's constant), trapping can

be reversibly recovered, leading to what is known as shallow #a@onversely, when

the energy of the trap state is positioned near the center of the bandgap, it is generally
classified as a deep trap.

Typically, there are multiple igap states that are closely aligned in energy, resulting in
broad signals in the photoluminescence (PL) spectrum, often referred to as the trap band.

It has been shown that the presence ofpassivated selenium atoms, acting as hole traps
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mainly localized at the edge sites, is a significant factor contributing to the trap emissions
and the reduction of the pholuminescence quantunyield at the band ede in CdSe
nanoplatelets NPL3hese concepts are visually illustrated-igure22.

To further confine the exciton within the core, effective passivation can be achieved by
the synthesis oappropriateheterostrucures Their growthinvolves the epitaxial growth

of an inorganic material with a different bandgap around the core particle, thereby
increasing the-adiative recombination ratesia passivation of the surface defeé¢t$As
expected, a core with wetlefined edges and reduced defect density is more likely to
produce heterostructured matgals with increased PL@Y?Suchheterostructures are
intriguing because they provide a useful method to tune the charge carrier position using
band edge engineerindf but also they help to enhance the the photostability of core
only particles'’”> Heterostructures have mainly been developed for spherjaald-, or
tetrapod-shaped structures!*® For nanoplatelets, the first core/shell structures have
only been introduced by Mahleat al 1%7-18land Ithurriaet al.*8! In 2013 the synthesis and
optical properties of a new type of colloidal heterostructures has been presented:
core/crown nanoplatelet$®2These are atomically flat colloidal heterostructures with an
anisotropic nature, featuring a CdSe NPLs core at their center, enclosed in the lateral
dimensions by a CdS crown. Their tdimensional configuration resembles colloidal
NPLs, with a thickness the nanometer range and lateral dimensions that can extend to
hundreds of nanometers. In essence, a core/craystemconsists of a CdSe NPL nestled
within a CdS NPL. Notably, both the CdSe core NPLs and the CdS crown have an identical

number of atomidayers.

Among the various thickness that CdSe can assume, | thetalyblue-emitting 35 ML
CdSe because of thgiotential as blueemitters. In fact,application d CdSe NPLs in the
ultraviolet/blue region remains an operhallenge due to charge trappingading to
limited (PLQY) and standga emission in cor@nly NPL$ Furthermore, for LEDs
based on WI semiconductor quantum dots (QDs), the efficiency and stability of red and
green QD based devices is closestandards for commercial applications, while blue
Quantum dotsLEDs lagpehind in terms of deice efficiency and stabilit}?*

To synthesize CdSe/CdS core/crown NPLs, we usedigdwiton procedure: a fexane

dispersion opreviously synthesize8,5 ML CdSe NP£3is added to doctadecene (ODE)
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and cadmium octanoate (Cd(ogt)Hexane is removed under vacuum and, at 190 °C, the
crown growth mixture (a solution of sulfur, ODE, and propionic acid) is continuously
injected into the NPL suspension via a syringe pump. The volume of the CdS layer can be

adjusted by tuning th@umberof precursors.

3.2 Design of Experiments

Design of Experiments (DPDREvolves methods used to guide the selectiomrperiments

in an efficient mannerExperimentsnvolves a series of tests where input variables are
systematically varied to identify the underlying causeshanges in the outputesponse,

but they often involve data that are susceptible to experimental errors (noise for
example), and such errors can significantly impact the results. It is therefore advisable to
analyze the data using appropriate statistical techniqu®s these reasors, there key
principes forexperimental desigawvhose meaning will be explained in thext paragraph
replication,randomizationand blocking.

Replication involves repeating the experiment to enhance the precision of the results (the
sample mean value) and to estimate experimental errors (sample standard deviation).
Randomization refergo the order in which experiments are conductégiat has to be
randomicto ensure that the conditions in one run are independdémm previous or
subsequent Blocking is a technique that dividélse experiments into subgroups (or
blocks) so that each subgroup is homogeneous with respect to a particular confgundin
factor. Itis employed to isolate and mitigate known systematic biases, preventing them
from overshadowing the main effect&

To perform a Design of Experiments, first task is to define the problem and select the
variables(factors or parameters The region of interest (thexperimentalrange to
explore), must be established according to previous knowledge of the problem. In DOE,
G NAFotSa (GeLAOFffte |aadzyS 2yf eeshotriedr f £ &S
that points in betweerthese valuesould not be known but it is th&uture model that

will help us to understand possible trends in those valdesa matter ofacts DOE allows

to build a mathematical model based on experiments performed that gives information
in the whole range investigated and not only in the points where trials have been

effectively carried out.nput factors(parameters usedjan be galitative, or quantitative
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and discrete. Quantitative continuous variables are discretized within their range. The
selection of the DOE technique and the number of levels should be based on the available
resources and the number of experiments that can be conducted.

Theobtainedmodel is fitted to the data and is then tested to assess its goodness of fit
and predictive accuracy. Metrics likesRuared, pvalues, or crossalidation are often

used to evaluate model performand&squared is a statistical measure of the proportion

of the variance in the dependent variable that is explained by the independent variables
in a regression model. It ranges from O to 1, where O indicates that the model does not
explain any variance, aridindicates a perfect fit. A higherdguared value suggests that

a larger proportion of the variability in the dependent variable has been accounted for by
the independent variables. However, a highdRiared does not guarantee that the model

is accurate or unbiased. Avalue is the probabilitpf obtaining results randomly. A small
p-value (usually less than a significance level, often 0.05) suggests that there is enough
evidence to reject the null hypothesis. Howeverjsitimportant to interpret pvalues
cautiously and consider them alongsiéffect sizes and other relevant information.
Finally, the Crosgalidation is a technique used to assess the performance of a predictive
model by splitting the dataset into training and testing sets. It provides a more robust
assessment of model generaizlity compared to assessing performance on a single
trainingtest split. Model building is an iterative process: if the initial model is inadequate,

it is possible to refine the design, collect more data, or adjust the model to improve its
accuracy andnedictive power. Once a reliable model is established, it can be generalized
and applied to predict outcomes or understand the relationships in a broader cofitext.
658aAr3dy 2F 9ELISNAYSyiGa A& | &iadAFSherd®2 2 (2
As a matter of factsf it is known whaties behind the mechanism of DOE, for the easiest
desigrs, there is noneedfor a software. However, for some type of designs, calculations
can bedifficult, or it is necessary to draw a graph. In this case a softwareeded,and,

in this thesis, | used R-based softwarealledCAT (Chemometric Agile Tot%
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3.3 Definitive Screening Design on CdSe core nanoplatelets
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Figure23: Absorption and Photoluminescenspectra of initial sample of 3,ML NPLsvith a TEM imag
inserted.

