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Chapter 1. Introduction to Colloidal Nanocrystals

Abstract

In this chapter,| present a brief introduction to the semiconductor nanocrystals (NCs),
including a description dbasicprinciples synthesis techniqueand optical propertiesAn
understanding of the basics of physical principles and chemical synthesis techpial@gan
important role in the investigaion and exploation of nanotechnology and nanoscience.
Afterward,| introduce thenetalhalide perovskite NCand their stat®f-the-art development

like advanced optical properties, diverse synthesis strategies and several improvements for
their instinct drawbacksinally, a general introduction to metal pnictide NCs ikeg to

discuss their synthesis protocol, optical properties and surface chemistry.
1.1 A general introduction to semiconductor nanocrystals
1.1.1 Definition of semiconductor nanocrystals

Materials featuring ananoscalesize ranging from 1 to 100nnat leat in onedirection
dimensionare referred t@snanomaterialsBasd on their dimensionthe nanomaterialsan

be classifiedto threecategoriesi) Zero-dimensionahanomateria thatare characteristic of
thenanoscaleizein threedirection dimensionsuch as nanodots (namejyantum dofsand
atomic clusterdi ) One-dimensionahananaterialshatareindicative ofthe nanoscalsize in

the two-directiondimension such as nanowires, nanorods, nanotubes, and nanorilijons
two-dimensional nananateials presering the nanoscalesize only in the onedirection
dimension such as nanosheets and ultrathin fil®smiconductomanocrystalgNCs) have
attracted significain attention due to their exclusivesize-dependent optoelectronic
characteristicsdistinguiied from their bulk maerials and individual moleculeg~igure
1.18).1> 2 In general, bulk semiconductor materiginerally have a fixed bandgap regardless
of the size. On the contrary, as the size of semiconductor NCs decreases, they feature a varied
bandgap govern by their size (Figure 1.%bln 1980s,BrusandEkimov et al.first observel

the size effecfor semiconductoNCs[*® They successfully prepareguantum dotsnside
glass osolution, and extensively develegithe related fundamental physicagbry!*1% Upon

the amergenceof colloidal chemistry synthesisand fast development o€haracteization

techniquesa numbe of semiconductor NClsave been successivalptained including III-V,
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Chapter 1: Introduction to Colloid&lanocrystals

[1-VI, 1-1I-VI, and perovskiteNCs [111% These NCsare characteristic obutstanding
optoelectronic propertiesuch agunable bandgamarrowphotoluminescence (Plemission,
high PL quantum vyield (QY) and large Stokeshift (i.e., the difference in the
wavelength/energy between absorption maximal peak and PL emission maximalybeetk)
makethemwidely used in various applicatiofields, including nonlinear optics, light emitting
diodes, display devices, photodetectors, solar cells, lasers, and biomedicine appli€ations.
Notably, Samsung Electronics Co., Lkdhs made it possible to ugaantum dotss backlight

displaysin thetelevision markecommercially 2°]
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Figure 1.1 (a) Schematic illustration of size effeat semiconductd?! (b) Absorption spectra of CdSe

semiconductor NCwith sizeranging from 12 to 1185l

1.1.2Basic principles of semiconductor nanocrystals

Compared with bulk materialthe most two fundamental characteof semiconductor NCs
are the gantum confinement effect and therface effectThe quantum confinement effect
makes emiconductor NC&eaturingdistinctive sizedependent optoelectronic propertiébe
surface effectresults in a dramatic increase tbe specific surface area and thamber of

surface atomsnpfluendng physical and chemistry propertiessemiconductor NCs

1.1.2.1 Quantum confinement effect
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When the size of semiconductor NCs decreases to a critical value that is comparable to the
exciton Bohr radiugi.e., excitonseparatiordistance, in which the exciton is an electiarie

pairs bound through Coulomb interactiprihe electron and hole wavefunctions will be
confined within a small space, leading to NCs having the higher orbital energies of charge
carriers than thaof bulk materialsTherefore, withthe $ze of semiconductor NCs reducing

thar band structuréransfersirom thecontinuous bantkvelsto separad energy leveland

their bandgagnlargegFigure 1.2) This phenomenon is tligiantum confinement effed +

10. 2628] For pulk semiconducta; they featurea weaky bound WannieMott excitonwhich
hassmall binding energgnd iseasy to dissociate into free chargeiessat room temperature.
Suchexciton absorptiofigeneated by WannieMott exciton)is possibly observed only when
temperature closdo absolute zero (0 K) ithebulk semiconductord? Conversely, when the

size ofsemiconductor NCis close or below their excitd®ohrradius the motiorof electrons

is restricted in the spacehich can results ira change oflensity of electronic statesnd
enhancement ofteracton between electrehole pairs, anéurtheran increase of the binding
energy ofthe exciton Therefore the exciton absorption in semiconductdiCs can be

obviously observedt room temperature
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Figure 1.2Schematic diagram of siztependent band engrin the semiconductol®!

Generally, the energy gap of semiconductor NCs camdbenated through the quantum
mechanics methodn 1986, Brusestablisked the function between the first excited state
energy of quantum dots and their radbssingon the effective mass approximation model
(Equation 1.1)®!

o0 —— — = (L.1)

Where E representthe bandgap of the semicondudiiEs Egyis the bandgap of bulk material,
Ris the radius of the semiconduch€swith anearlysphericashapehis the Planck constant,
me andm, are the effective masses of the electrons and holes respedilieetpe dielectric
constant of the semiconductoulk material, ance is the election chargeln Equation 1.1the
second term is the extra addition of bandgap enenglgruthe quantum confinement effect

and the third term is associated with the electrole Coulomb interaction, nanyghe binding
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energy of the excitarT herefore, weonclude thatin terms otthe quantum confinement effect
thebandgamf semiconductor NCiscreasesvhen theirsizeredues

1.1.2.2 Surface effect

Surface atomsn a semiconductoare canpletely different frominterior atoms The bulk
semiconducta havea large sizeusually above a few microns, so that the surface atomic
percentage is less than 0.1% and candggected However, aghe size ofa semicondutor
reachs nanoscaleit featuresa significantspecific surface areanda large proportion athe
number ofsurface atoms thenumber ofoverallatoms As shown in Figure 1.3or alnP NC

with asize of 20 nmthe surface atomic percentage is approxima&@#ywhile it dramatically
rises to ~ 55%vhen thesize of a InP NC reduce onm. (50

80
— ©
< 607 =
=4 i Q
E o
S 40 =
@© o
& | O
3] S
© (0]
£ 2 5
N i

0 ; : :

0 5 10 15 20

Diameter (nm)

Figure 1.3 The surfacdo-volume atom ratio and chemical potentialadhP NC with a function of its

diameter[3%

Compared withinterior atoms, surface ames in semiconductor NCare characterized by a
lack of atomic coordinationwhich leaddo the large amount afnsaturated dangling bonifs
the semiconductor NCsSuch norcoordinatedsurface atomsausehigh surface energy,
making then exceptionally active angrone b interaction with other atoms, finally resulting
in thesignificant instability oNCsB! A high surface energy produced by the wtmordinated
surface atoms can also result in anviemsible aggregation /precipitation of semiconductor
NCs, which seriously damages colloidal stabilBgsides the surficial unsaturatealangling
bondsgeneratéhesurface defectthatinducenumerous surfaceap states within theandgap
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Chapter 1: Introduction to Colloid&lanocrystals

in the semicomluctor, capturing theelectrons or holes angeverely affectinghe optcal

properties[2 33
1.1.3 Synthetic strategies of semiconductor nanocrystals

The preparations of semiconductor NCs can be performed via different strategies which can
be grouped into two categories: tdpwn and bottorup methods. Toplown methodsnain
includes mechanical griimy (ball milling), lithography, etchingetc®+3" These methods
generally need highly precisaanufacturing equipment thate largescaleand expensive
whereaghe resulting semiconductor N@ave a poor control ovaizes and shapeBottom
up methods rely on chemistry synthesigthods, including chemicalapor deposition,
hydrothermal/solvothermahpproach, seyjel method colloidal chemistry synthesis, high
temperature solidtate synthesis, moltesalts methodetc® %42 These chemistry methods,
reorganizing materials on the atomic and moleclateels, enablesemionductor NCs witta
high monadispersiorand a good control oveizes and shape¥/ith an aim to obtain high
quality NCs, lemploybottomup methods in this thesis, involving the motsaits method
(chapter2) and thecolloidal chemistrysynthesis (chapt 3 and & Hence, lintroduce the

fundamental theory of these two methods.
1.1.3.1 Colloidal chemistry synthesis theory

Colloidal chemistry synthesis is a wet chemical synthesis metitoete all of reactants and
products are dispersed in a solutiokeliwater or organic solvent§hrough tailoring
thermodynamics and kinetics in the reaction system, colloidal chemistry syratesis for
designing target NOs the atonic and molecular levelsyhich achieveprecisecontrol of the
size, morphologygrystal structure, compositiand other charactecd NCs In 1950, LaMer

et al. proposed model (namely LaMer model) to illustrate the nucleation and growth of
colloids, whichis likewise applicable to the colloidal NCs systéfhAs shown in Figure 1,4
LaMer model indicates that the formation of N@dudesthe three stages: nucleation, growth,

and Ostwald ripening.
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Figure 1.4 Schematic diagram ofhe stages of nucleation and growth for the preparation of

monodisperse NCs in the framework of the LaMer mdtil.
(1) Nucleation stage of NCs

The nucleation of NCs is a thermodynamically driven process, where the reaction system tends
to minimize Gibbs free energyVith precursors transforming into monomers, the monomer
concentrdon graduallyincreases by time. The monomer is the minimal building unit of a
crystal, and the supersaturation of monomers (S) is definéftam the solution, wheréis
concentration of monomers in solution akdis the equilibrium monomers coentration
between the solid and the solution. Notably, S directly depends on the concentration of

monomers in solutionThe nucleation ratis detemined following the Equation 1.2
— 0 QwnH — 1.2

Where, — representhe nucleation rate, Aisthepeex ponent i al factor,

energy per unit ared) is the molar volume of the monomer in crysi@l,is the Boltzmann

constant, T is absolute temperature, S is the supersaturation of monomers.
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Based on the Equation 1.3, we deduce that the nucleation rate is related with the S that is
determined by the ementratiorof monomers. The kinetic part of nucleation stage is typically
taken into account to indicate that below a critical S point (namely, the intersbetioeen

the slope of the nucleation rate as a function of S and the horizontaordinate S), the

nucleation process almost stops (i.e., the nucleation rate is zero), and then the nuclei reach the

grow regime(Figure 1.5)

Nucleation rate (a.u.)

V4
1

S*
Supersaturation of monomers S

O—

Figure 1.5.Nucleation rate as a function of supersaturation of monont&r S.

I n the nucleation stage, the change of t he
formation of new volume and the increase of new surf&égure 16). The relationship
bet ween @G a miha sphedchl enodel is @xgressesl asihaation 1.3

(9]

YOi — il 1.3

Where,Y' represents thehanges in the total Gibbs free energy, r istihelei radiusandthe

other symbols are presented, same as Equation 1.2.

The first partin Equation 1.3 epr esent s the volume term to
surface term to pG. With the S > 1, @G al wa:
point of r, namely criticahucleiradius (r*). Therefore, with a fixed S, the r* can be calculated
through t he derucldiradaug rj andedefinedd bydh& Ecquatiod. 14°

vV Z

— (1.4)
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Where,i * represents critical radius atite other symbols are presented, santéqastion 12.

Based on the Equation 1#he higher S the system has, the smatlés. In orderto minimize
the total Gibbs free energy of reaction sys{@igure 16), when the nuclei radius is larger
than the r* (r 3 2), the nuclei proceeds with the growth, but when the nuatiius is smaller

than the r* (r 4 2), thenucleiwill be dissolved.

AG*

Free energy AG

AGy ar®

r*
Particle radius r

Figure 1.6.Gibbs free energy of nucleation as a function of the particle radius (nuclei rédius).

(2) Growth stage of NCs

In 1987, Sugimoto first proposed thiae growthprocesf NCsis controlled by thaliffusion
mechanismbagd on the classical LaMer modé?! This points outhat the growth stage of

NCs consists of two steps: tH#fusion of monomers from the solution to the NCs surface and
the reaction between monomers and the surface, in which the former one is the dominating
step.
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Figure 1.7. NCs growth rate with a function of the average particle size in the diffusiotiolled growth

model.”]

The growth of NCs is goveed by a kinetic regime. As shown Figure 17, the NCs growth
rate is followed with Equadin 1.5 and 1.64% 4748l

-_— — 3 (1.9

0 _ (1.6)

Wherej r epresent s thigacbhStanbpropoatidnal toshe diffusion constant

of the monomer, r* igritical nucleiradius,0 i s t he surface free enei
diffusion coefficient® is the molar volume of the monomer in crystalis the monomer
concentration in the solution in the equilibrium st&k,is the Boltzmann constant, T is

absolute temperature.