Starting from the interesting results obtained by Di Giacarhal.l’? which showed the
possibility of tuningthe width and aspect ratio of 3, ML CdSe NPLs using cadmium
carboxylate precursors with different chain lengths, | followed a path of designs starting
from one in particular: Definitive Screening Design (BSISD is acreeninggstatistical
experimental design technigue used to efficiently explore multiple factors or variables
that may affect a process or system. It is particularly useful wthene are multiple
factors to be considered and the aim is to identify the most significant factors and their
interactions. DSD includes three levels for each factor floedium,and high). This allows

for the detection of potential curvature in the response surface and the separation of the
main effects from twefactor interactions. The goal is to achieve an optimal design with a
minimum number of experimental runs. AbsorptiondaRhotoluminescence specteand

TEM imageof initial sample of ML NPLs are shown kigure23. Absorption peak is
centered at 457 nm whereas PL peak is at 460indicatingpure blue emission.

We chose six syntheSkariables listed infable 1. Levels chosen were threel, 0, 1
(except for Xfor which we used 16 and not 15 as number of C for thev@lfor reasons

of laboratoryavailability. These variables were found to have an impact on the results of
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the synthesis conducted in previous works in the fi€dMore specifically,it is
demonstrateda dependence of the chemical yield of the reaction on the length of the
cadmium carboxylate (Chain length, see reaction 1), with shorter ligands having higher
yields due to a suppression of QD side product formatibmifferent chain lengths,
presumably due to the different packing order, enable also to control the width and the
aspect ratio of the resulting NPLs. This allowed to finely tune their lateral dimensions,
without resulting inshorter growth times or redwed T (both Injection and Growth
temperatureg. Nevertheless, reaction time and temperature can influence length and
width of the nanoplatelets. Propionic acid indicates the use of the homonymous
compound that, in kinetic conditions, has been demonstrated to give more homogeneous

results witha decreaseshumberof byproducts!’

LEVELS
VAR.No  VARIABLE NAME -1 1
X1 Chain lengtiC no.] 12 18

Chain amounfmmol] 0.8 1.2
Prop. Acidul] 15 133
Reaction {min] 8 20
Injection T[°C] 185 205
Growth T[°C] 210 225

& & & & &

Tablel.: list of input factorgsynthesis parameterghosen for Definitive Screening Design and respective
level limits.

| exploited aDefinitive screening desigeonstricted usingconference matrice$™ A
conference matrix is am x mmatrix C where m is even. The matrix C has 0s on the

diagonal, offdiagonal entries equal to 1 @d.
If the number of input factorgjenoted as k, is five or more:

1 when k is an even number, a k x k conference matrix is employed to define k runs
for the design. A central point is introduced to ensure the estimability of a model
includingan intercept, main effects, and quadratic effects. Consequently, for even

values of k, the minimum number of runs is 2k + 1.
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1 when k is an odd number, a (k+1) xXk€onference matrix is usednd its last

column is removed. Additionally, a central point is included. Hence, for odd values

of k, the minimum number of runs is 2k + 3.

Chain Chain Prop Reaction Inj. Growth
Exp. length amount acid t T T

n° C mmol uL min °C °C
1 16 0.8 133 8 185 225
2 12 1.2 74 8 205 225
3 18 1 133 20 205 225
4 12 1.2 133 20 185 2175
5 18 1.2 133 8 195 210
6 18 0.8 74 20 185 210
7 16 1 74 14 195 2175
8 12 1 15 8 185 210
9 18 0.8 15 205 2175
10 12 0.8 15 20 195 225
11 18 1.2 15 14 185 225
12 16 1.2 15 20 205 210
13 12 0.8 133 14 205 210

Table2: Varyingparameters of thel 3 experiments performed to build the model of the Definfeeeening

Design

In this case, with 6 factors, the model is postulated with linear and quadratic terms (13

coefficients) and no interactions. This design leads us to perform 13 experinietie (

2), 0 degrees of freedom.

Responses (output variables) measured are 7 and the ainedoh of them was the

following:

1. Photoluminesence Quantum Yield value [%o maximize

2. Length and widthof NPLsiim]: to keep track
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Optical @sorption and Photoluminescenceeakposition [nm]: to keep track
Aspect ratio (length/width} to minimize

Dots (unwanted extra phasdf4: to minimize

o g b~ w

Traps (trap band intensity)%d: to minimize

The equation of the model the following

It is composed by a constalmthat is the intercept term, representing the expected value
of the response when all facterare at their reference levelsix linear termsqbi, where

b represent the coefficientassociated with the main effect tie x factors(they indicate

the change in the response variable for a amét change in the factor when allother
factors are held constantgnd six quadatic termshix; where b indicate the quadratic
effect of the x factor, t captures the curvature in the relationship between thdactor

and the response variahle

Model coefficientsobtained with the software CAT through a muditiear regressiorfior
each response are summarized Triable3. Forthe output parameter Trapsnodelis not
estimable because explained variance is negative. Explained variance refers to the
proportion of variability in the response variable that can be attributed to the factors or

variables being studied in the experiment.

aim bo b, b b3 bs b5 b6
PLQE max -0.14 141 054 191 -040 0.29 -1.46
AR min 6.47 -090 037 0.69 055 096 -1.62
Dots min 1772 17.39 8.07 -3341 0.8 592 6.95
b11 b2z bss a4 bss bes
PLQE 331 0.77 -093 0.12 -2.77 3.27
AR -1.04 170 0.65 -0.08 0.05 -0.44
Dots -20.91 30.01 32.71 -24.44 17.06 -16.69

Table3: Model coefficients obtained with the software CAT through a minléar regression for each
response
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To understand the language of coefficients, it is useful to consider that if the aim is to
maximizea response, a positive coefficient of an input variable will help to increase that
response and vice versa.

From these 13 coefficientsnanteresting resulthat came outis a specific relationship
between trap band intensity and PLQY value, clearly visiblggure 24: Relationship
between trap band intensity and PLQY value, seflt from the first 13 experiments.

As it is noticeable, in order to have a Pli@¥er thanl%, the surface trap band intensity
should be very low. This phenomenon can be explained as follawsy trap band
intensity may indicate that the neradiative recombination pathways associated with
trap states are minimized, allowing for a higher proportion of radiative recombination and
a higher PLQYThe trap density, even if low, can still influence the madiative
recombination rate. A lower trap density may reduce the probability of chargeers
being captured by trap states, leading to more radiative recombination events and a
higher PLQY.

Nevertheless,te variety of results observed with low trap density might be related to the
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Figure24: Relationship between trap band intensity and PLQY valueresdédt from the first 13
experiments.

distribution of trap states and their specific energy levels, influencing edmssion
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characteristics The dynamics of excitons (bound electdoole pairs) in the material,
which we danot know exactly, may also play a role.
To gain a more comprehensive understandidglitional characterizations such as time

resolved spectroscopy, temperatutiependent measurements, or structural analyses
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Figure25: Absorption and Photoluminescence (PL) spectexjpérimentafter the first design:3,5 ML NPL
with a TEM image inserted.

can be performed. Theyan provide insights into the dynamics and nature of trap states,
shedding light on the observed variations in PLQY.

Summarizing, with this design, we wanted to study the effect of input factors on synthesis
responses. We could exploit some information from the model built and we noticed two
variables with a substantial effect on the responses (giving priority to PL@rgaponse

and to the linear term®f the DSD modglthat are thechain lengthand propionic acid
amount Based orthis new information we proceeded with only one experiment that
resulted in 15% of PLQY, very low trap band ratio and negligible dotstiomgFigure

25).
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3.4 Central Composite Design on selected variables

A useful habit in experimental design is not to stop at the firs¢, especidy if it is a
screening desigrresults can improve a lot by continuing with anrdepth study of the
experimental conditions once the initial results are displayed.

Indeed the first experimental design may provide initial insights into the system, but it
might not capture all the complexity or interactions. By conducting additional
experiments, it is possible to refine the model and gain a more accurate understanding of
the factors influencing the response. Moreover, sequential experimental designs allow for
the enhancement ofesolution thatallows abetter discrimination between main effects

and interactions, reducing the likelihood of confoundi@me caralsodecide to include
additional runs,improving the precision of their estimates and make more rekabl
predictions about théehaviorof the systemFor this reason, proceededwith a Central
Composite Design (CCD), exploring the range around the values found in the last
experiment. CCD includes a factorial design component where factors are set at high and
low levels, covering a range of combinations. In addition to the fadt@oints, CCD
includes axial points located at a fixed distance from ¢bater along the axis of each
factor. These points are used to estimate the curvature effects of the response surface.
Thisdesign also includes a central polrgvingthe centrd valuesfor the input factors.

| decided to better studysome of the parametershat showedcurvature in resulting
mathematic model: chain amount (mmol of @recursor) and propionic acid volume

(Tabled). Otherinput factors were kept fixed.

LEVELS

VAR.No. VARIABLE NAME -1 1

X1 Chain amount [C no. 1.4 1.5

X2 Prop. acid [uL] 110 140

Table4: Input factors(synthesis parametejghosen for the Central Composite Desig
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One of the advantagesf DOBEwith a limited(3) number of factordsthat it possible to
build a graphical representation of the experimentis.Figure 26, the 9 experiments

planned are spatially distributed
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Figure26: 9 experiments planned for Central Composite Design spatially distribu

In this design, aspect ratio is negsessablbecausesxplained variance is negative.
Figure27: shows contour plots, response surfaces and model coefficient platsined

from our resultsthrough the CAT softwaré® Cortour plots typically consist ofivo-
dimensional grid representing the levels of two of the independent variables, and
contour lines representing the values of the responadables By examining the contour
plot, it is possible to see how changes in the factor levels affect the response variable.
Contour lines that are closer together indicate a steeper slope or a stronger effect of the
factors on the response. The contour plot deelp to identify optimal factor combinations
that maximizeor minimizethe response variabldesponse surfaces are the 3D graphical
representation of the mathematical model associated with a particular response based
on input parameters, and model coefficient plots represent the entity of each coefficient
(linear, interactions and quadratic termsj the model with an asterisk (*) indicating its
significance. The significance of the coefficients refers to the statistical evaluation of the
importance of the factors in the mathematical model describing the relationship between
the independent variablke and the dependent variable. A significant coefficient indicates

that the factor associated with that coefficient has a statistically significant effect on the
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Prop.acid..uL.

Prop.acid..uL.

dependent variable. In other words, variations in the values of that factor have a
significant effect on the response. Conversely, a-sigmificant coefficienfor a factor
indicates thatit does not have a significant effect on the respons¢hin context of the

model under consideration.

Prop acid..uL.

a) Contour Plot PLQY b) Response Surface PLQY c) Model Coefficients PLQY
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Figure27: Contour plots, response surfaces and model coefficient pfotisree responses of CCD de
obtained thanks to CAT software

In this case, the PLQY gratiglire27 a,b,0 shows thatto increase the response, the
amount of chain should be kept low (in the range used for this design) while propionic

acid should be used at an intermediate level due to the curvatfitke responseln terms

57



of traps, the graph also suggests keeping the amount of chain low and the amount of
propionic acidnedium low These two answers are not contradictoRegarding the dots

the linear term of the amount of propionic acid is significant, but also the interaction
between the amount of propionic acid and the amount of chain. This means that when
working with low amount of chain, low amounts of propionic acid sadh worsening of

the response (high dots); and when working with low amount of chain and higfigmio

acid lead to an improvement of the response (low dots). Furthermore, the effect of
propionic acid is almost null at high chain counts, whereas chain count only has an effect
at low propionic acidThis can be due to the similar role that precursor chain and
propionate play: passivation of the surface preventing the aggregation.

In the light of these redts, a compromise must be found. The Pareto Ffns a very
usefultool in this situationlt represents a set of solutions that are considered optimal or
efficient because they cannot be improved on one criterion without sacrificing
performance on anotheidn multiobjective optimization problems, its often challenging

to find a single "best" solution because optimizing one objective might compromise
another. Instead, the goal is to find a range of solutions along the Pareto front that
represents tradeoffs between the conflicting objectives. Thesdusions are visually
represented as points or a curve in a nmuditmensional space, with each dimension
corresponding to one of the objectives.

| used Pareto Frorib explore the experimental design space (experiments performed in
CCD design) iteratively. The algorithm sugegstew sets of factor settings for each
iteration, aiming to improve the performance with respect to the multiple objectives.

the optimization algorithm progresses, it identifies solutions that are Pareto optimal.
These are the points on the Pareto front where improving one objective would result in
the degradation of another. The set of Pareto optimal solutions collegtife@ns the
Pareto front.Through Pareto front of PLQY, Traps and Dé&sind some nordominated
points, a tradeoff between conflicting objectivesshown inFigure 28, from whichl
identified one experiment, which was repeated three times to evaluatexperimental
variability. In fact, \alidate the Pareto front points through additional experiments or
simulations to confirm the robustness and reliability of the optimized factor setiimgs

very important.
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Dots

From the results of three replicates of ®7%oint (Figure 28), | verified that the
experimental variability was consistent with the variance of the model (G&Dhe
responses PLQY and Traps

To do this | performed an F tef statistical test that compares the variances of two
samples to assess if the means are significantly diff¢tentcomparingeritical Fwhich
depends on the significance level and which represents the probabijagtieg a true
null hypothesis, and calculated F that is the valueresidualsvariance dividedfor
experimental variancdor each response (itheir explained variance is positivej the
calculated F is significantly greater than the criticahEre is theevidence in favour of
the alternative hypothesiswvhich indicates that the variances of the groups are different.
If the calculated F is less than or equal to the criticthéte is nosufficient evidence to
reject thenull hypothesi®f equality of variances.