When t he NCis fbcateduintheuddferent size region with respect todtitcal
nucleiradiusr*, the NCs will undergo differently growing evolutions. Within the size region
where the NCsO6 r ad( u<g¥),thsNCs teral loldissolve intha solutiorh e  r
or even disappear compl et el yi.>0theNCsprdteed NCs 06
with the growth and their growth rate grad:

eventually reahes a maximum rate whére N madiusis equal to2r*. AftertheNCs 6 r adi u
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is larger thar2r* (i >2r*), the NCs keep a continuous growth but gnewth rate reduces
with the NCsd size increMG@s dgr aditru(s ba&ud ele b e’
the largesized NCs feature a relatively slow growth rate while the sgiidild NCs have a
quick growth rate, whichresultsicao nver gence of the size distr
of size distributi oN@G.0 O©navwdthinile regienhoftr& a<2ry,, whe |
largesized NCs have faster growth rate than the smaiked NCs, leading ta broadening
size distribution with the react i aefocusimgol vi n

of size distributio 6 .
(3) Ostwald ripening stage of NCs

In the overgrowthstage, the r* gradually increases due to rémuction of Saccording to
Equation 1.4When ®me of NCs have a radius smaller than theh#&y undergo a dissolved
processThe new monomers, generatiirough disseiing smallersized NCscan attribute to

the growth of largesized NCs. The phenmenon that the largesized NCs camontinueto
grow by consiming smallersized NCs imamedOstwald ripenind*® The driving force of
Ostwald ripening arises from the se#fduction ofinterfacial curvature (i.e., interfacial
chemical potentialin the entiresystem through decreasiamaltsized particles that haveghi
interfacial curvaturé! Ostwald ripening induces an extension of size distribution of NCs in

t wo opposite directions, |l eading to the O0de
1.1.3.2 Anisotropic Growth Theory

Themorphology of colloidal NCs islosdy associated witlthe reaction thermodynamics and
kinetics. Under the thermodynamic regintiee NCs are capable gpontaneously forming
regular polyhedra that respabe Wullf rule® For example, noble metal single crystaileg |
Au, Ag, Pt, and Pd, have varying surface energies on diffeteface{ 111}<{100}<{ 110},
and the resulting the crystals tend to expose the facets with the lowest surface energy following
the Wullf construction (Figure 1.88}! Thermodynamic regime generally occurs at high
temperature and loveactant concentratisntHowever the case of low temperature and high
reactant concentrations make theaatton running in kinetic mechanisthat plays an
important role in controlling the growth of NCs in specific directions, leading to anisotropic
morphologies Under the kinetic regime, theurfacebeing high reactivityin NCs can
preferentially grav comparedto that with low reactivity, which results in the anisotropic
growth of NCs (Figure 1.10b).52 In addition, he highly reactive surfaces could be
12|Page
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sequentially eliminated by rapid stacking of atoms, which yiieldliEate shapgor structure

along aspecific directiorin the grow procesg@=igure 1.10d}>?

Single-Crystalline Polyhedra Cc

ReAS,

truncated cube

WS _ Vi
AATA

3
Juji
>pE

octahedron tetrahedron -

N2 TN ‘

9.:/“\} z__ . > é o A
S, k- &

Figure 1.8.(a) Thermodynamic shape control for polyhedra with octahedral symmetries, where each
shape can transformed into another by truncation of its cofflé(s) Kinetic shape control, where the
high-energy facets grow more quickly thiamv energy facetgc) Shape control through selective surface
ligands. (d) Intricate shapes result from sequential elimination of a-aigrgy facet(e) Branched

shapes result from the crystal phase transformation by employing the same i@ face.

During the growth of NCs, the surface ligands can interact with the surface of NCs through
dynamic adsorption and desorptidfhe use of surfactants is another effective strategy to
prepare anisotropic NCs, here, the stefdigandsare comprised obrganic nolecules and
inorganic ions*57 In general, surface ligands for colloidal N€an beclassified aghree
types: L, X-, and Z type depending othe number of electrons that contributeshte NC-
ligand bond®® 59 The L-type ligands are twelectron daors that are neutral Lewis bases
such as amine, phosphine, thiol. Thety)e ligands are singlelectron donorse.g.,
carboxylate, phosphonate, sulfona®l, Cl. The Ztype ligands areeroelectron donors
(namelytwo-electron accepteyswhich areneutral Lewis acids such as metalidies, metal
carboxylate metal thiocyanaté hanks to the different interacting strengths of surface ligands
13|Page
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on different crystal facets, surface ligands can selectively adsorb on several special crystal
facets, eventuly influencing the shape of NCs growing along the particular direction (Figure
1.10c).5? In addition, the transformation between different crystal structures in the same
composition also induce the anisotropic growd¥hien a material features multiple crystal
phases that have a similar atom stacking arrangement along a particular crystal direction, it
provides a possibility that the second phase grows onto a fixed crystal facet of the first phase.

With the second phaggowing, the anisotropic NCs are finally formed (Figure 1.18&f?
60-63]

1.1.3.3 Moltensalts synthesis theory

The molten salt is a salt that is solid under ambéemnidiions and that catransform from

solid phase to liquid phase at an elevated temperature. Mixed molten salteutestic
characterization, and their melting point can be tuned by varying the propatidiierent

salts in the moltessalts mixture. Common molten salts include nitrates, chlorides, sulfates,
fluorides, hydroxides, etc., which exhibit a good stability within the temperature ranging from
100 to 1000 °C5+%9 Figure 1.9 shows several thermodynamic phase diagrams of common
moltensalts systemd®!
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a Data from FTsalt - FACT salt databases b Data from FTsalt - FACT salt databases FactS
1000 FactSage actSage
NaCIl-KCl 5 404 °C NaOH-KOH
900 801°C w00
7mec ASalt-liquid E iquid+N
800 alt-liqui b X ASalt-liquid 1\Sall-||qu|d+NaOHO(s°2)
g ¥ 32
700 i
= _0.506 > o 0.95><
v: & 657 °C 4 a9 é( JRb, Cs [\awomm) 2979C
3 AAIKCl-ss_rocksalt 0.594 T
g 505°C NZE - 218°C 0373 ASalt-liquid+NaOH(s)
£ 400 s 0.05 0.515- 170 °C
& ’ AN :
e /},‘ § \
200t / 100} /| KOH-RbOH-[NaOH]|(It)
100
0 0
00 0.1 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
mol NaCl/(KCI+NaCl) mol NaOH/(KOH+NaOH)
Data from FTsalt - FACT salt databases Data from FTsalt - FACT salt databases
C FactSage d’m FactSage
i Na,SO,-K,SO, NaNO,-KNO,
1069 °C FSalt-liquid 884 °C 336°
310
00 ‘80#25-/ 300\ ESalt-liquid
~ - 77
E A [Li],Na,K//SO,CO,(ss) u‘;j’ 0.49 ¥y /
£ o0 H 223° 7
g X 0.509 H 20 NaK,[Rb,Cs|//NO,(ss)
£ 0.24 £
£ wolo 093“—“33‘-‘—5—1) 37770°C B s Na,K,[Rb,Cs]//NO,(ss)+NaNO,(s)
i \ N 3 A 0.253 109°
wol /KNISOCOs9) K3Na(S0)2  .782. 230 °C\0.93 10 =13
szt NO -INaN
Na,SO{K,SO,I(ss) KNO,-[NsNO,}(It)
- [
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
mol Na, SO /(K,SO +Na,SO,) mol NaNO,/(KNO,+NaNO,)

Figure 1.9The thermodynamic phase diagrams of some commonly used rsaltsrsystems: (a) NaCl
KClI, (b) NaOHKOH, (c) Na&SO+-K2SQs, and (d) NaN@KNO3. 6]

The moltersalts synthesisnethodgenerategsargetNCs in a speciamoltensalts bath,n

which molten saltsare liquefiedat a hightemperatue. Typically, the amount of molten salts
should be severdimesor dozentimes that ofreactants, t@nsure an adequaliquid phase.

As shown in Figure 1.10, a general procedure of medts methodncludes the following
steps [671 i) firstly, reactants together with molten salts are mixed, followed by evolving
temperaturéo melt molten saltsji) Upona liquefied baththe NCs can nucleate and grow
whose mechanism can be referred to colloidal chemistry synthesis theory; iii) Finally, the
mixture is cooled down and washed by gdar solvent to remove molten salts and residual
reactantslt is noted that the liquipphase molten salts exhibit a good stability and provide a

relatively stable reaction environment to the formation of NCs.
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Reactants Molten salts Fused salts

Mixing of reactants Melting molten salts Nucleation and growth

with molten salts and dissolving and of target NCs
diffusion of reactants

Figure 1.10. Schematic diagram aholtensalis synthesis[®’]

Although moltenrsalts method can considered as a modified approach of théehigpierature

solid reaction synthesis, the reaction mechanism of mekéa methodunning in a liquid is
completely different from that of theigh-temperature solid reaction synthesis. The latter
proceed through the diffusion and reaction in a solid state. Such a solvent generated by molten
salts can assist in dissolving solid reactaad solvating ions by strong polarization, and
promote rapid movement of reactant through convection and diffusion, all of which are
favorable for the nucleation and growth of N€8s’% Another role of molten salts that both
charged cations anchi@ans that aregenerated from molten salts act as surface ligands to
stabilizethe surface of NCs, which is beneficial for a good control overnih@eation and

growth of NCsand whichpreventaNCs from the aggregatioi.o modulate the morphology

and size of NCs, researchers can regulate the synthesis parameters, such as the type and the
amount of molten salts, molar ratios between reactants antermehlts, calcination
temperature, and annealing tilk®r example, Akdogast al. investigate the effect of the ratio

of molten salts to oxide on the morphology ofT$fO; particles viaa moltensalts method,

and upon an increase of molten salts to exitio, asobtained SiTi O particles feature the

shape changing from cubic to platélét.Xu et.al employed Zn@KCI molten-sals route
successfully to synthesize Ti@anosheets and nanorods respectively at 400 °C and 8Gb°C.

The moltensalts methodhas the advantages suchsagalability, simplicity, generalizability

and ease to conduamaking it significantly meaningful 6r the largescale synthesis for

inorganic nanomaterials
1.2 Optical properties of semiconductor nanarystals
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The optical properties of semiconductor NCs is closely related with the band structure and the
electronic transitionsThe concept obandstructure in a semiconductor includes the bandgap,
conduction band (CB) and valance band (VBhe VB is comprised of occupied electron
orbitals, while the CB consists of unoccupied orbitals. The energy gap between conduction
band minimum (CBM) and valeadband maximum (VBM) is referred to as the bandgap of
semiconductors. The bandgap acts as a banning energy region to separate VB and CB. Thus,
the electron within the VB cannot transient into the CB without anyrmedt@xcitation, like

light or heat.Hereén, | mainly introduce the Pirelated ofical processege.g. absorption,

relaxation radiativerecombination, and traps).

a b C d
o = n
Photon Photon ©
Trap states
)
_+7
VB —— | s :
Excitation Relaxation Radiative Non Radiative

(Absorption) (Cooling) Recombination Recombination

Figure 1.11Schematic diagraraf the different interaction of semiconductors with photons: (a) photon
absorption, (b) electron ariwble relaxation, (c) radiative recombination for photon emissions, (d) non

radiative recombination due teappingcapturesl’

Whenthe energy ofincident lightphoton islarger than thddandgap othe semtonductora
photonwill be absorbed bthe semiconductgrwhichpromotsanelectrontransiting from VB

to CB and remains positively charged hole in th&B. This interaction process between
incident light and semiconductisrnamed photoexcitatiaor photo absorptiofFigure 111a).

In case that the energy afisorbed photonis more tharthe bandgapthe exdted electrons

and holesare at a high energy levels. Subsequently, electrons and holes rapidly transition to
the CBM and VBM, respectively, accompanied wigheaing a fewenergyin the form of

phononsi(e., heatenergy. This proces is referred to as relaxation (Figuré Ih).

The recombination of electremle pairs commonlganinvolve either aradiativeor anon

radiative pathwayln terns of radiative recombinatiorg photonwith theenergy close to the

bandgap generates whan excited electron recombmwith a hole This processesultsin

thePL emissior{Figure 111c). For bothbulk semiconductors amdiCs,the energy/wavelength
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of emitted photons displaysredshiftompared tehat ofabsorbed photts. Thisphenomenon
is known as the Stokes shifittributingto the presence dfoththe relaxation of the excited
electron and hol@airs, and the vibration levels in the excited state gnodind stateThe

radiative recombination decay rate is define#.aswhich depenls on thantrinsic properties

of materials

The large numberob | atti ce defectso, such as missin
impurities,result in therapping statesn the semiconductoAs shown in Figure 1L1d, when

the trapping states are lotad betweeiCB andVB, they carcaptureexcitedelectrons or holes

through releasingheat energy (namely phonons).This procesds namedas nonradiative
recombinationin general, thérapping statedowers PL efficiency due to that excited electron

hole pairs recombine in the trapping levels that locate at the intermediate of bandgap in
semiconductorsOn the other hand, the presencédof u r f a ¢ suchlas fiogoordisated

atoms and unsaturatddngling bondsnthesemiconductosurface also leads tthe trapping
states.The nonradiative recombination decay rate is definedkas, which is closely
associated witlthe concentration odlefects and trgypng states.The PL efficiency(namely

PLQY) is related with recombination decay rates, defined as the follc&guogtion 1.7

000 QO— 1.7)
Where, kaq is the radiative recombination decay rate akghd is the norradiative

recombination decay rate.

For semiconductors NCs, the trapping states mainly originate frdé s ur f ace def ec:
give a significant contribution to neradiative recombinatiorA critical strategyto reduce the
concentration ofuface traping states igo performsurfacepassivation through the use of
inorganc materialsor organic moleculesn which the surface of NCs is covered with either
molecules or an inorganic layer. Such theseface passivationengineeringeffectively
eliminatesthe surface trgging statesandenhanceradiative recombination dhe electron and

hole pairs

Over the past fewlecadesalarge amount oémitting semiconductor NCs haeenerged and
experienced a rapifevelopmentsuch as*b-based chalcogenide, @dsed chalcogenide, 4l
V, I-lll -V, perovskite, etc., whicfeaure atunable PL emission pealinging fromultraviolet

(UV) to visible (Vis), anceven to neainfrared (NIR) region*? 1374801 |n this thesis, | focus
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on twoemitting semiconductor NGge., halide perovskites and pnictide NCs) ahdlit state

of-the-artis in detailintroduced in the following two sections in this chapter.