All the values used for F test are reportedrable5.
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Figure28: Non-dominated points found with Pareto Front algorithm of PLQY, Traps and Dots respb
CCD design

In this way, found the best compromise between the input parameters, which was not

only shown by the model, but also from an experimental point of view.
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In conclusion, with the send design, we wanted to study twariableskeeping fixed all

the others. ie model has been enlightening because it demonstrated the effect of
quadratic terms previously found and allowed us to make predictions.

Comparing the initial santg of 35 ML CdSe/CdS core crown NPLs and the final goe

some improvements: PLQY is raised up of 3 times, trap state band has been flattened and
the aspect ratio of NPLs has been reduclds result could be improved even more with

the synthesiof a heterostructureasexplained in the next subchapter.

Residuals slev Experimental s.dev Critical F Calculated F

PLQY 1.993 1.509 19.1642921 1.742126754
Traps 0.246 0.1 19.1642921 6.066369
Dots 3.835 0.1 19.1642921 1470.7225

Table5: Values used to performtEst (evaluation theverall significance of a modgl

3.5 Crowning of 3,5 ML CdSe NPLs with CdS

As previously mentioned, recently, the synthesis of a new type of colloidal
heterostructure has been presented: core/crown nanoplateféts.

The corecrown gructure refers to a layered¢onformation of olloidal nanoplateletsvith

a flat and platdike morphology, resembling a thin diskeélcoreis the central region of
the platelike structure which | reported on in the paragraphs abowifferently, he
crown refels to the outer layer®f the nanoplatelet, which surround the core. These
layers typically consist of molecules or atoms that may have different properties than
those in the core. The crown can include surface ligaodee stable in organic solvents
functional groups, orother components that modify the surface properties of the
nanoplatelet.

The corecrown structure contributes to the anisotropic (directioiependent) properties

of nanoplatelets Optical, electronic, and mechanicatoperties can vary along different
directions within the nanoplateletpeing influenced by the layered structureThe

structure of corecrown CdSe/CdS nanoplatelé&sconsidered aeterostructure.
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In heterostructures, the chemical composition varies within the materfddey are
achievedthrough the epitaxiatlike growth of an inorganic material around preformed
core particles mentioned above Thesecondlayer servesalsoas a protective barrier,
shielding the emitting core from changes in surface chemistry and enhancing the
passivation of surface trap states, rasiog photeoxidation processesieterostructuring

is often employed to enhance photoluminescence quantum yad photostability and

it involves considering the band alignment of the architecture. Three main cases, referred
to as typel, reverse typd, and typell, are distinguished based on the bandgap energies
of the core and overgrown material.

In typel heterostructures, a narrower band gap core is covered with a wider band gap
material, confining electrons and holes inside the core, aing excitonic
recombination.Reverse typé heterostructures involve a wider band gap core, where
recombination occurs on the outer surfaceginstating passivation issue§ypell
architectures exhibit staggered band alignment, separating carriers in different regions,
resulting in emission with an energy smaller than that of each compogumsitype |l
situations, like CdSe/CdS, lie between tlpand typell architectures. The core has a
narrower band gap than the outer material, but baadge levels are close, allowing one
carrier to remain confined in the core, while the other can spread over the overgrow
material, producing an indirect exciton with emission properties depending on the offset
between involved band edgesoobtain goodheterostructures, ifs crucial that the core

and overgrown material possess compatible crystal structures and a stk la
mismatch.Good lattice mismatches values should be lower 10%: a greater amplitude can
result in strained heterostructures, with formation of interfacial (or outer) defects states
that can act as carrier traps, thus lowering the baltje radiative recombination rafé®

CdsS is commonly used to passivate CdSe due to its wider band gapemnithatructure

and relatively small lattice mismat¢@dSe 0.61 nmaCdS= 0.58 nn). The unique shape

of nanoplatelets allows for anisotropic passivation wtie potential for growing a shell

or a crown.

A recent investigation, incorporating experimental and theoretical aspects of ligand
stripping, indicates that the least stable binding sites for Cd salts are located near the
edges of the nanoplatelet§? In fact, it has been confirmed that Cd salts readily detach

from sites at or near the edges. Therefore, a straightforward edge passivation is sufficient
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to produce a highly photoluminescent material that is resilient to ligand stripping. This
underscores the intriguing nature of the ceceown structure, where the design of the
crown needs to be carefully tailored to suit the specific characteristics ef th
nanoplatelets.

In order to build the crown of CdS on 3,5 ML NPLs, | emplayexbtablished crowning
procedure with slight modifications:

An-hexanedispersion of ML CdSe NPissadded to loctadecene (ODE) and cadmium
octanoate (Cd(oct). Hexane is removed under vacuum and, at a temperabfi85°C,

the crown growth mixture (a solution of sulfur, ODE, and propionic acid) is continuously
injected into the NPL suspension via a syringe punfipally obtained corecrown blue
emitting NPLs with a 66% value of PIE@re29b (initial core length36.6nm+3.8nm,
width 4.4 nm + 0.7 nm;initial corecrown length 37.5 nm+ 5.6 nm width 4.5nm 1.0

nm ; final corelength33.1nm+ 3,5 nm; width 5.1 nmt 0.7 nm;final corecrowrt length
43.3nm = 5.3 nm, width 7.0 nmz 1.1 nn). This was a significant improved result
compared with the crowning of initial sample of NREgyure 29a), where the PLQY
measurement gave 179%ulfur peak is located at about 380 nMs it is noticeable from
TEM images is that, in the case a, S is accumulated at the edfd_sfaind this can

happen at the expense of the rest of NPLs surface leading to lower luminescence

PLQY =667 %

PLQY =172 %

Norm. Opt. Abs. (a.u.)
Norm. Opt. Abs. (a.u.)

350 400 450 500 550 600 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure29: Growning of initial sample compared withatcrowning of the final sample (after DSD and
designs).

efficiency. Differently, more squared NPLs like thodeigure29b, are more appropriate

for ahomogenous arrangement of the CdS croWhe height of the Sulfur peak is greater
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in casea with respect to casé and this can be explained with the amount of sulfur that
constitutes the crown.

Thanks to DiMirko Prato, | performed XPS-&y Photoelectron Spectroscopy) and UPS
(ultraviolet Photoelectron spectroscopy) on resulting 3,5 ML CdSe/Cd$ Filre 30
showsa low-resolution XPS spectrum, where peaks for Cd, Se, C, O are efident31
instead, in order from left to right show higlesolution XPS spectrum of the carbon, high
resolution XPS spectrum of the valence band theUPSspectrum

Carbon was used to calibrate the energy scale, then the position o¥dlence band
maximum ¥BM was extracted from the valence band XBfectrum,and the value
obtained (1.67 eMjvasused to calibrate the energy scale of the UPS spectrum, imposing
the VBM energyposition VBM (low BE onset in the figure) as the same.

From the position of the other onset (high BE onset in the figurewitr functionvalue

was obtained, as the difference between the photon energy used (21.22 eV) and the value
of the onset itself (16.09 eV).

In summary, the data suggeshat: WF(Work Function) = 5.13 e¥BM to Fermi = 1.67

eV. VBM to vacuum = 5.13+1.67 = 6.8 eV
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Figure30: Low-resolution XPSpectrum, where peaks for Cd, Se, C, O are evident.
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3.6 Blue-emitting Light-emitting diodes based on CdSe/CdS NPLs

Currently, withthe help of my colleaguBr. Hossein Roshan, vage working orexploiting

the prepared NPLs in Lig&mitting DiodegLEDs)LEDs are semiconductor devices that
emit light when electrons recombine with holes, releasing energy in the form of photons.
In the context of quantum dot LEDs (QLEDs), the quantum dots serve as the
semiconductor material thagnables photon generation veectrornthole recombination.

The structure of LEDs can involve several layers, each serving a specific purpose in the
operation of the device. The layers commonly found in LEDs, particularly those
incorporating colloidal nanocrystals or quantum dots, might include the substrate, base
on which the LED is built. It provides mechanical supportraaginfluence the thermal

and eletrical properties of the device. Other important components arentactlayers
(Anode andCathode)the electrical contacts of the LED that allow for the floivelectrical
current through the devicehe Electron Injectiondyer EIL (also electron transport layer
ETLYhrough whichelectrons flowtowards the active region of the LED; the active Layer
that contains the colloidal nanocrystalsnd where light-emission occurs; the hole
injection layer HIL (Hole Transport Layer HTL) through whiels lowtowardsthe active
region of the LED.

Al
LiF
TPBi

Figure32: WI/LiF/TBPI/NPLs/PTAA/ITO/gl&ssucture of LED fabricated with 3,5 ML CdSe/CdSarover
nanoplatelets.
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Sometimes, kctron or hole transport layers also work as hole or electron blocking layers
These layers hel confine the electrons and holes within the active region, preventing
their escape and ensuring a higher probability of recombination, which is essential for
efficient light emission.

The specific structure and composition of LED layers can vary depending on the type of
LED (organic, inorganic, quantum dot, etc.) and its intended application. The layer design
is crucial for optimizing thénal efficiency and performance.

We tested different type of laysifor the fabrication of QLEDs ame obtained the best
results with AI/LIF/TBPI/NPLsS/PTAA/ITO/glass, depictelligare 32. In this structure
Aluminuny  Lithium  Fluoride (electrode) 1,3,5Tris(tphenytlHbenzimidazel-
yl)benzengETL)ayers are evaporatethrough thermal evaporator in inert atmosphere,
while NPLs Poly[bis(4phenyl)(2,4,&rimethylphenyl)amine] (HTL) and Poly(3,4
ethylenedioxythiophenepoly(styrenesulfonatejHIL)are obtained by spircoating. The
thicknesgs of such layers are finely controlled thanks to the time of evaporation and
concentration/speed of the spin coating respectivdlyO/glass substrates are bought
with ITO(electrode)alreadydeposited

As already mentionedhte most important responsparameterto measure in LEDs is the
External Quantum Efficiency (EQE). It is a parameter used to quantify the efficiency in
converting electrical power into emitted light. It specifically measures the effectiveness of
an LED device in generating photons for a gaiount of input electrical power. EQE is
expressed as a percentage and represents the ratio of the number of photons emitted by
the LED to the number of electrons injected into the LEQuétion §. To obtain EQE
value, it is necessary to measure other parameters and do different calculations.

| measured the currertoltage (V) characteristics of LEDs applying different voltages
across the device and measuring the resulting current flow. Subsequenthdd some

calculations to extract information from these measuremerse equationdelow).

Ca
e

TR (4)

66



Equation 4 Calculation of Photodetector Powey; V] through Detecto BiasVpqd [V], Photodetector Gain

(To), Photodetector responsivity JR

“z0h zqz (5)

00 ———
Y 2@

Equation 5 Calculation of Photon FIURF [W/n4] through Rq, Distance LEPphotodetector | [m], emission
wavelength<[m], Photodetector Area,g[m?], Planck Constant h [J*s], Light speed &sjm

PF
— 6
EQE T (6)

Equation 6:Calculation of theExternal Quantum Efficiency EQE [%]: through Photon Flux PF][érich

Injected Electrons IE

- : (7)
Electron charge

Equation 7 Calculation of the Injected Electron IE through the currpitdnd the electron charge [C].

00 ©p ¢ 2@ _ (8)
ZT@U L

N e

Equation 8 Calculation of the luminance efficiency LE [Cd/A] through the the External Quantum Efficiency EQE
[%], the Photopic Eye Sensitivitgyd YA aa A2y 61 GSf Sy3aidK < Y8

b6 00— 20— (9)

Equation 9 Calculation of the luminance L [Cdffrthrough the luminance efficiency LE [Cd/A] and current

density J [A/] calculated on pixel area

We obtained the highestx&ernal Quantum Efficiency EQE.8%) existing for blue

core/crown structured CdSkased material.
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Figure33: Electroluminescence spectrum of LED emission under different voltage

The electroluminescence measuremefigure33 shows a 460 nm peak with a tuom
voltage of 3.3 V. Current density and luminance in function of bias voltage are graphed in
Figure34.
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Figure34: Current density and luminance in function of bias voltage
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Our aim is to further improve these results exploiting experimental design to optimize the
thickness of each layer that can definitéifluence the charg® | NINJarSiNgo6y the

LED structure.
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3.7 Conclusions

In conclusion, in this"2 chapter of PhD thesis, | described my work on the optititina

of the core synthesis of 3,ML CdSe nanoplatelets through two different types of
experimental design: Definitive Screening Design, used to test the variability of the
system, and Central Composite Design, useful to test the curvature of the first model by
selecting certain input f&ors.

Then, thanks to the Pareto Front tool, | found the best compromise between the variables
and, by reproducinghe experimentfound through this techniquén the laboratory, |
demonstrated the effectiveness of the model and the agreement between the
experimental variance and the model variance.

By constructing a particular heterostructure, the camown, | used CdS to improve the
efficiency of the colloidal nanocrystal by suppressing surface trap states.

Finally, through the fabrication of LEDs, | exploited this material for its interesting optical
properties, obtaining the best results in the literature in terms of external quantum
efficiency.