1.3 Introduction to metal halide perovskite nanocrystals

The perovskite structure originates from the mineral calditanate (CaTi@) first proposed

by Gustav Rose in 1893, followed by thaisinlsoextended to the compounds with the same
crystal structure featuring a stoichiometric compositbABX 3, in which A is ametal cation

with a charge of f) B is a metal d#éon with a charge of 2nand X is an anion witlh charge

of m (n=1 or 2) B The perovskite structuise composed ofBX ] octahedra thabrm three
dimension framework througtonnecting theornes, andA-site cations fill the crystal voids
generated from the 8 adjacent [BXctahedral® In recent years, alhorganic leacbased
halide perovskite NCs, with a stoichiometric formula of CsP@Cl, Br, I') (Figure 1.2a),

have attracted wideangingattention due to their ideal optical properties, including a high
PLQY, a narrow PL peak and the tunable PL emission peaks covering all visible range

indicating significanpotentialfor optoelectronics applicatien®38¢l

Defect-tolerant

a b 15
Perovskite cell -
4 ) o va T e==CBM [.10
052
O Cs 00 <
b
05 £
m
o Pb v e VBM 10
v o A Hﬁ:}m UPS Ref. 33 15
o CI,Brl b »

65
X= Cl  (cuBr) Br (Brlly 1
CsPbX,

Figure 1.12. (a) Schematic of the cubic perovskite cell of CsBh¥hereX represents CIBr, I. (b)
Schematic diagram of typically electronic band structure of CsP&X (c) Band edge energies of
CsPbX NCs extracted from cyclic voltammetry dafal

The optical properties of semiconductor Cskab¢ relatedo thenature of the band structure.
The CsPbX crystalshave a direct bandga@ndtheir VBM resultsfrom thePb 6s orbitahnd
halidenp orbital(where,n = 3, 4, 5 for ClI, Br and | respectivelyhile the CBM is composed
from both the antibondinBb 6p orlital and thehalidenp orbital. (Figure 1.2b). 5 The orbital
of halides is respectively composed®y3p, Br 4p | 5p, whichresults in that from CsPbgl
to CsPbitheir VBM shiftsto high energy direction and CBMlightly shifts to low energy
direction,suggesting decreasef the bandgap and the rstift of PL emission peaks (Figure
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1.12c). 87 Although A-site catioss provide few contribution tathe densityof statefor VBM
and CBM,A-site cations impactrothe bandgapy affecting the PbX-Pb tilting angle as well
asinducing structure distortian 8% Considering the bandgap of CsPhXarising from two
antibonding orbitals, energetically favored vacances generatthe defect states inside VB
and CB andisallow traging statesnearbandedges, which makesCsPbX the defect tolerance
characters, rationalizi the high PLQY values of CsPpXCs(Figure 1.2b). [85 88.89]

(on

a CsPbX, (X=ClI, Br, |) nanocrystals e g Ci
exc nge

Counts (a.u.)
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Figure 1.13. (a) Colloidal solutions of CsPB®XNCs synthesized by hot injection method under UV
irradiation.l® (b) PL spectra of the CsPbXICs prepared by anion exchange from CsRb&Ess.! (c)
Schematic ofthe shape and size 68PbBg NCs with a function othe chain length of carboxylic acids
and amines!®Y (d) Transmission electron microscopyEM) images of monalispersion CsPbBr
nanocubes, nanowires, and nanoshe&84 (e) Schematicillustration of thecoordinated various

surfactants on the surface of CsPh&ructure[®!
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The altinorganic CsPbX NCs, firstly synthesized by Protesescu et al. in 2015, feature a
tunablePL emission from hie to red color under Wight (Figure 1.Ba). 3 In recentyears,
numerous works have been dedicatedh®s development ofymthesis approachf CsPbX
NCs and to the control overpropertiesof CsPbX NCs such as compositiormophology
surface chemistry, and so d#: 98 Akkerman et almakes notablstrides incomposition
control bya facile anion exchangaotocol basing on the ionic nature of perovskite structure
(Figure 1.Bb). % Such rapid exchange reaction sustairnomogeneous composition within
CsPbX NCs and preserve the shape and sizgeing same atheir parent NCsGenerally,
CsPbX NCs have a symmetricalcube or truncated cube shapB3 % % however, the
anisotropic CsPbXNCs exhibit advancedptoelectronic properties faliverse applications
such as photodetectomolarized optoelectronicand X-ray scintillation imagingt°®13 pan
et al. conduch comprehensive investigation into the shape control of CsEs. P! They
reveal that thehain length of carboxylic acids and amine, as well as the oeaetinperature
play animportantrole in the control over the shapéCsPbBg NCs(Figure 1.Bc). To date,
the different dimensional CsPhBXCs, namely zergimension nanocubes, odémension
nanowires and twadimension nanosheets, have been succegsfigleloped via several
tailored reaction parameters (Figure 3t)L %% The surface chemistry is another vital
research domaito understand thinteraction betweethe NCs surface anlijands, which
plays a key role on the colttal stability, size, shape araectronic band structure of the
NCs[*% The typicalCsPbX NCs synthesized by oleylamine and oleic acid featimertace
passivating byong-chain ammonium and alkali ioh@cated atA site (C$ vacancy), andby
long-chain carboxylate and halide moccupied aX-site (halide vacancy) (Figure Bd).[10%
Since 2019researchers have develomaerahew surface ligand®r CsPbX NCs such as
guaternary ammonium bromidgshosphonic acigl andzwitterionic moleculesywhich enrich

the surfaceroperties of lead halide perovskilg: 98 106, 107]
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Figure 1.14. (a) Schematic of different types of shell materials employed for coating on perovskite NCs.
[108] (b-d) TEM and scanning transmission electron microscopy (STEM}jes with the encapsulation

at single particle level of (b) CsPBDSiQ: core@shell NCd1% (c) CsPbBs@TiO. core@shell NCs,

(1101 and (d) CsPbB@CsPhBrs core@shell ITs. (111 (e-g) TEM and scanning electron microscopy
(SEM) images with encapsulation at multiple particle level of (e) CsPESiO, composites!*?! (f)
CsPbBg/polymer compositesi?? (g) CsPbBgmetal organic framework composités’]

Even though CsPhyXNCs feature these remalia optical properties, they still hagame
nortnegligible drawbacksinstability againstight irradiation, hightemperature and polar
solvents and the toxicity owning to the lead in the materiét4.*%n order b improve the
stability, encapsulation stragées for perovskite nanocrystals are widely employidtbre are
two different approaches fancapsulatig perovskite NC®€ased orsingle-particle method
and multiple-particle method respectively(Figure 1.%a). % The singleparticle
encapsulatiormethodcovess a perovskite NGwith anothermaterial to forma core@shell
structure, where the typical sheflaterials include Sig) TiO,, Al.Os, polymer, CsPBrs,
CsPbB¥s;, etc(Figure 1.8a). 199111 Upon a preciseontrol of reaction parameter®r the
singleparticle encapsulation, some researshebtain productsbeing nanoscale size and
having good collodal stability (Figure 1.4b-d). 209111 The multipleparticle ecapsulation
methodgeneratecompositeshroughgrowing orloadinga fewperovskite NCs inside a matrix
such assolid SiQ, glass, mesoporous Si@n-Si0O,), metal organic framework, and polymer
(Figure 1.8a).[#0. 108,112, 113 hemost ofcompositesnadewith multiple-particle encapsulation
feature an enhanced statyiliagainstharsh conditions likeneat, humidity, and irradiation,
while their size is relativelJarge, even up to tens of micrometgrgssiblyleadingto thepoor
colloidal stabilityand aggregatin (Figure 1.#e-g). 40 112.113ITg date Jead halideperovskite
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NCsstill step forwardo meet the commerciabquirements imptoelectronics, such #guid
crystal displays (LCDs) aright-emitting diodes (LEDs).
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Figure 1.15. (a) Schematic diagram of ledicee halide perovskite NCs transformed from CsPNKs
with a cation replacement. (lhe representativeof leadfree halide perovskite CsM(I1)XNCs: (b1,
b2) TEM image, absorption and PL spectra of CsSNBIs, 116! (b3) TEM images of CSEUENCs, 117
(b4) TEM image of CsYRINCs.[*8] (c) The representizes ofleadfree halide DP CGM(I)M(II)X &
NCs: TEM images of (c1) GAgInCls NCs, 119 (c2) CeAgBiBrs NCs, 129 (¢3) CsKInClg NCs, 121

and (c4) Bi doped GAgixNaxInCls NCs, (c5) the PLQY values with a function of the Na content in the
Bi doped Cg(Ag1-xNax)InCls NCs. 122 (c6) Absorption and PL spectra of Sb dopeeKOisCls NCs with

an increasing Sb content with respect td'f3!

The toxidty of lead halide perovskite NCs onigitesfrom the Pb element/*'® With a
motivation d developing thegreen and environmentally frienglperovskitematerials, the
leadfree halide perovskite are promisiatiernativesBasdon a rule to maintaiperovskite
crystal structure andharge neutral, there are two main strategies to develogrisadhalide
perovskite NCs (Figure 154): i) the substitutiomf Pb (1) with other divalentations such
as Sn (I1),Ge (ll), andrare earth elements; ii) the replacemeintwm Pb (Il) cations witha
monovalent M(I) cation anda trivalent M(lll) cation, forming double perovskite (DP)

structure.'> Many attempts have been made to synthesize GsB@X%, and asobtained
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CsSnX% NCs are characterized by the monodispersed nanoparticles with a mtrpeak
(Figure 1.5 b1, b2).16But a major challenge faZsSnX NCs is that Sn (llcan be easily
oxidized to Sn (IV), resuitg in an inevitable transformation in atal structure and
composition[*?® Thesame issue is present in tBe(Il)-based perovskitBlCs.['?IThere are
also several reporeboutrareearthbased halide perovskite NGs,which the divalent rare
each cation replace Plxation in the perovskite strture. For examplesluang et al. employ
colloidal chemistry synthesis to prepare CsEUQCs featuring a uniform size distribution
centered around 15 nm and a violet PL emission peaked at 435nm (Figure 1113 63Ybk

NCs with an average size @b + 1.4 nm, synthesized by Moon et al., exhibit a strong emission
peak centered at 671 nm and a PLQY of 58% (Figure 1.15'8#notheralternativeto lead

free halide perovskite is Diaterials Since 2018, a series of lef@e halide DP NChave
beensuccessfully developed, which are in the form of\G§M (1) X ¢ (Where, MI) = Ag™,

Na*, K*, M(lll) = In®*, Bi%*, SB*, and X = C|, Br,, I) (Figure 1.5c). 118123, 124130 The resulting
compounds still keep a threemiinsional connection between{Kt] octahedra and [f1X¢]
octahedra with a sharing cornétowever, due to the nature of indirect bandgap or direct
bandgap with a parity forbidden baedge transition, most DP N§ystemshave a week PL
emission intensity meven no PLI9 120,131, 1327g explore advanced optical properties of, DP
researcherdevelop thelopingandalloying approached® 12123, 128130 Eor exampleluo et

al. reported Bidoped CsAgixNadnCls bulk crystalsfeatuing a bright emissionwith a
maximal PLQY value of ~86%133 The corresponding Bioped CsAg:1xNaInCls NCs are
successfullysynthesizedy Locardi et gl yet with a relatively low PLQY of ~22% (Figure
1.15 c4, ¢5).1?2 In the few past years, researchers continually make progresses in this field
and have developed DP systesugh as G#\gInCls, CsNalnCk, CsNaBiCls, CAgSbhCE,
CsAgBICls, C3AgBIBrs, CsAgBils NCs,and their derivatives through various strategies
[119:-123, 128130, 134137 Contrary to thdPb-based halide perovskite NCs, such these DP NCs feature
a broad PL emissioand a large stokes shift, whigjive them diversities for workingpn
optoelectronicg=® To date, the exploration and improvement of @@ halide DP NCs is

still ongoing.
1.4 Introduction to metal pnictide nanocrystals

Since the start of theolloidal chemistry synthesisnethodin 1993113 the Cdbased

semiconductorNCs have been rapidly developed field of material synthesis and
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optoelectroni@pplicationi** 140144'\Whereas, de to the health and environment conce@us,
based NCs arasled for the restrictioron the use irelectronicsin many countries which
acceleratethe search for alternatigego substitid Cd-based NCsMetalpnictideNCs are the
ones of the mospromising alternativesAmong metal pnictide NCsindium pnictide
(pnictide=P, AsSb)NCsfeaturing a tunablbandgap ranginffom Vis toNIR, even to shoft
wavelength infraredegion attractwide researcinterest [’> 1451481 Bylk InP, InAs and InSb
materials havelirect bandgapof ~1.34 eV,~ 0.3%V and ~0.18e\at 300K respectively,
along with Bohr exciton radius of ~9.8 nn85:9nm, and ~60nm.[**®1 Thankto their large
Bohr exciton radiustheir bandgap coverwide spectral range through tailoring their size. In
general, InP NCs featugePL emissionm the Visregionranging fromthe blue (~480nm) to
thered (up to 750nm)making them good candidates fd#D and display applicationg50-15
InAs NCsexhibit a tunable bandgain Vis and NR rangefrom 600nm tol1600nm,which
makes thenbeneficial for applications such as biological imaguhgtectorandNIR LED. ['>

146, 156159]  |InSh NCsare characteristic of spectral range from NIR to shesavelength
infraredrange which renders themrpmising materiadfor theNIR and infraredptoelectronic
devicedike photodetectax [14% 169 The production ohigh-quality indiumpnictide NCsis of
significancefor the utilization in optoelectronic devicebo date, the preparation of InP and
InNAs NCs have gained great exploration, meanwhile, the synthesis of InSb NCs is still

challenging due to the difficulty in controlling antimony precursors.

In termsof NIR region, the emitting semiconductor NCs mainly consist e¥/I\(Pb-based
chalcogenide), IFV (InAs, InSb) and HVI (Hg-based chalcogenide) NG 1611641 Among

them, Pbbased and Hypased chalcogenide NCs display remarkable optical characteristics,

but the toxicity of Pb and Hg elements severely limits their applicability in the commercial
application, adheringlatar dtbeas EBObsfiRese s dc
(1651701 Thys, with an aim to develop the safer alternatives for NIR NCs, InAs NCs are

considered as thmost promisingandidatesi*!: 48 75. 146, 157]

The clasicalsyrthesis routgo InAs NCsemploys the dehalosilylation reaction, in witi the
tris(trimethylsilyl)arsine ((MgSi)sAs, TMS-As) react with InG at high temperature, resulting
in the formation of InAs NCd!% 75 146. 157, 18173l \ith the aim to producehigh-quality InAs
NCs, Alivisatos groupin 1996successfully synthesized InAs N@& a colloidal chemistry

synthesis methqdn which tri-n-octylphosphine (TOP) segvsas both the solvent and the
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surface ligand to assishe dehalosilylaton reactionbetweenInClz and TMSAs.'Y This
approach become the skicroute to synthesize InAs NCs via TMS (Figure 1.5 top panel)
Whereas, the several drawbacks of TS such adigh reactivity,pyrophorisity,toxicity
and limited commercial availability, result in the limitation the largescalesynthesisand
the use ofpplicatiors. 1741781 Currently, tris(dimethylamino)arsine (As(NM, amincAs)
is identified as the mopromising As precursato yield InAs NCs, whiclis less toxic, cheaper,
and commercidy available 156 159 17480 Gince Grigel et al. first synthesizédAs NCs via
theaminoAs routein 2016,17% researchers haveade considerable effat exploreamino
As-based InAs NC$156. 159, 174, 17483 The gynthetienechanism of INASICs made witlamino
As precursorss given (Figure 1.5 bottom panel}'’8: Firstly, amineAs precursorsindergo
a transamination reaction with oleylamine, formiag(NHR)s; SubsequentlyAs(NHR) is
reduced through the use ofedu@nt in whichthe valence of As elements is changed from
As®* to As¥; Finally, the reduced Asspeciegeactwith oleayamineinCl; speciedo deliver
final INAs NCs.

TMS-As route:

240-265°C
InCl; + TMS-As + TOP —m InAs NCs

Amino-As route:

H_ _R ‘
40°c N By i
As(NMe,);+ OAM ——s ls + Ny a7
H\N/As\{;/H B/ “H7 N\gy (reducing agent)

r.d.s|240-290°C

One-pot approach
(NHR),AsH,_, (in-situ)

[In(OAm),J**3CI- inAs

TOP: tri-n-octylphosphine OAm: oleylamine

Figure 1.16. Schematic illustration of the formation mechanism of InAs NCs via AdSoute (top

panel)i*ll and via amineAs routes, where DIBAIH acts as reducing agent (bottom pari&lyl
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Upon the amin@As route, the various synthetic approaches for InAs NCs have been developed
to enable the precise contrall | n A's dee sia® distribution and oesponding optical
propertiesTalapn groupconcludesseveralreductantdeaturing dfferent redudng powerin

the synthesisfdnAs viaaminoAs precursoiFigure 1.7a).['""1 They find that theontrol of
reducingpowerfor reducing agentsaneffectively influence thesize distribution of InAs NCs.
Among different reducing agents, like tris(diethylamino)phosphine (RINEMinoP),
diisobutylaluminum hydride (DIBAEH), Alane N,Ndimethylethylamine complex (DMEA

AlH 3) and lithium triethylborohydride (LiEBH), the use oDMEA-AIH ; generatetnAs NCs

with a narrow exciton absorption peak ahelsmallest haHwidth at halfmaximum (HWHMV)

value (Figure 1.17a). The HWHM value of the first exciton absorption peak generally reflects
the size distribution of semiconductor NE€4% 157. 174The reaction can not proceed in the
absence of reducing agents (i.e., only the presence of AsjiMend theLiEtsBH, the
strongest reducing agenesults inthe reduction ofn3* cationto metallicin(0) (Figure 1.7a).

Thus, a modest reducing ability plays a key anig¢he formation of InAs NCd"]
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Figure 1.17. (a) The comparison of reducing agent with differettucing ability, and corresponding
absorption spectra and HWHM of InAs NC keeping a similar size and the first exciton absorption peak
position. 771 Absorption spectra of InAs NCs synthesized using different reduaments: (b,
c)P(NEb)a!® 175 (d)DIBAL-HI8], (e) DMEA-AIHZY7. (f)Absorption spectra of InAs NCs
synthesized by employing In(1)Cl as both the In precursors and reducing'@g¢g).Absorption spectra

of InAs NCs obtained via tailoringietal halides from Cl tolt8%

A goodcontrol over theamincAs-basednAs size andhe first exciton absorption pedlas

been obtained in the different reducing agetis 175178 181 details, the InAs NCmadeby
P(NEb)s feature exciton absorption peaks ranging from ~720nm to 1400nm with a size
increasing from 3.4nm (800nm), to 5.0nm (1140nm) and 7.4nm (1400nm) (Fidute &).

[159. 1781 The synthesis protocol, based on the udeIBRAL -H, can produce InAs NCs with the
first excitan absorption peaks (78450nm) and sizes (Znm) (Figure 1.1Id), while that
performed by the use &fMEA-AIH 3 deliver InNAs NCs presentinttefirst exciton absorption
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peaksonly ranging from ~720nm to ~920nm (Figure 2e)*’" 1781Apart from above reducing
agents, InAs NGssynthesized bythe use ofin(l)Cl as both the In precursor aride self
reducing agentenablean extended first exciton absorptionakeas far as 1400nm (Figure
1.17f). 178 Tietze et alexplore the influence of metal halide on InAs NCs and they observe a
blue shift of the firs exciton absorption peakhen halide ion changes fro@l" to I~ anions
(Figure 117g) 81 Up to now, despite a wide tunability in size (ranging from 2 to 7.5 nm) of
aminoAs-based InAs NCs, a significant challenge that they face is to improve their size
distribution, to reach a level analogous to that of TA&Sbased InAs NCsTypically, InAs
NCsmadewith TMS-As precursorgeature a HWHM as low as 40meV, while that synthesized

by amino-As precursors have HWHM valuabovel00meV .[146. 157, 174, 177, 182]

a I RX-H = RCOOH, RSH, H;0... I N\]\N b InAs & : InAs
a

vacancies
Zn

IPR: PR

Energy (eV)

Figure 1.18. (a) Schematic of surface properties mfAs,P) NCs synthesized by InCbleylamine and
amincAs (sole left part) and after surface ligands exchange betweesieglamine andprotic surface
active compounds RXl (fatty acids alkanethiols and #D).*" (b) Schematic diagram of InAs NCs
synthesized in the presence Zaaid without ZnGJ, and corresponding density of stat&s! (c) High-
resolution HR)TEM images, the fagtourier transforra(FFT) and shape analysis of In(As,P) NEY

Additionally, thesurface characteristiad amincAs-based InAs NCéave been studieih
recentyears.'’7+ 11 As shown in the Figure 184, he typicalln(As,P) NCssynthesized by
employingInCls, oleylamine, aminéAs and P(NE)s, featurea surfacebound by Clions (X-
type) andoleylamine (l-type).™" For these In(As,P) NCs, a ligand exchange reaction can

proceed through exposing them to protic sudacive compounds RX (such as fatty acids,
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alkanethiols and D). The RXH compounds can strip bound @ins and oleylamine from
the NCs surface, to formNRH3*CI" complexeghat are free in the solutioandthe resulting
In(As,P) surface are bound lmgwRX- ions (X-type).[!7® Z-type ligands are also identified
to bind to the surface of aminfs-based InAs NCs. [zl et al. discover that Zn£lacting as a
Z-type ligand, passivates the surface of InAs NCs, resulting in eliminating surface trapping
states and enhancing PL efficiency (Figure 1.186)Considering the morphology of amino
As-based InAs NCsiesearcherebserve thatvhen employing oleylamine (namely primary
amine) as surface ligandl)(As,P) NCs feature a tetrahedral shayith theslight truncations

in the corner, where the In(As,P) N@se terminated mostly by (111) facets and by a minor
fraction of the truncate(110) and ppp) facets(Figure 1.8c).17® 18 To date, mosbf InAs
NCs exhibit a tetrahedral shapga various synthetic protocolsshile anisotropic InAs N€

are rarely reportedf>®. 176179, 182]
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Chapter 2 Synthesis of  CsPbB#m-SiO>
Nanocomposites via MolterSalts Method as Green
Phosphors for LCD Display Devices

Abstract

In this chapterl employed a molte-sals synthesis method to produ€sPbBg nanocrystals,
encapsulating them together with inorganic salts (KNMANG; and KBr, namelymolten salts)
insidemesoporou$io, (M-Si0,) host matricesvhose sizes are therange from 100 to 300
nm. In terms ofoptical properties and stabilifpr thesesmallsized composites arallarge
sized 06 0 0 n m)y/m-Si&,Priodiat, we observethat the 108nm-sized CsPbBg/m-
SiO, particleshavethe beststability against humidity, light irradiation and heat, aslwag|
they feature a green PL emission at 517 nth svnarrow full width at half maximum (FWHM)
of 18 nm and a high PLQY of 77%uchpropertieanakethemideal green phosphofgr LCD
devices Therefore we employed a polymer film loaded with 100n-sized CsPbBM-SiO,
nanocomposites as the green color conversion lay&mpiwofof-concept #in. LCD device.
This device gives @ optimal white emissiomvith a correlated color temperature (CCT) of
6861 Kas vell asa 92% coveragef national television systemommittee NTSC) standard
color gamut area of CIE1931, inditng a superiorperformancecompared taa reference
commercial LCD (Dell XPS 15 7590 laptofhis work opens a new door for metal halide

perowskite NCsin real display devices.
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Chapter 2: Synthesis of CsPhBn-SiO,
Nanocomposites MolteBalts Method as Green Phosphors for LCD Display Devices

2.1 Introduction

As introduced in the Chapter 1.3, lead halide perovsl@sstill face the challenge in practice
optoelectronic applications due to their stability problem. Among varimibodgo improve
stability, encapsulatin@€sPbX (X=CI", Br, I") perovskiteNCs into mSiO, matrixesis one of
the most promising strategiés® The interest im-SiO, matrixesresides in threadvantages:
i) the inherent chemical and thermal stability, low toxicity and low dgst! i) the facile
synthesisapproach and controllable partidizes and porediameters, in which thsize of m
SiO; particle can be precisetynedfrom ~25 nm to micronsit?1%! and theirpore diametes
cover a rangérom 2 to 50 nm&18ljij) afunctionalizedsurfacethatcan be easilynodified
to enablehydrophilicity or hydrophobicity!**2? To date, thetrategies to encapsulate CsRbX
NCsinsidem-SiO, mainly includethe simple impregnatiomethod the colloidal synthesis in
the presence of 18i0,, and thehigh temperatursolid-statereaction(above 700°C)15: 7 9
However,the resulting compositealways existseveral shortcomingsuch asinsufficient
stability (impregnation and colloidal synthesignd bulk-like aggregdabn (the high
temperaturesolid-state reaction)which restrict thaise ofperovskitesn real optoelectronics

devices

Recent, our grouplevelopeda moltensat synthesis approach to produce CsRbIBiSIO,
compositeshat feature a high stabiliggainst temperaturgjater and even against aqua regia
(a mixture of HCI and HNg) environment for month8. Notably, the usedmolten salts,
composed of KN@ NaNG;, and KBr, play several important roles:aigting asa reaction
mediumto dissole perovskite precursors; ii) allowinfpr the nucleation and growth of
CsPbBg NCs iii) sealing the r8i0, poresthrough apartial etching of r8i0,.1 Although
theproducedccomposits are characteristic @bright PL emission with LQY value as high
as 90%and a good stabilitpgainst polar solvents, th@an still not meetrequirements of
commercial applications in display devicé! due tothe large size © 6 0 0) andnow
stability under a high flux (HF) irradiatioiVhen embedded inside polymenmnis,large sized
compositesesult inanon-uniform particles distributioas well agn excessive lighgcattering
ard massloading of the phospharsvhich decreases the enemgfficiencyof display devices.
On the other handhe bw stability undethe HFirradiationdirectly leadsto a fast declined

lifetime of display devices.
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In order topromote thecommercialuse of CsPbBg/m-SiO, composites, in this work, we
designeda synthesis of composites lgingsmaltsized mSiO, particles(ranging from 100
to 300 nm)via the moltersalts synthesis approachWVith the aim of improving the stability
and morphadgy of smalisized CsPbBg/m-SiO, composites, we systematically optimized
reaction parameterscluding thereaction temperature (whidgmpacts orthe extent of etching
of the mSiO, and modulates the pore size) andpkeovskite precursor salts: moltealts: m
SiO; molar ratio(which influencethe extent of filling of the pores by salts aB8PbB§).
Among produced composites, we found th&0-nm-sized CsPbBf m-SiO, compositesas
the best ones, featuie green PL emissioalong witha high PLQY of 77%, and when
embedded into a polymer film, they exhibit outstanding stability against heat, water, and
light irradiation, outperforming our previously reported lasiged © 6 0 0) camposites and
a film loaded bystandard perovskites NG% 24 Such smaksizedcomposites were employed
as the green color conversion layer ipraoftof-concept 7in. LCD device.It providesan
optimal white light with a CIE coordinate of (0.3067, 0.327ahd aCCT of 686K that is
close to theNTSC referencevhite pointof NTSC The prepared LCD device have 298
coverage of NTSC standard color gamut area &1€81, indicating a higher color gamut
coverage comparedith that ofa reference&ommercialdisplay famely,Dell XPS 15 7590
laptop).

2.2 Results andDiscussion

2.2.1 Synthesis of CsPbB¥m-SiO., nanocomposites.
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Nanocomposites MolteBalts Method as Green Phosphors for LCD Display Devices

Figure 2.1. TEM images of the starting48iOz nanoparticles: (a) C1, (b) C2, (c) C3 4dyiC4.The size

distribution histogram of r®IO2 nanoparticles: (e) C1, (f) C2 and (g) C3, measured from the TEM

images. (h) DLS curve obtained from$i0,_C4 particles dispersed in water.

Before the synthesis of perovskites/8iO, composites, we firBt prepared mrBIO,
nanoparticles withrarioussizesranging from 10Gimto 300nm. In detail, basdonasynthesis
approactreportedoy Llopis-Lorente et a|*®! we synthesizedn-SiO; particleswith different
sizesby tuning the anount ofthetemplate agenfcetyltrimethylammonium bromigeandby
controlling the injection speed dhe silica precursor (tetraethyrthosilicate).The resulting

m-SiO, nanoparticles are characteristicasgpheical shapewith ameandiameterof 91 14
nmfor m-SiO,_Cland196 18 nmfor m-SiO,_C2 measuredby TEM images (Figur@.1a,

b, e and f), and meanpore size of ~3.03.5nmanalyzed byBrunauerEmmettTeller (BET)
(FigureS21 and Table &1). Additionally, we also employedn alternative synthesssheme
reported by Chiang et.dfd It deliveredm-SiO, (C3) particlesfeaturingan averagesize of
169 26 nmand ameanpore size of 3.0 nnfFigure 2.1c, g, Figure 31 and Table &1).