I will continue my research on this topic by once again exploiting the experimental design
technique for LED fabrication, in particular to study the effect of layers thickness on
luminance, current density and EQE loé tdevice.

The potential impact of my research on the future of lightingniglitifaced firstly, the
development of efficient bluemitting materials is essential for the advancement of
display technologies. This research could contribute to the creation of displays with
improved colour reproduction, brightness and energy efficiency. Initiatgd LED
technologies are known for their energaving capabilities compared to traditional
lighting sources. This work can help to further reduce energy consumption in lighting
applications, leading to environmental and economic benefits.

For theimprovement of the efficiency anapplicablity of nanocrystabased LEDs, it
would be interesting to deeplyayelopsurface passivation strategies to minimize surface
defects and enhance the stability of nanocrystals. This can improve both the quantum

efficiency and longerm performance of the LEDs.
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4 GENERAL CONCLUSIONS AND OUTLOOK

During these three year | had the opportunity to study two types of colloidal
nanocrystals in depthperovskites and nanoplateletshad thechanceto learn various
synthesigprocedure characterizationgechnique and device fabricatioapproaches

With the members of the Photonic Nanomaterials (PN) group, led byriancesco Di
Stasiomy supervisorwe carried oudifferent projects on light emitters.

In particular, my contribution was important, especially with regard to the Koydayer
technique, which was also used by my colleague Simone Bertucci for the idayer
Quality Factor in SolutieRrocessed Inorganidicrocavities Embedding CsPbBr
Perovskite Nanocrystal$®published on ACS Aled OpticalMaterial in 2023.

Moreover, during my experience abroad at the University of Gherder thesupervision

of Dr. Iwan Moreels| had my first contact with experimental design field, which | later
deepened thanks to the schools and courses offered by the University of Genoa.

Based on my experience and my wislineolve my colleagues of ttgroup, but not only,
experimental design is now widely used in our laboratory, and in particular a paper has
recently been submitted by my colleague Bergio Fiorito, exploiting the potential of DoE

to make silica shells around CdSe/CdS particles, with possible future photonic integration.
My aim is to continue to study colloidal nanocrystals in their synthesis, characterization
and implementation. In particular, my next project will be an optimization of CsMnBr
emitting in the visibleregion of electromagnetic spectruand in the infrared region if
doped?®®® | will exploit Design of Experiment as well as in the development of LEDs

fabrication with CdSe/CdS Nanoplatelets.
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5 APPENDIX

5.1 Manuscripts published during PhD

1.

oSwitchable Anion Exchange in Polyrascapsulated APbXNanocrystals
Delivers Stable ARerovskite White Emitteés Imran, M; Mai, B. T.; Goldoni, L.;
Cirignano, M Bahmani Jalali, H.; Di Stasio, F.; Pellegrino, T.; Ma#@SLEnergy
Lett. 2021, 6, 8, 28428531%7

oFacile purification protocol of CsPhBanocrystals for lighemitting diodes with
improved performancé De Francd., Cirignano M Cavattonil, Bahmani Jalali
H. PratoM., Di Stasid-.Optical Materials: X, 2022, 13, 100126901478
oLayerby-layer assembly of CsPpX nanocrystals into largscale
homostructures. Cirignano, M. Fiorito S., Barelli M., Aglieri V., De Franco M.,
BahmaniJalali H.,Toma A., Btasio F. Nanoscal2022,14, 1552515532650

oHigh Quality Factor in SolutidProcessed Inorganic Microcaviti&snbedding
CsPbBr3 Perovskite NanocrystaBertucci S., Escher £irignano M, De Franco
M., Locardi F., Patrini M., Comoretto D., Lova P., Di StagiG% Appl. Opt. Mater.
2023, 1, 7, 134@13492%°

GTemperaturedependent photoluminescent behavior of millimetscale
CsPbBg/CsPbBy bulk crystals and their application to white lighmitting
diode€ Wang Q., Khabbaz Abkenar Girignano M Yu H., Wu W., Divitini G.
Journal of Materials Science & Techno|@f24 179, 57¢65.2°

oControlled Growth of large SiO2 shells ontemiconductor Colloidal
Nanocrystals: A Patchway Toward Photdnitegratiore. Fiorito S, Silvestri M.,
Cirignano M. Marini A. and Di Stasio; ACS Appl. Nano Matet024, 7, 4, 3724
373322
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5.2 Materials and methods

5.2.1 Materials

ChemicalsLead Bromide (PbBr2, 99,99%), Lead lodide (Pbl2, 99,99%), Cesium Carbonate
(Cs2C03, reagent Plus, 99%), Hydroiodic acid (HI, 57%), Methyl Acetate (MeOAc 98.8%),
Ethyl Acetate (EtOAc 99,5%), Toluene (anhydrous, 99.59gtatlecene (ODE, technical

grade, 9046), Oleylamine (OLAm, technical grade 70%), Oleic Acid (OA, 90%),
Didodecyldimethylammonium Bromide (DDAB, 98%), Ammonium Thiocyanate (NH4SCN,

X T & Al:chetmicals were purchased from SigAddrich and used without further

purification.

/' P RYAdzY yAGNI GS GSGUNIKERNIGS oppdpdprzoz OF
OXKPT PE>0E YBNRAGAO FOAR oOxdpydmr:0r 200GFy2A0
dodecanoic acid (98.0%) were purchased from Sigidech.Nonanoic acid (97.0%); 1
octadecene (ODE, 90%), and oleic acid (OA, 90%) were purchased from Alfa Aesar.
Propionic acid (>99.5%), hexane (>99%), Disolol® (ethanol, EtOH, 98%rapdnd|

OLt !> Bopd>r0 ¢SNB LIzZNOKI &SR T N®B)Ywas/pichased] | 6 © {

from AcrosOrganics. All chemicals were used without further purification.

5.2.2 Methods

Cesium oleate precursod00 mg of cesium carbonate were dissolved in 1.75 ml of oleic
acid and 15 ml of octadecene inside a 40 ml glass védéddg¢o 100120°C under the flow

of nitrogen; the reaction was considered complete once all visible solid disappeared. The
precursor was cooled down to room temperature under stirring, turning cloudy white.
That room temperature cloudy suspension was used for subsequgedttions with

preheating.