Even thouglC2 and C3 n5i0; particleshadsizesaround170-200nm, thedifferenceof them
lay in the pore volume i(e., the volume ofthe pores per gram of silica), whictesults ina
different loading volumef perovskite and inorganic salts insideSi©, particles The pore
volume of mSiO, C2 wag0.10 cni g't andthat of mSiO, C3 wad.04 cnig'?, revealed by
BET analysigFigure 2.1 and Table 3.2). Meanwhile we obtained~300nmm-SiO, (C4)
particlesthrougha size selectiofor commercial mesoporous silica MCGHithatis the same
one employed inour previously reported largesized CsPbBg/m-SiO, composites(d
600nm)® The m-SiO,_C4 particles showed a mean size of 311 + 114nmeasured by
dynamic light scatteringQ{LS)(Figure 2.1h) andan averge pore size 0f3.4 nm by BET
analysis (Figure &1 and Table $1). Theselected mSiO,_C4 particledeaturedan irregular

shape (Figur@.1d)whichresults in achallenging to identify their mean size via TEM images,

thus we did not report it in theork.
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Figure 2.2 Schematic illustration ofpreparation of CsPbBim-SiO. compositesvia a moltensalts

synthesis approach. The red words represmtien salts in this scheme.

Sulsequently, CsPbBg/m-SiO, nanocomposites were prepared by following rii@tensalts
approach reported in our previous wdfkWe employeda mixture of KNQ, NaNG;, and
KBr asmolten saltsThe moltersalts mixture wagrinded together with perovskite precursor
salts (CsBr and PbBrand mSiO; particles at room temperature, followed by heating ugp to
desiredtemperature (Figurg.2). In our previous workthe optimal synthesis parametefor
largesized CsPbB§/m-SiO, composite@600nm)is identified as KNO3:NaNOs;:KBr molar
ratio of 10:5:5,CsBr:PbBs:(KNO3z+NaNGO;+KBr):m-SiO, molar ratio of 2:2:20:5, reaction
temperatured50 °C and reaction time 1%.However, vhen employing the smadlizedm-
SiO,, produced CsPbBM-SiO, composites had a severe degradation/melting, leaditigeto
loss of nanoscaleharactestics (Figure S2.2), which indicates th#te same synthesis
parameterfor largesized mSiO; is not suitable for current small oneAs a result,we
performedanoptimization ofreaction parameteby the use of the smallesized mSiO, (C1)
that is more prone to melting and degradatioamong differensized m-SiO,. We

systematically tuned theerovskiteprecursorsalts molten salts: R8I0, molar ratiq andthe
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reaction temperature, aiming émablesmallsized CsPbBfm-SiO, compositeswith a high
stability against aqua regia aadjoodmorphology(namely shape and size retention wthé
starting mSiQ,) (Table 2.2). Firstly, upona fixed KNO3:NaNQO;:KBr (molten saltsmolar
ratio at 10:5:5 ¥ we variedthe perovskite precurssalts molten salts:r8iO; molar ratios.
A comparison of stability against aqua regiastested(sample AF in Figue 2.3 and Table
S2.2), and amongarious feeding ratios, thene(i.e., CsBr:PbBs:(KNOs+NaNO;+KBr):m-
SiO; molar ratio of 6:6:20:5) showetthat the yielded products had the best stability with a
bright PL emission when immersed in aqua regia for five dafien, wemodulatedthe
reaction temperature from 310 °C to 350 Brough the use of the optimized
CsBr:PbBg:(KNOz+NaNO:+KBr):m-SiO, molar ratio (namely 6:6:20:5). The resulting
products in term of stability against aqua regiaad a good stabilityvhen the reaction
temperaturevas in the range of 32850 °C (sample B, @ in Figure 2.3 and Table &2).
However, for themorphology,the reactionrunning at 30-330°C could deliver CsPbBg/m-
SiO, composites that maintaed a same shapasthe starting mSiO; (Figure 2.4). Overall
we found that the optimal reaction parametéor smallsized composites waserformed by
KNO3z:NaNGs:KBr molar ratio of 10:5:5CsBr:PbBg:(KNOz+NaNQ;+KBr):m-SiO, molar
ratio of 6:6:20:5andreaction temperaturaf 320 °C for 1 h (Tabl&2.2, sample B).

a c 3/|d

c1||b Cc2 c4

Figure 2.3 TEM images of the yielding CsPb#m-SiO. nanoparticles: (a) CsPb#m-SiOz _C1, (b)
CsPbBg/m-SiOz _C2, (c) CsPbBfm-SiO2 _C3 and (d) CsPbBmM-SiO;_C4. (e) HAADF STEM image
of a CsPbB#m-SiOz_C1 particle with the corresponding EDX maps.

In parallel,the same synthesiapproachwasalso employedo synthesizeCsPbBg/m-SiO,
composites startinfjom C2, C3, and C4 8i0, particles All producedCsPbBg/m-SiO, (C1-

41 |Page



Development of Colloidal Halide Perovskite and Pnictide Nanocrystals for Optoelectronics

C4) ommposites keptthe similar size and shapéth respect taheir respectivestartingm-SiO,
(Figure 2.3 a-d and Figure 3.5), indicating that the optimized moltesaltsmethoddid not
lead to the degradation/meltirgf host matrixes The smallessized CsPbBg/m-SiO, C1
sample as a representative of smaited compositesyascharacterized bshe high-angle
annular darkfield (HAADF) STEM. The HAADFSTEM images displayethat the

mesoporous structure ofi-SiO, was partially collapsd uponthe formation of composites

(Figure 2.3e and Figure 3.6), whichis alsoobserved in our previousork (i.e., the large

sized CsPbBfm-SiO, (d 600 nm)samplg.”)@ The HAADRSTEM equippedenergy

dispersive Xray (EDX) mapping revealed that th@resence ofCs, Pb, Br, K, and Na
elements weréanside eachcompositeparticle (Figure2.3e and Figure &6). The X-ray
diffraction (XRD) patterrs of CsPbB#/m-SiO, (C1-C4) samplesindicatedthat the crystal
phasewas comprised mostly obrthorhombic CsPbBr(inorganic crystal structure database
(ICSD) number 980097851)together witha minor fraction of KNG, NaNG;, and KBr
(Figure2.4a).A broad bump ranging from 15° to 35f XRD patterrs wasattributed tothe
amorphous Si@matrix. ¥ The CsPbBym-SiO, C1 samplefeaturedan absorption peak
(513nm) anca greenPL emission(517nm)with a narrowFWHM (18nm)and ahigh PLQY
(77%= 7%)(Figure2.4b, c,Figure S2.7and Table2.1). Whenthe CsPbBym-SiO,_Clsample
wasimmersed in aqua regfor 365 days, isstill had a bright green PL emission under UV
light (Figure2.4d). The other CsPbBIM-SiO, (C2, C3 and C4hanocompositealso showed
absorption peakat 514517 nm along withPL emissionpeaks ab16-519 nm with a FWHM
of 17-20 nm whiletheirPLQY valueschangedrom 55% +5% (CsPbBg/m-SiO,_C2 sample)
to 80% + 8% CsPbBg/m-SiO,_C4sampl¢ (Figure2.4b, ¢ Figure S2.7and Table2.1).
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Figure 2.4 (a) XRD patterns of the CsPhfin-SiOz nanocomposites with the bulk reflections of CsRbBr
(ICSD 980097851), KNG (ICSD 980036113), NaNQ@ (ICSD 980180918), and KBr (ICSD 9805
3826). (b) PL emission spectra (b) and PLQY (c) of the CsRbBiSIO2 nanocomposites. (d)
Photographs oEsPbB#/m-SiOz_C1 immersed in aqua regia for 1 year, taken under visible light (upper)

and under UV excitation at 365 nm (bottom).

Table 2.1 Optical properties and composition, measured via SHW of thedifferent CsSPbB/mM-SiO;

composites.
Sample CsPbBrym-  CsPbBrsym-  CsPbBrsm-  CsPbBr/m- CsPbBrs/m-
Si0,_C1 SiO,_C2 SiOz_C3 Si0O,_C4 Si0:06 0 0 n

PL peak 517nm 519nm 519nm 516nm 520nm?
FWHM 18nm 17nm 17nm 20nm 22nm?
PLQY T7£7% 55+5% 68+6% 80+8% 89+10%”
Pb/SiP) 0.05 0.13 0.03 0.14 0.12

Pb/(K+Na)® 1.90 1.01 1.01 1.35 0.38

a) Data are taken from Mai et al. re@atin our group previous worRl

b) The compositions result from SEEDX.
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2.2.2 Preparation of CsPbBs/m-SiO. polymer films.

Among these smabllized composit the two sampleswith the highest PLQY(i.e.,
CsPbBg/m-Si0O,_C1 and CsPbBIM-SiO, C4 sampleswereselectedasthe bestcandidates
to prepare CsPbBIm-SiO; polymer films.Each nanocomposit€1 and C4)was loaded in a
polymer resin (K-129B) onto a barrie transparent film(FTB3-50) made of polyethylene
terephthalate with few layers of metal oxiflghich hasa water vapor transmission rate of
~10°%g m2 per day at 20 °L In addition standard perovskite NCs reportedhrptesescu et
al.? and the largesizedCsPbBym-Si0, s ampl e (0600 nm) FClwereour p
preformedthe sameprocess to prepare polymer films esunterpartsThree accelerated
reliability tests were conducted: (i) high flux (Hi¥),which samplepolymer filmsareexposed
to ablue emitting light source (450 nm) with a power of 100 mW?2cah 60 °C and 60%
relative humidity (RH); (i) high temperature (HT), which makes samptdymer films
irradiated under a 10 mW ¢éfblue light (450 nm) with a power of 10 mév 2 along with
85 °C and 60% RH; (iiihigh humidity (HH), in which the samplgolymer films are irradiated
with a blue light (450 nm) with a power of 10 mW'érat 60 °C and 90% RHhe results are
reported in Figur@.5. In general, these acceleratetdiability tests were carried out for 1000
h, roughly correspondintp a duration of 3 years undeormal operation conditions (i.e., a
display operated in the household). Upon a comparigtinacceleratedeliability tess, we
found that, 10thm-sized caonposites, namely CsPb#An-SiO, C1 sample showed the best
stabilityin all conditions(HF, HT and HH. After 1000 h test, their PL intensity remadh (i)
94% in the HF, (ii) 58% in the HT, and (iii) 100% in the HH.addition, the edge ingress, a
typical issueaffecting quantum dots polymer films due tacking sufficient protectionof
polymer filmswhen nanparticlesarenear tdfilm edgeswasnot observedor the CsPbBg/m-
SiO,_C1 polymer film upon acceleratedsteconditions, which furthedemonstratesheir
stability (Figure 2.8).
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Figure 2.5 Stability tests, under different conditions, of polymer films loaded with either on type of
CsPbB#/m-SiO; nanocomposite (CsPb®m-SiO; C1, CsPbBYm-SiO;_C4, CsPbB/m-Si0, O 6 0 0
nm) or with standard CsPbBNCs. The three plots are tirgependent normalized PL intensity of the
films under the following conditionga) HF,(b) HT, and(c) HH.

Notably, CsPbBg/m-SiO, C1 compositeseatureda remarkable stability, whichepresents
breakthrougtin overcoming theshortcoming of CsPbBg NCs. In order to figure oygossible
reasos for the high stability of CsPbBm-SiO,_C1 composites, weonsidered somgoints
Firstly, standard CsPbBNCs showed a rapid decline in PL intensity under HF (Egjure
2.5a, blue curve); secondly, the Si@atrix itself cannot provide adequate protection for
CsPbBg against HF, beause not alcomposites lHF resistanceThirdly, the composite
madewith thebiggestsizedm-SiO; (i.e., CsPbBg/m-SiO,d 600 nm)did not havethe highest

HF stability, thereby the thickness ofm-SiO, wasnot man reasonRuling out theperovskite

andm-SiO,, we hypothesizehatinorganic saltshat were sealed insiae-SiO, porestogether

with CsPbBg NCscan beresponsible for thaigh stability against HFIndeed K* saltshave

beenfound to play apositive role on passivatig colloidal perovskite NCs ananproving

stability reportedin the literatured®” 281 We estimated acoverage of CsPbBMNCs with
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inorganic sak by arelativemolarratio ofperosskite NCs andnorganic saltsspecifically, the
composition ratio of Pb/(Na+K)The scanning electron microscoppEM) EDX analysis
indicated that CsPbBg/mSiO; C1 had the highest Pb/(Na+K) ratio of 1.90, followed by
CsPbBg/m-SiO,_C4 (with aratio of 1.01) and GPbBg/m-SiO.d 600 nmbeingthe lowest
Pb/(Na+K)ratio of 0.38 (Tabl.1). In line with the XRD analysishe product ofCsPbBg/m-
SiO,_ C1 was dominated b€sPbBg (Figure2.43), while KNOs, NaNG;, and KBrsalts were
major productsn CsPbBg/m-SiO.d 600 nm(Figure 2.9). ComprehensiVlg analyzing HF

stability and each componeint the composites involving the perovskite, inorganic salts and
m-SiO,, we believethatan optimal coverage of CsPBBYCs withinorganic salts insiden-

SiO; poresplays a key role otheimprovedstability of the CsPbB/m-SiO,_C1 sample.
2.2.3 Fabrication of CsPbBrs/m-SiO.-based displays

Compared withargesized CsPbBfm-SiO,d 600nm sample, the best composite, CsRbBr
SiO,_C1,not only featured a higtability, but also were composed of srrefled particles,
which is beneficiato form polymer films witha uniform particledistribution. Indeed, the
composites polymer film made with the CsPBB¥SiO,_C1 sample featured a honssgous
texture, in whichcompositeparticles wereuniformly dispersedn the film, except fora few
spots containing aggregates (Figure 2.6&akontrastthe CsPbBg/m-SiO.d 600nmsample
composites polymer film showealmost exclusively large aggregat@sgure 2.6b) With

respect to th€sPbBgm-SiO,d 600nmcomposite polymer film, the compaosite polymer film

made by smalkizedCsPbBgm-SiO,_C1 sample presented a better green color ghatts
closer to the edge of the CIE1931 color diagram, indigaitigher color purity oémission
(Figure 2.6¢,d)Then, we employed a magenta LED backlight soucomposedf a blue
LED and a potassium fluorosilicate (KSF) phosphor, to tegjriisenPL emission conversion
efficiency of composites polymer films ppared under the same mass loadingorder to
obtain a white light with an optimal ratio of Red, Green, and Blue (RGB]Jirstly tune the
mass of composites inside the polymer famd identified).625 wt% of CsPbBMSIO, C1
as the appropriatealue fa the polymerfilm (Figure 2.6e, and Table 2.2).sAa reference
CsPbBg/mSiO, d 600 nmpolymer film was prepared with the same procediiee PL

spectradisplayedthat the film prepared bthe use of CsPbBmM-SiO,_ C1 featured a more
intense green emissitiman thatmade by the use @sPbBg/m-SiO.d 600 nm indicating that
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small-sizedcomposites resulted & better blugo-green conversio(Figure 2.6e,f)Overall,
in terms of the texture (i.e., less aggregates and, thus, lower light scattering) ankbrthe co
conversion (i.e., more energy conversion atettpeal mass loadings), smalzedCsPbBg/m-

SiO,_C1sample exibits a better performance than pervious lasged CsPbBg/m-SiO.d

600 nm sample when used in green converting polymer layer.

a CsPbBr3/m-Si0,_C10[5) CsPbBr;/m-Si0,2600nm
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Figure 2.6. Optical microscopy images ofa) CsPbBs#m-SiO;_C1 and(b) CsPbB#m-SiOd 600 nm

based polymer films. CIE1931 diagrams in which the green color points obtained with the composite

polymer film based on(c) CsPbB#m-SiO;_C1 or(d) CsPbB#m-SiOd 600 nm samples are marked.
Emission spectra of the magenta backlight source combined with the composite polymer film based on:
(e) CsPbB¢#/m-SiO;_C1 or(f) CsPbBg/m-SiOd 600 nm samples.
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Table 2.2 Color gamut performance of LCD display utilizing CsP¥B¥SIiO, C1 as

compared to commercial display using green phosphor.

Gamut Gamut
Gamut Gamut Coverage
CIE color Color Coverage
Sample coordinates  temperature Vs. Adobe Coverage Coverage Vs,
P I.?GB Vs. DCFP3 Vs. NTSC Rec.2020
area
CsPbBg/m- (0.3067, . . . o
sio, C1 0.3271) 6861.1K 92.4% 84.7% 92% 78%
Dell XPS (0.3088, 6666.7K 74% 74% 71% 53%

laptop Display 0.3354)

ThebestCsPbBg/m-SiO,_C1 polymer film with a size of 160mx100mm was employed to
set up into a customizedii. LCD display systemThis LCD prototypedisplay (from the
bottom toup) was comprised by theover,reflector, light guide plate with a magenta LED on
the sides, CsPbBm-SiO,_C1 polymer film, polarizer, and LCD panels (Fig@réac). As a
comparison with commercial productse chose areferenceLCD display device(i.e., Dell
XPS 15 7590 (year 2020) laptop displain which blue spectrumand red spectrum are
respectivelyresulted from a blu€ED light and a KSF phosphothat are thesame as our
display setup of th€sPbBg/m-SiO, Clbased LO display deviceThereforeany difference
in the performancebetween our sefuand the commercial devigast come from the green
converting layerThe CsPbBg/m-SiO, _Clbased LCD display deviaxhibited awhite light
emission with a CIE colaroordinate of (0.3067, 0.3271) an@&T of 6861 K, which is close
to theidealwhite point of the NTSC standard (0.310, 0.316) (Fiquvel and Tabl&.2). This
CsPbBg/m-SiO, Clbased LCD device ditqy featured a 92% coverage NTSC standard
color gamu area of CIEL931, whichoutperforned the commercial LCD display (Dell XPS
15 7590 laptop digay) with a 71% coverage proporti¢igure2.7, FigureS2.10b and Table
2.2). Moreover,commercial displa device washaracteristic o& very broad green emigsn
(Figure 2.10a), which is notbeneficialfor the color gamutind performance othe display
device however oursmaltsizedCsPbBg/m-SiO, samplehada quitenarrow emissioifFigure
2.6e) Suchnarrowemissiom and high stability features makesmallsized CsPbBg/m-SiO;,

being ideal green phosphors for practic@.displays.
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Figure 2.7 Prototype display utilizing the CsPbiBin-SiO;_C1 based polymer film as the green color
conversion layer. Photographs of the: (a) CsBbB6iO;_C1 polymer film (b) the LCD display
components with the magenta (blue LED and KSF phosphor) backlight, and (c) the assembled LCD
display. (d) White color point and CIE color coordinates obtained (black line) as compared with NTSC

standard (dashed line).

2.3 Conclusion

In summary,we successfullysynthesizedsmallsized CsPbBfm-SiO, composites via a
moltensalts approactin which a mixture of KNG, NaNQ;, and KBr(hamelymolten salty
not onlypromotedCsPbBg NCsto nucleate androw inside mSiO; particles, but alspartial
etchedsilicato sealporesof m-SiO,. Among various sized compositéetbest ones100-nm-
sized CsPbBfm-SiO, compositesexhibited a narrow green PL emission with a FWHM of 18
nm and a PLQYWaluesashigh as 77%, and theglsofeatureda high stability against acidi
solution. WhenCsPbBg/m-SiO, (~100nm)composites were embedded imtolymer films,
the PL intensity of polymer films was characteristic ofaod stability aftera 1000hour
accelerated reliability tests detail, remainig PL intensity: (i)94% in HF, (ii) 58%in HT;
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(iii) 100% in HH. Besidesa uniform particle distributionwas observed in the polymer film
made by the use of0D-nm-sized CsPbBfm-SiO, composites. Based dahese remarkable
characteristicsye fabricateda proofof-concept 7in. LCD display devicdy the use of small
sized CsPbBfm-SiO, composites as the green phosphor layéiis LCD display device
showedan optimal white light featuring CIE color coordinates of (0.3067, 0.3271), CCT of
6861 K, and 92% average of NTSC standard color gamut area of CIE1931, which
outperfornedthe reference commercial display (Dell XPS 15 7590 laptop disflaig work
givesa step forward for the implementation of perovskite NCs in actual devices.

2.4 Experimentl section

Preparation of m-SiOz (C1, C2, and C3) NanoparticlesThe C1 mSiO2 nanoparticles were
synthesized by employing a modified Stéber method with several chd@ggsirst, 2.74

mmol of CTABr was dissolved in 480 mL of DI water and then extra 3.5 mL of a NaOH
solution (2 M in DI water) was added to basify the solution. The mixture was heated up to
70 °C, followed by the addition of 22.4 mmol of TEOS with an injectipged rate of 10 mL
min-1, during which the solution was vigorously stirred. The reaction mixture was kept for 3
h at 70 °C and then the product was collected via the centrifugation at 10,000 rpm for 10 min.
The precipitate was washed with DI water foefiimes again and then dried at 40 °C for 24

h in vacuum. For C2 and C3-8i02 nanopatrticles, they were synthesized by using the same
synthesis procedure with the following modifications: to produce €2®2, we employed

1.37 mmol of CTABT; to produce G8-SiO2, 67.2 mmol of TEOS was employed; in both C2
m-SiO2 and C3 n5i02, TEOS was injected at a speed rate of 0.5 mlInifo remove the
template agent and to get clearSiD2 particles, in all the cases, products were calcined at

550 °C for 5 h in an ogiant atmosphere.

Preparation of m-SiOz (C4) Nanoparticles: C4 mSiO2 nanoparticles were prepared from
commercial MCM41 silica via a size selection process. A total of 1,500 mg of commercial
MCM-41 silica was dispersed in 750 mL of DI water and the mixua®e heated to 60 °C for

72 h to completely disperse silica particles. The colloidal dispersion was centrifuged at 1,157
g for 5 min, and then the precipitate was discarded and the particles in the supernatant were
collected by the precipitation (via thergrifugation at 12,857 g for 10 min). The precipitate

was dried at 40 °C for 120 h in the vacuum.
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Preparation of CsPbBr/m-SiO2 Nanocomposites CsPbBr3/mSiO2 nanocomposites were
prepared by following the moltesalts synthesis method previously repotigaur group and

via a systematic optimization of reaction paramef{@isThe detailed parameters explored are
listed in Table 8.1 (Appendicef.6). The optimized synthesis procedure consisted of grinding
with a mortar and pestle for a mixture of 0.6 mmol of CsBr, 0.6 mmol of PbBr2, 2 mmol of
moltensalts (comprising 1 mmol of KNO3, 0.5 mmol of NaNO3, and 0.5 mmol of KBr), and
0.5 mmol of mSiO2 (Figure2.1). Then, the mixture was put into a ceramic crucible and heated
up to 320 °C in a furnace for 1 h in the air atmosphere. The product was cooled down to room
temperature by exposing the crucible under the ambient condition for ¥h2 krude powder

was washed by DMSO and ethanol for three times, during which each time sonicating the
mixture for 10 min, centrifuging it at 10,000 rpm for 10 min, and collecting only the precipitate.

The final product was eventually dried at 40 °C wvaauum oven.

Preparation of Compositepolymer Films. A desired amount of CsPbBr3/8i0O2
composites was dispersed in 2 mL of acetone and sonicated for 2 min, after which an UV
curable polymer resin (K29B from Emaxwin) was added and the resulting mixtuvas

stirred overnight inside an open vial (under a fume hood) to evaporateaeditohe. The role

of acetone in this initial step is that of ensuring the complete dispersion of the composite
particles in the highly viscous resin. The mixture was depbseitéo a barrier transparent film
(FTB3-50 from 3M with a thickness of 50 um) made of polyethylene terephthalate with a few
layers of the metal oxide (featuring a water vapor transmission rate < g102 per day at

20 °C) via the blade coating, prodngia final film having a total thickness of ~250 pm, which
was irradiated with an UV source for 1 min to cure the polymer resin. The cured film was
eventually cut according to the size needed for the display. The concentration of the composites
in the polymer film was 0.5 wt% in the stability tests, while for the display device we used a
concentration of 0.625 wt%. The polymer film based on standard perovskite NCs was made
using the same approach with the only difference being the preparation of the prdbieer

mixture, which was realized by simply mixing the colloidal NCs with the resin.

Fabrication of the LCD display device.The #in. LCD display was purchased from Lincoln
Technology Solution and customized. The polymer film made with CsPbESRI2a C1
nanocomposites was cut into a size of 160 mm x 100 mm and placed in the LCD display stacks.

The stacks of the final device, going from the bottom to the top, consist of: cover, reflector,
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light guide plate with magenta LED on the side (backlight), CsPbB&0D2_C1
nanocomposit@olymer film polarizer, and LCD panel. The LCD panel and the backlight are

controlled by an integrated circuit with power 12 V.
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Figure S2.1.Nitrogen adsorptiomlesorption isotherms and corresponding pore size distributions (insets)
of m-SiO; particles:(a) C1,(b) C2,(c) C3, andd) C4.

Figure 2.1 is the nitrogen adsorptiatesorption isotherms and the corresponding pore size
distribution curves (insets) of m%iO, nanoparticle samples. According to the IUPAC
classification,™ the samples exhibit typical IV isotherm behavior with a pronounced
adsorption atca. 0.4 P/B indicating the presence of mesoporous structures. The small
hysteresis loops sugsfethe formation of uniform pores without any pdecking effects
occurring during desorptioR! Moreover, the additional capillary condensation at high relative
pressure (P> 0.90) indicates high degree of textural porodttyThe BET specific surface

area, the average pore size, and the total pore volume are summarized ir?Tlable S
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Table S2.1BET specific surface area, average pore size, and togalptume values of f8i02 samples

determined by nitrogen sorption measurement.

m-SiO, Sample c1 c2 c3 ca
BET specific
surface (g 1169.2 836.4 483.2 1035.2
Pore size (nm) 3.42 3.05 3.05 3.42
Pore volume (cth 1.21 0.10 0.04 0.05

g’

Figure S2.2. TEM image of the CsPbBmM-SiO2 composite prepared using C1Si0; particles and the
following reaction parameters of our previous workKNO3z:NaNGs:KBr molar ratio of 10:5:5, ii)
CsBr:PbBg:(KNOs+NaNGs+KBr):m-SiO. molar ratio of 2:2:20:5; iiiyeaction temperature of 350°C;

iv) reaction time of 1 hour
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Table S2.2.Experimental details for the preparation of the different composites and the corresponding
properties taken in consideration. In all the cases the 3 DIOCs:KBr ratio was 10:5:5.

molten m- Stability Merging

CsBr PbBr2 Reaction

Composites (mmol)  (mmol) salts SiO2 temperature in aqua from
(mmol) (mmol) regia TEM
A 0.3 0.3 2 0.50 320°C no /
gg; E(B;rf’“”;') 06 0.6 2 0.5 320°C yes no
C 0.9 0.9 2 0.50 320°C no /
D 0.6 0.6 2 0.70 320°C no /
E 0.6 0.6 2 0.9 320°C no /
F 0.6 0.6 2 0.11 320°C no /
G 0.6 0.6 2 0.50 310°C no no
H 0.6 0.6 2 0.50 330°C yes no
I 0.6 0.6 2 0.5 340°C yes partial
J 0.6 0.6 2 0.0 350°C yes yes
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Figure S2.3. Digital photographs taken under UV light illumination (365nm) of the composites reported
in Table 2.2 and immersed in aqua regia for 5 days.