Synthesis of CsPbBNanocubes NCs were synthesized via hot injection (165°C) of a
cesium oleate precursor (500 uL) into a lead bromide (72 £ 2 mg) solutiesciadecene

(ODE) (5mL) in presence of surfactants: oleic acid (50 uL) and oleylamine (500 uL). The
injection was carried duduring cooling towards room temperature under stirring (no ice

bath). When the solution reached 30°C, it was transferred in 4 vials and centrifuged at

74



4000 rpm for 3 minutes. Supernatant was discarded and the walls of the vials dried with
a swab to remove excess of solvent. Then, precipitate was centrifuged once more at 4000
rpm for 1 minute and dried again. Finally, precipitate was redispersed in ¥ toluene

for each vial. Preparation of Stock Solution of RNBGLAHI). 10 ml of OLA and 1 ml of HI
were loaded in a 25 ml three neck round bottomed flask. Then the solution was heated at
120°C for 2 hour with nitrogen gas purging to remove water pregerthe acid. The
solution was then collected under hot condition in an airtight syringe and stored in a
deaerated 30 ml vial fitting with a screw type septa. This stock solution was solidified at
room temperature and for every reaction this stock solutwas heated to 80°C and the

desired amount of the melted stock solution was introduced in the reaction system.

Synthesis of CsPbNanocubes 92,2 mg of Pbland 5 ml ODE were loaded in a 25 ml
round bottomed flask and deaerated at 120 °C for 1 hour by purging nitrogen gas. Then
0.5 ml each of OLA and OA were injected into the reaction flask. 0,5 mL-béated

stock solution of OLAI was injected to the mction system, and it was kept under

heating condition for 10 minutes. Then the temperature was increased to 260 °C. Once

GKS az2tdziazy 6SOFYS Ot SINE nop Yt [ &&t2fSFHGS

by removing heating mantel after 1 min of annealing and then it was allowed to cool down
to room temperature naturally. The crude solution was taken in a centrifuge tube and
centrifuged at 6000 rpm for 15 min at temperature of 17 °C. After centrifugatioe
supernatant solution was discarded carefully and redispersed in hexane-predipitate
further, methyl acetate (hexane:methylacetate = 1:4) was added to the dispersed solution

and again centrifuged at 6000 rpm for 2 min. The precipitate waspedisd in hexane.

DDAB Exchange in Solutioh mL of the pristine solution of CsPbBr3 NCs was added to
0.3 mL of a 25 mM DDAB solution (in toluene) and the mixture was left stirring for 10 min
at room temperature. Then the solution was washed with MeOAc and centrifuged at 4500

rpm for 5 minutes, ten redispersed in toluene.

Thiocyanate Exchange in Solutiod mL of the pristine solution of CsPHBICs was
diluted with 3 mL of extra toluene and added to 20 mg okSIEN. The mixture was left

stirring for 2 hours due to the poor solubility of the thiocyanate in toluene. Then the
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solution was washed with MeOAc and centrifuged at 4500 rpm for 5 minutes, followed by

dispersion in toluene.

CsPbByFilm fabrication Obtained NCs were left one night in the fridge (4°C) decanting.
The supernatant was transferred in a separate vial. A cotsubrent to choose from
acetonitrile, ethyl acetate or methyl acetate was added until the solution became turbid
and the mixturecentrifuged at 5000 rpm for 5 minutes. The precipitate was redispersed
in the desired solvent (toluene, octane) varying the amount depending on the desired
thickness of the film. The obtained clear solution was-spiated ontolTOfglass substrate

at 1500 rpm for 40 seconds.

CsPhi Film Fabrication Four batches of NCs were mixed and left one night in the fridge
(4°C) decanting. The surnatant was transferred in a separate vial. An additional centrifuge
(1500 rpmc 4 minutes) was carried out and the obtained surnatant was-spated onto

a ITO/glassubstrate at 1500 rpm for 40 seconds.

Solid state ligand treatment and Laydyy-Layer deposition For the DDAB ligand
treatment, the CsPlpfayer was dynamically dropcast with a solution of 6 mM of DDAB in
MeOAC/EtOAc (X=Br/l) and left spinning for 120 s at 1500 rpm. For theW¥Hligand
exchange analogue treatment was carried out with4ldM of NHSCN in MeOACc/EtOAc
(X=Br/l). Following layers were deposited with the same methodology. This procedure
was repeated several times to achieve the desired thickness of the film. For instance,
starting from a 20 nm layer, 60 nm thick film was obtained with three LbL depositions or,
starting from130 nm layer, 220 nm thick film was obtained with three LbL depositions.

The film thicknesses were evaluated by AFM measurements.

Cadmium Carboxylate (Cd(OO@R)Preparation All cadmium carboxylates were
prepared starting from CdO. In a threeck flask, 2 g (15.7 mmol) of CdO was added to
40 mmol of the respective carboxylic acid. Under stirring, the system was heatedunder N
atmosphere to 210 °C, until a colorless solution was obtained. The reaction was kept at
210°C for 20 min and then cooled. During cooling, between 110 and 80 °C, the mixture

was connected to a vacuum line to remove water produced in the condensation neactio

76



The colorless solution was rapidly transferred to centrifugation tubes, acetone was added,
and a white solid precipitated after centrifugation. The solid fraction was centrifuged with
fresh acetone three additional times to purify the Cd(OQ@Rtion product, and then

dried overnight under vacuum.

Synthesis of { ML CdSe NPugth Different Cadmium Carboxylatesn a50 mL three-

neck roundbottom flask, variable amount ahmol of Cd(OOCRand 063 mmol of Se
powder were mixed witt24 mL of ODE. The suspension was degassed for 1 h at 100 °C,
followed by heating the mixture, underNo 160 °C for 10 min. Themperature was set

to variable °C, and, at 5 or more degree high€r variable amount gbropionic acid
dispersed in 1 mL of ODE was swiftly injected into th&fl@ke reaction proceeded for

variable time then heating was removed to cool down the system.

Purification of 3,5 ML CdSe NPIlEhe reaction mixture was transferred into vials and
placed on a hot plate at 6C. Inthe vial, 8 mL of CHCind 8 mL of ACN were added.
Chloroform is used to disperse the NPLs, while ACN is used to precipitate them. The
mixture was centrifuged at 5000 rpm for 5 minutes. The liquid containing byproducts
(quantum dots and unreacted stearic acid) was discardedtla@dolid was dispersed in
8mLofCHeX (G KS GSYLISNI GdzNB ¢+ a asSid G2 cn I I yF
was centrifuged again at 5000 rpm for 5 minutes. This procedure was repeated four
additional times. Thefinal solid, containing CdSe 8, ML NPLs and quantum dot
byproducts, was dispersed in 8 mihaxane and a mixture of 1.5 mL of IPA and 1.1 mL of
ACN was added. The mixture was centrifuged at 4800 rpm for 14 minutes. Under these
conditions NPLs precipitate while quantum dots remain ispsmsion. The solid was

dispersed in 6 mL-hexane and stored in the fridge prior use.

Preparation of the sulfur stock solutiorSulfur (0.56 mol), propionic acid (2.93 mmol) and
50 pL of OA were added to ODE (15 mL). The mixture was sonicate€dbB820 min to
achieve complete dissolution. The precipitation of solids could occur after time and the

mixture should then be sonicated before use.
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Synthesis of ML CdSe/CdS core crown NPLs determine the concentration of core
NPLs we used the absorption coefficierst reported by Achtsteist al?°® and rescaled

the amounts of solvent and sulfur stock solution accordingly. In a thes& ound
bottom flask, 12 nmol of 3, ML NPLs dispersed irhexane, oleic acid (30 pL) and
cadmium octanoate (0.18 mmol) were added to 15 mL ODE. The mixagelegassed
under vacuum at 60C for 1 hour, and #n the temperature was set to 185 under N
atmosphere. While heating, 5 mL of the sulfur stock solution was added dropwise to the
flask with a syringe pump (rate:rBL/h). When the injection ended, the mixtuveas left

to react for an additional 10 minutes. After this, the heating mantle was removed and 0.8
g of a molten Cd(OAPDE mixture was added to the flask quench the reaction. At
80°C, the crude product was transferred into centrifugation tubes to proceed with
purification. Purification protocol for CdSe/CdS core/croMBLs. The crude synthesis
product was mixed with 1L of toluene and 10 mL of al{v/v) solution of IPA:ACN. The
suspension was centrifuged for 10 min at 4500 rpm. ThesNfPecipitatd under these
conditions. The supernatant was discarded, the solid was redisperse¢éh@xane. The
same procedure was repeated two times. The findilemane dispersion wasentrifuged

at 4200 rpm to remove the unreacted carboxylates. The solid was discarded and the

supernatant, containing CdSe/CdS core/crown NPLs, was stored for further use.

5.2.3 Instruments

Transmission Electron Microscod@EM Bright field TEM inges were acquired on a JEOL
JEM1011 microscope equipped with a thermionic gun at 100 kV accelerating voltage. The
samples were prepared by dragasting diluted CsPbBr3 colloidakpensions onto 200

mesh carborcoated copper grids.

Photoluminescence quantum yiel®LQY PLQY measurements were carried out on
pristine, ligandireated NCs and multiple layer films with an Edinburgh Instruments
fluorescence spectrometer (FLS920), which included a Xenon lamp with a
monochromator for steadtate PL. The PL spectra recordedrfrblms were obtained

with an excitation wavelength of 400 nm. A calibrated integrating sphere was used to

record the PLQY values from films on ITO/glass substrates.
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Fourier Transform Infrared SpectroscoyTIR FTIR measurements were carried out in
transmission mode with a Thermo Fisher 50 with a KBr Infrared Detector. Spectra were
collected by averaging between 24 and 128 scans at'8 @solution. Samples were
prepared the same way as described in the CsPtilBr fabrication but on substrates

transparent in fequency range of 3860000 cm.

| b OAE | 02 NWGDARR O[S F0oA2NLIIAZY ALISOUNT

g S

onn ' +tb@Aa [ 6&2NLIIA2Y ALISOGNRLIK2G2YSGSNI 6t A

Atomic Force MicroscopAFM Atomic force microscopy topographies were acquired
using a XB.00 by Park Scientific, operating in roontact mode. RMS roughness and film
thickness values were computed from the statistical analysis of data by means of WsXM

software.

Inductively Coupled Plasma (IS8PES) Elemental Analysi€lemental analyses were
performed using an Inductively Coupled Pla®ptical Emission Spectroscopy (ICPOES)
instrument (Thermo Fisher, iCap 6000). For sample preparation, 25uL of nanocrystal
suspension were digested in 2.5 mL of Aqua Regia in a 25 orhetdt flask. After one

night of digestion at room temperature, flask was filled up with Mjlwater and filtered
GKNRdzZAK ndH >Y t¢C9 YSYONIryS LINA2NI (2 GKS

X-Ray Fluorecence Spectroscopy XPSpecimens for XPS were prepared from
concentrated NC solutions, dropped on freshly cleaved highly oriented pyrolytic graphite
substrates in a glovebox. XPS measurements were carried out on a Kratos Axis Ultra DLD
spectrometer using a monochromatic Al Kource, operated at 20 mA and 15 kV. High
resolution analyses were carried out at a pass energy of 10 eV. The Kratos charge
neutralizer system was used on all specimens. Spectra were cbangeted to the main

line of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. Spectra were

analyzed using CasaXPS software (vei&id24)

Ultraviolet photoelectron spectroscopyJPS UPS measurements were performed using

I IS L O0HmM®HH S+0 RAAOKINHS fFYLEZ 2y Ly |
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eV and with a dwell time of 100 ménstrument used was the same as for XPS
measurementsThe Kratos charge neutralizer system was used on all specimens. The

work function (i.e. the position of the Fermi level with respect to the vacuum level) was
measured from the threshold energy for the emission of secondary electrons during He |
excitatonr® ! bLdpdn + oO0Al A gl A& FLILXASR (2 GKS al YL
energy cufoff, as discussed by Helandetral 24 Then, the position of the VBM vs vacuum

level was estimated by measuring itstdnce from the Fermi levé?>2°¢
CzernyTurner HRS00 spectrometer. LEDs electroluminescence measurements were

carried out with aCzernyTurner HRS00 spectrometer (Princeton Instruments) coupled
with PIXIS CCD cametaK S & 2 T (i ¢ | NghtfietdE(BiRcetan lindtrurdents)
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5.2.4 Tables

AR
(length/width) Abs (nm) PL (nm) PLQ (%) Traps %) Dots(%)

10

11

12

13

5.13 460.2 463.2 1.16 9.6 18.6
6.71 459.2 462 2.9 5 5.5
10.10 461.8 461.8 4.60 0.6 3.1
5.29 459.2 462.1 0.7 9.9 4.3
9.29 458 461.2 12.1 4.1 2.7
8.48 458.1 462.65 6.2 4.6 0
6.61 458.4 461.1 0.7 31.3 21.2
6.05 456.2 459.9 11 20.8 7.8
5.92 458.8 465 / 0 100
6.19 459.1 462 0.67 111 34.1
6.03 458.5 461.2 1.8 52 119.8
3.59 457 459.5 1.13 40 101.1
10.74 459.3 462.3 5.2 4.2 0

Table6: Definitive Screening Design results for 6 output facto
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AR
(length/width) Abs (nm) PL (nm) PLQY (% Traps (%) Dots (%)

5.46 457.2 459.5 18.5 0 3

6.71 456.8 459 145 0.4 2

6.37 457.3 459.6 10.5 1.8 2.7
6.31 457.6 460 6.6 2 2.6
6.08 457.1 459.6 10 2.7 1.4
5.25 458.1 460.5 5 3.6 4.2
6.34 457.2 460 12.5 15 27.8
6.19 457 459.7 12.2 1.4 16.6
5.51 457 460.1 6.5 2.4 3.4

Table7: Central Composite Design results for 6 output factors.
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5.2.5 TEM images
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