56 |Page



Chapter 2: Synthesis of CsPhBn-SiO,
Nanocomposites MolteBalts Method as Green Phosphors for LCD Display Devices

310 °C 330 °C

100 nm ; lgg_pm
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Figure S2.4.. TEM images of CsPbBim-SiOz composites synthesized at different reaction temperatures
(see Table &1): sample G at 310°C, sample H at 330°C, sample | at 340°C and sample J at 350°C.
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Figure S2.5. Size distribution histogram obtained from the TEM images of (a) CsPbBiO,_C1, b)
CsPbBg/m-SiO;_C2 and (c) CsPbBm-SiO; C3 samples.
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Figure S2.6. (ac) HAADF-STEM images of CsPbBmM-SiO;_C1 particles. (&) HAADF-STEM
images of a CsPbBm-SiO,_C1 particles with the corresponding EDX maps.
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Figure S2.7.The absorption spectra of CsPEB1-SiOz nanocomposites dispersed in the water.

no edge edge
Ingress ingress

N

Figure S2.8. The appearance of the CsPbBrSiO;_Cl-polymer film after 1000 hours under HF

conditions (left) and the appearance of a commerciabbEed quantum dot paher film after one year
of use (right).
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Figure S2.9. XRD pattern ofCsPbBym-Sic;06 00 nm composite with tshe bul
(ICSD 98009-7851), KNG (ICSD 98003-6113), NaNQ(ICSD 98001-5333) and KBr (ICSD 9805
3826).
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Figure S2.10. The emission spectrum (left) and the color gamut area (black line) as compared to NTSC
standard (white line) of a commercial LCD displ®ell XPS 15 7590 laptogisplay) which is based on

a conventional green phosphor.
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Chapter 3: Synthesis of Bidoped C3Ag1xyNaxKyInCl e
Nanocrystals with K" Cations Modulating Surface
Ligands Density and Photoluminescence Efficiency

Abstract

In this chapters, | focused on thgnthesis of leafree Bidoped CsAg: i NainCls DP NCs
for improving their PLQY values. We firstly developed a new synthesis protocabats
the formation of A§ specie prior to the nucleatiorof DP NCs,andthe resultingBi-doped
C=2Ag1xNadnCls DP NCsfeaturea higher PLQY of 60% with respettt thatsynthesized in
the presenceof Ag° species(PLQY of ~30%). The density functional theory(DFT)
calculatiors revealedhatthe presencef Ag® specieonthesurface evenasingleAg®, results
in deeptrappingstatesThen,the PLQY valudurther reaches70%throughforming alloyed
Bi-doped CsAg1-«yNakKyInCls NCs in which N&ions are partialeplaced with Kions, up to
a 7% K contentSuch an improvement can be rationalibgth lattice expanen that results
in a favorable surfactants packing on the NC surface. The quantifativeiclear magnetic
resonance (NMR) measurement indicated that the 7%K sample has a surface ligand density of
2.3 ligands/nrimuch higher than that of the 0%K sample (1.3 ligand§/nkiowever, a
further replacement of Naons with K" ionsleads tathe reduction of PLQY values due do

lower oscillator strength of the Bigl) AgCle transition andactivated nosradiative quenching

channes. Our study provides novel insights to the impact of the carrier trapping/relaxation on
thePLQY of leadfree halide DP NCs.

Bi-dope Bi-do ﬁ

Oleylamine Cs,(Ag, Na)InCI6 Cs,(A ,K, a)InCl;
Oleic Acid

DOE
Cs,CO,
Ag(ac) | @
Na(ac)
In(ac),

« ? [AgCI ]

< [NacI)*
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3.1 Introduction

In the past few years, &9InCls compound has emerged as ones of the most interesting DP
material aving its directband gap!® However, either ofC$AgInCls bulk crystals or
CsAgInCls NCs feature a week PL emission with a PLQY of ~ 1% due to parity forbidden
bandedge transitiof’:®! To date, several works report that the doping and alloying strategies
can improve optical properties os@gInCls-related compounds featuring an enhanced PL
emission range from Vis to NIR regiom particular, researchers find that alloyechAzs.
«NadnCls bulk materials with a few dopant of Bcations can feature a bright yellow emission
with a high PLQY up to 86%,which is an important milestone in the development of
CsAgInClg-related material§! The DFT calculatios reveal that the yellow emissiois
originatefrom the BiCkY A g Gtransition inBi-doped CsAg:i.xNaxInCls crystal,in which the
excitons are located at both®Bications and Ay cations!”- & Therefore, the GslalnChk
structurecan beregarded aa basic frameworfor this systemfollowed by the addition cén

emitting centecomposed of theonnected Bi* and Ad catiors. (6]

Whereas, the correspondiBigrdoped CsAg1.xNadnCls NCs justhada PLQY of 40-60%!" 8l
Compared with the high PL efficiency of bulk-Boped CsAgixNadnCle, the low PLQY of
their counterpart NCs, revealdy DFT theoretical calculati@y mainly attributed to the
presence of deep trap statesultingfrom unpassivated/uncoordinated surface Cl atdifs.
This is als@videncedy experimentabbservations thalangetal. employed GeGlas héide
precursors teynthesize Boped CsAg: 1 NadnCls NCs with amaximalPLQY of ~60%°!
Such high PLQY is ascribed to -@th surfaces in the N& which lowers the density of
unpassivated surface CI atoniesides,an additional material orthe surface of NCs can
somehowresult insurface trapping states that reduce the PL efficiency. Recently, Levy et al.
reportthat the formation of AYparticlesleads toa drop of PL emissiointensity in the
synthesis of AgelatedDP NCs,i.e.,C$AgMCls (M = In, Sb or Bi) NC<!°. Theseproduced
AgP particlesarisefrom a reduction oAg* cationsby alkylamines before the nucleation of DP
NCS.[lO’ 11]

With the aim toachieve high PLQY and to better passivatigface trap states for Bloped
CsAg1xNadnCls NCs, in this work, we firstlarify theinfluenceof Ag® species on the PL
efficiency. To unravel it, we employed a synthesis procedure reported by our previous work,

and preciously modulated the temgara at which metal slats were firstly solubilized into a
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mixture solvent (including oleic acid (OAc), oleylamine (OAm) and dioctyl ether (DOE)
before the injection obenzoyl chloridé” & We observed that the formation of Agpecies

can be prevented by solubilizing metal precursors into a mixture of OAc, OAm and DOE at
75°C, and the resulting DP NCs featured a PLQY value as high as e60fgaredo DP NCs

in the presence of Agpecies with a PLQY of ~30%. DFT calculasondicated that the Ay
species, eveone Ad particleonthe surface ofiNC, providednonradiative trapping channels

to capturecarriers. Thenwe would like to reduce the unpassivated/uncoordinated Cl surface
sites in Bidoped CsgAgixNalnCls NCs. We attempted toysthesizealloyed Bi-doped
C2Ad1xyNakKyInCls NCs,in whichNa' cations arsubstituted bK* cationsin theM(l) sites

of DP NCs.The choice on potassiuia inspired by several reports, in which researchers
observethat the use of Kcations in the synthesis of halide perovskite NCsgmmeratean
efficient surface passivatipthus enablingn improvement of PL efficienc{}Z*4 Herein, we
foundthatintroducingK* cationsinto DP NCs can yiel®i-doped CgAgi.x-yNaKyInCls NCs

with a maximal PLQYvalueas high as ~68%when theamount ofK* catiors is around 7%
(with respect to It cations) Such an improvement of PLQY value can be rationalized by
NMR analysesvhichindicatedan improvedsurface ligand densitypon a small amount of'K
cations incorporatethto DP NCsresulting in an increase of tiserface trappingassivation.
However, a drop of PLQY value was observed when further increasiogtiors. The DFT
calculation pointed out that a high" Kations contenin DP NCs leads to a lower oscillator
strengthof the BiCkY A g G fransition andactivated nofradiative quenching channety

local orthorhombic distortiongpon the photoexcitatiomvhichareresponsible for the drop in
PLQY. This workpresents new views on the passivation of trap states in DP NCs and provides
viable pathways to enhae the PLQY for leaffee metal halide DP NCs

3.2 Results and Discussion
3.2.1 Synthesis of Bdoped CsAg:xNaxInCl e nanocrystals

We startedthe synthesis of Biloped CgAgixNadnCle NCs using a heinjecting benzoyl
chloride method previously reportéxy our group,” & in which metal acetates/carbonates
were firsty solubilized into the OAc, OAm anBOE at a desired temperaturfel]lowed by
heating up the mixture to 120°C and then injecting benzoyl chloride at 120°C (Figure 3.1). It
is known that OAm has reducing power to result in the reduction dbtAfpns to generate

metallic Ad particles. In order to clarify the influencé Ag° species that were generated
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before the nucleation of Rloped CsAg1.xNadnCls NCs, we prepared two metal precursors
with a fixed Cs:Ag:Na:In molar ratio of 2:0.15:0.85:1, but solubilized at different tempesature
at 75°C and 90°C respectively. Thesarption spectra indicated thdite solubilization of
precursorat90°C (for a short time around 5min) generated an absorption peak around 425nm
thatwasdetermined by the localized surface plasmon resonance (LSPR) absorption peak of
AgP species (Figur&.2a).l'% In contrast, when metal precursors mixturassolubilized at
75°Cfor 10 min, it wasobservedy the absence of theSPR absorptin peak of A§species
(Figure 3.2a). TheXRD patterns further indicated that the diffraction peak of metallic Ag
(ICSD card 96901-2432 was present in the metal precusgorepared at above 90°C, but not
metallic Ag diffraction peak was observed in the metal precsissdubilized at 75°C (Figure
3.2b). Then, we heated up the mixture to 120 “@aite of 45°C/min, followed by the injection

of benzoyl chloride. In both cas (solubilizingprecursors at either 75°C 80°C), XRD
patterrs of obtained Bidoped CsAgoidNapsdnCls NCs could be indexed with a cubic
CsgNalnCk phase (ICDS 132718), wittliffraction peaksslightly shifting toward lower2 d
angles due to the replanent of N& with Ag* cations (Figure 3.3a, b), witlat thepresence

of secondary phaseThe resultingNCsbothwere characterized by a cubic shape with minor
differencesthe DP NCs synthesized by avoiding the formation of sgecieshoweda better

contol of the size distribution withn averagsize 0fD10.5 + 1.1 nm (~10% size distribution);

the DP NCs synthesized in the presence dfspgcies were identified as a mean siz@16.5

+ 2.5 nm and a size distribution of ~15% (Figure 3.3c, d).

Ag° particles v
Oleylamine Cl b
Oleic Acid Q o ©/1U;0°C .
DOE 0 [=——-14 .
Cs,CO. oC 0
N > Q
Ag(ac) |8 79
Na(ac) /
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Bi-doped ¥ ¥
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Figure 3.1.The Reaction scheme developed for the synthesis-dopéd CsAg1-xyNakKylnCls NCs.
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Figure 3.2.(a) Absorption spectra and (b) XRD patterns of metal precursor mixtures employed for the
synthesis of Bdoped CsAgo.1dNan.sdnCls NCs, in which theprecursors were solubilized at 90°C for
5min and 75°C for 10 min respectively. The bulk reflections in the (b) correspond to Ag (ICSI-96
2432), NaO (ICSD 96101-0877) and In(OH)(ICSD 98003-5637).

Both asobtained Bidoped CsAgo.1sNan.sdNCls NCs had a similar absorption peak at 3.73 eV
and a broad PL emission centered at 2.11eV (Figure 3.3e, f), in agreement with previous
reports[” 8 Notably, the DP NCsnade in the absence of Agpeciedeatured a bright yellow
PL emission with ahigh PLQY of 57 + 5%, whichwas much higher than that of DP NCs
synthesized in presence of Pgpecies (i.e., 34 + 3%) heresults indicate thatthe formation

of AgP species, prior to the nucleation of NCs, could be responsibthddecrease of PLQY

in Bi-doped CsAgixNadnCls systems. Then, we employed the »ay photoelectron
spectroscopy (XPS) further to detégf® particles infinal DP NCsWe observed that although
the Ad’ species cabe generatedt the initial solubiliing stage, no trace of metallAg® was
detectecby XPSin both two DP NCs (Figure S3.1). Thus, we hypothesize théispecies
can be dissolved during the nucleation armirgh of Bidoped CsAga1.«NadnCls NCsso that

in the final DP NCstheresidualamountof Ag®speciesre below the detection limit of X3!
Nevertheless, a few Agtomsremained in the NCs stifirovidea possibility to influence the
PL efficiencyof Bi-doped CsAgi.xNadlnCls NCs. To verify this hypothesis, wearried out
DFT calculationgor a ~3.5nm CsAgo.éNao 4nCls NCs model® in which we added only one
Ag® atom on the surface a@fNC. The eleatonic structure, computed by DFT, indiedthe
emergence of a deep trap state spatially localized at the addeatohy (Figure 3.4)This

demonstratethat Ag® species on the surfacé DP NCs(even one Agatom per N§ canact
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as a trapping capture torfm nonradiative trapping channelnd thus todecreas the PL

efficiency of DP NCs.
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Figure 3.3. XRD patterns (a,b), TEM images and corresponding the size distribution histograms (c,d),
absorption and PL spectra (e,f) of thedBiped CsAgo.1sNa0.sdnNCls NCs prepared witimetal precursor
is solubilized either at 90°C for 5min (a,c,e)7/&C for 10 min (b,d,f). The bottom bulk reflection in the

(a, b) corresponds to cubic B&INCk DP structure (ICSD number 132718)
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Figure 3.4. The electronic strture of the reduced @%go.sNan.4nCls NC model computed at the
DFT/PBE level of theory (left panel). The relaxed structure of the DP NC model with the position of the
added Ag circled in black (right panel).

Table 3.1.Composition of Bidoped CsAg1-xyNaxKyInCls NCs measured via XPS and ICP analyses.

Na/K/In precursor ratio Stoichiometry Bi/In% Sample Name
0.85/0/1 Cs1.76Ago.2:Nen.74NnCls 78 0.47 0%K
0.8/0.05/1 Cs1.92Ag0.2dN&0.73K0.0ANCls.00 0.47 7%K
0.75/0.1/1 C=.03Ag0.13N&0.78K0.14NCls 84 0.62 14%K
0.65/0.2/1 Cs1.90Ago.1Na0.58K0.24nCls.95 0.57 22%K
0/0.85/1 Cs1.68Ag0.1Ko0.8dNCls.37 0.54 89%K

3.2.2 Synthesis of Bdoped CsAgi.xyNaxKyInCls nanocrystals

Following optimized synthesis route abowse figured out gpathwayto further improve
PLQY by forming Bi-doped CsAgixyNakKyInCls NCs. Here, we replaced Navith K*
cations in the DP NCs, and a series of NCs wen¢hesized by varied K/Na/In feedingiolar

ratios from 0/0.85/1 to 0.85/D/along witha fixed amount of Bi and Agyamely B/In=0.5%

and Ag/In=0.15, in which we observed that when the amount of Ag was kept at Ag/In of 0.15,
the produced DP NChkad a maximaPL efficiency (Figure S3.2). Table 3.1 showed the
composition of these DP NCs determined by XPS and inductively coufdstha optical
emission spectrometry (IGBES), in which the latter are employed to measure the %Bi
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doping. The measured composition results were in agreement with the feeding malaf ratio

Na/K/In precursors.

a |
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Figure 3.5.(a) XRD patternstogether with a magnified range from 32° to 38°Bi-doped CsAg1x-
yNaxKyInCls NCs with the variable K amount.-fp The corresponding TEM images: (b) 0%K, (c)7%K,
(d) 14%K, (e) 22%K and (f) 89%KSamples names are reported in Table 3.1).

All of DP NGs were characterized by a cuBidal DP structure, compatible with the bulk
cubic CsNalnCk DP structure (ICSD number 132718), with no presence of secondary phases
(Figure 3.5a, left panel). In particular, theray diffraction peak in a magnified ranger 32°

to 36A indicated a shift t owa rlatticespacemthese d an
DP NCs (Figure 3.5a, right panel). Thisnisagreement witlonic radi of K* (138 pm)and

Na* (102 pm) in octahedral coordinati@f. The structural analysigeterminedhe formation

of alloyed NCghatpresendifferent Na/K/In compositions (shown in Table 3.¥ost of Bi-

doped CsAg1.xyNaKyINCls DP samplegeatureda cubic shapwith a mean size of 202 nm,

apart fromthatthe sample, synthesized in the absence osNaweda spherical shape and a
mean size of 20.8+2.7 nm (Figure 3.5b and Figure S3.3). Then, we investigated the optical
properties of theseamples withvariable K cation amount#ll DP NCs exhibited an exciton
absorption peak at ~ 3.72&nda broad yellow PL emission (Figure 3.6a). The PL emission

of the 0%K sample was peaked at 2.11eV with the Stokes shift of 1.62 eV, while the 89%K
samplehad a PL emission peak at 1.73eV with a Stokes shift of 1.95 eV. A shift of PL emission
peak to low energy (long wavelength) was obsewih the introduction of K content iDP

NCs, resulting inan increase of Stokes shift (Figure 3.6b). The PLQY o$ehsamples
displayed an increase frobY + 5% (the 0%K sample) to 68% + 6% (the 7%K sample), and
thenit gradually decreased, reachidgwn t010 + 1% when DP NCs was synthesized in the
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absence of NéFigure 3.6b) Interestingly, the trend of PLQY as a @tion ofK contens had

a bell shape with the maximum value of ~68%+6% for the 7%K sample. We further
investigated PL emission intensity against air for 7%K sample [hathe highest PLQY

value) and 0%K sample (in the absence bdtitions) Both 0%K sanple and 7%K samples

were charaterized by a stable PL intensity when exposed to air for 15 days (Figure S3.4). The
PL decay curves of theses samples collected at the corresponding emission maximum
exhibited an increasing RL ¢elsi f(8t9i%HKg farsomh2.
incorporated (Figure 3.6¢ and Table S3.1).
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Figure 3.6.(a) Absorption, PL and PLE spectra, (b) PLQY and Stokes shift values and (c) normalized
time-resolved PL decay traces Bi-doped CsAgi1-xyNaxKyInCle NCs with the variable K amount.

To understand the effect of K on the optical propertieBiafoped CsAg1.xyNakKyInCls DP

NCs, we performed DFT calculatiang/e took into account two modelg.e., 1 x 1 x 1
CsNalnCk and CgKInClg cubic unit cell, in which either 1 N&or 1 K* cationwasreplaced

by 1 Ag' cation and 1 I# cationwasreplaced by 1 Bf cation(Figure 3.7a)The spirorbit
coupling (SOC) was included in the DFT calculation to illustrate the electronic structure of Bi
containing systent> 71

The calculated band structure stesithat the CBM consisted of the antibondingai)-Cl(3p)
orbitals at the M point, and the VBM was composed of the antibonding AG(&8D) orbitals
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at the 0 point ( Fi gur eEiter of g or K" edtions didnndt c e n't
contribute to the band edges of-d@iped CzAg1.xNaInCls and CAg1yKyInCls NCs. It is

worth noting that the inclusion of SOC madéapi)-Cl(3p) orbitalstransferring from the high

energy level to the low energy level (Figure 3.7a), in agreement with our previously reported
work. ' The photogeneratedarrierswere located athe BiCls and AgCh octahedra, which

resulted in the selrapped PL emission belonging BiClsU AgCls transition (Figure 3.7a,
right panel).

Then, we focused on the transition dipole moments for the lowest energy transition&i-both
dopedCsAgixNadnCls and Bi-dopedCsAgi1xK«INCls. We constructed more realistic DP
matrices of 2 x 2 x ZgNalnCk and CgKInCle supercells, in which 1 Nar 1 K" cation is
replaced by 1 Agcation, and 1 I¥f cation is substituted by 1 Bication, maintaining the
charge naturah the entire system. The DFRIculationgevealedhat the oscillator streyth

of lowest BiCkU AgClselectronic transition was 1.58 for thelésed DP, lower than that of

Na-based DP(the oscillator strengtlof 2.11). Such a lowring oscillator strengthwas
responsible for the increa®fPL lifetimes andhedecreas of PLQY values when the system
of Bi-doped CsAg:xyNakK,InCls NCs change from Nabased DP to KhasedDP (Figure
3.6b,c) Besidesthe extent of the Stokes shift was estimated thraxaghputing the ground
state (singlet) and lowest excited state (triplet) poteeti@rgy surfaces (Figure 3.7b). We
changedhe BiCl bond along the BCI-Ag axis and thergualitatively analyze thepartial
breaking of this bond,e., one of the 3old-degenerate Bi(6pLl(3p) antibonding molecular
orbitals in the CBMupon photoexcétion We found thategardlessf the stretching distance,
the computed Stokes shift tife CsNalnCk:Ag,Bi system wvas slightlysmallerthan that of
CsKInClg:Ag,Bi (Figure 3.7b)which was in consistent witthe experimentadesults(Figure
3.6 a,b)Interestingly, the C&KInCls:Ag,Bi system featured a sudden drop of lgrttund state
(singlet) and lowest excited state (triplet), when th&CBbond was elongated from 2.920 to
2.945 A A corresponding structural distortion was observed in the 2 x 2sskInCls:Ag,Bi
supercellalong witha phase transformation from cubic to orthorhondi€sKInCle:Ag,Bi
structure (Figure 3.7b)Whereas,a stretching distance of il bond (and thus a phase
transformation)occurred for a shoitved time only in the photoexcied state, which is a
challenge todetectit in the experimentTherefore, v hypothesisthat at high K catiors

contentsBi-doped CgAgi.xyNaKyInCls structurecould be locally distorted from cubic to
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orthorhombic arrangeméenupon photoexcitatian This large energy (and structural)
reorganization/relaxation in the excited statgucesnonradiative channslto decrease the

PL efficiency Additionally, the phase transformatioalso leads to an energy loss for the
exciton, whidi makes CsKInCls:Ag,Bi having larger Stokes shift than that of
CsgNalnCk:Ag,Bi, in agreement witexperimentdl observedesults (Figure 3.6a,b)

a Cs,NaInClg:Ag,Bi Cs,KInClg:Ag,Bi DP unit cell
g o —— T g i % Cs
SO SOC
S N m ®n
Cl v
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w w
| | -
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b Cs,NalnCl,:Ag,Bi Cs,KInCl,:Ag,Bi DP 2x2x2 supercell
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Figure 3.7.(a) Band structure of the éalnCk and CsKInCle bulk systems doped with 1 Agnd 1

Bi3* cation in the unit cell, computed at the DFT/PBE level of theory on the 1 x 1 x 1 unit cell (b) Trend
of the ground state and triplet state (mimicking the first excited state) energies by stretchin@khe Bi
bond computed for both ealnCk and CsKInCles bulk systems (2 x 2 x 2 supercell) and doped with 1

Ag* and 1 B#* cations. The ground state relaxed structures of both systems are taken as the reference 0
energy values. For the-Based system, we observe a distortion from the cubic to the orthorhombic
structure when the bond is stretched above a threshold length of 2.92 A,
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Table 3.2.The summary of surface ligands density and surface sites occupancy.

) surface sites occupancy
Surface ligands

Sample size

density A site X site

(Cs+Oleylammonium) (Cl+Oleate)
0%K sample 10.52nm 1.3 ligands/nrh 35% 22%
7%K sample 10.14nm 2.3 ligands/nrh 88% 57%

Given that an improvement of PLQY obtained from 7%K samyblieh presers alow amount

of K* catiors, we expedd that structural reorganizatiompon photoexcitationplayed a
negligiblerolefor PL efficiency.To rationalizehisimprovement of the PLQY atlow amount

of K* cation,we considered the impact sfirface defects/trams these DP system. Thewme
preformed DFT calculations awo D3.5 nmCsAgo.dNao.4nCls and CsAgo.eKo.dnCls NC
modelswith different dsplacenent ofsurface CsCl ion pairs wimulatethe displacemenof

ionic ligand pairs (e.g., Gsleate OleylammoniumCl) onthe NC surfac&! Thecalculatiors
resultsindicated tlat bothNa-based and Kased systeshad the dee|€l surface trapping
statesn the bandgap, suggesting that the concentration of surface traps have an influence on
the PL efficiency.To evaluate the concentration of surface traps, we employed the NMR
tecmiques to analyze the surface ligands of two samples0¥,and 7%K sample). THel

NMR spectrashowedthatboth two samples wasassivatedy OAc and OAm, measured in
tolueneds (Figure S3.6).Thesessamples wereéhendissolved in the DMS&s, which @an
release bound surface ligands as free molecthesIMR spectra shown in the Figure S3.7).
The 2D NMR spectra, includintH-13C Heteronuclear Single Quantum Coherence (HSQC)
and Heteronuclear Multiple Bond Correlatid#iyBC) spectra, tdurther confirmthe presence

of OAc and OAm. In details, th#d-*C HSQC spectra indicated the €Hn posi t i on
nitrogen group of OAm, an#H-13C HMBC spectrashowedthe CHhi n posi ti-on U
COOH group of OAc (Figure S3.8)e performed quantitativiéd NMR on samples that were
dissolved in th@dMSO-ds to obtainthe surface ligands densitfhe 7%K sample featured a
surface ligands density of 2.3 ligandsfnmigher than that of the 0%K sample (1.3
ligands/nm) (Table 3.2).Based on analyses of the size, compmsj and surface ligand
density (determined by TEM, XPS and NMR respectively), the 7%K sample was estimated to
have a surfaceoverage of 88% A sitei.¢., Cs+Oleylammonium) and 57% X sitée(,
Cl+QOleate), which is higher than that of the 0%K samplé436site and 22% X site) (Table

3.2 and Table S3.2). Such a high surface ligand density can be attributiee lattice

73 |Page



Development of Colloidal Halide Perovskite and Pnictide Nanocrystals for Optoelectronics

expansion when a small amount of K catiaves incorporated into the Biloped CsAQ:.
xNadnCls NCs (demonstrated by a shift of XRD peak). The corresponding lattice parameter
(a) wascalculatedas10.47 A for the 0%K sample and 10.53 A for the 7%K sample (Figure
3.5a). The large lattice space (and parameter) is beneficial for the ligands packhg on
surface and results in a high surface passivation, which is responsible for the improved PLQY

in the 7%K sample compared with the 0%K sample.

3.3 Conclusion

In this work, we improved the PLQY of Bioped CzAg1.xyNaK,INCls NCs by two strategies:

i) avoiding the formation Agspecies, prior to the nucleation of NCs and ii) incorporatihg K
cation into the Bidoped CsAgi.xNalnCls NCs. In detail, we firstly adopted a new synthesis
protocol, i.e., by solubilizing metal precursors at a relatively lowptyature, to avoid the
formation of Ad species prior to the nucleation of NCs. The resultingldgied CsAg:-
xNadnCls NCs featured a PLQY as high as 57% + 5%, compared to those prepared in the
presence of AQYspecies (PLQY 34 + 3%). Indeed, a deep tragstate resulted from Ag
particle on t he NCs 6 sur face w aanradfativel n d
recombinationchannelsto reduce the PLQY of NCs. Then, a further improvement of the
PLQY was observed through alloying I€ations into the Bdoped CsAgi.xNaxInCls NCs.

With a low concentration of Kcations, namely 7%*, the produced Bdoped CsAgix-
yNaK,InCls NCs were characteristic of a higiLQY reaching ~70%This was rationalized

by an expansion in the lattice paneterghatresulted in a high surface ligands dens#pable

of passivating surface traps on theddiped CsAgi1.xyNaKyInCls NCs. However, a drop of
PLQY was found wheithe K* cation concentration in the NCs was further increased. With
respect to Ndased DP, Kbased DP has a lower oscillator strength for the &I@gCls
transition andactivatednonradiative decay channels originated frdmastructural distortion,

both of which lead to a detrimental influence on PL efficiency. This work gives ardeep
understanding d?L efficiency from surface defect/trap perspectives, and provides an effective
pathway to boost the PLQf6r leadfree halide DP NCs.
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3.4 Experimentl section

Synthesis of Bidoped CsAg1.xyNaxKyInCles Nanocrystals. In a typicalsynthesis, Cs2C0O3

(0.25 mmol), Ag(ac) ((*-y)*0.25 mmol), Na(ac)x*0.25 mmol), K(ac) (y*0.25 mmol),
In(ac)3 (0.25mmol), Bi(ac)3 (1.25 pmol, 0.5% with respect to In(ac)3), degassed OAm
(0.5mL), degassed OAc (1.2 mL) and DOE (4 mL) were mixed in a thideflask under

inert atmosphere (i.e. N2) . The mixture was heated up to 75°C under vigorous stirring for 10
min to dissolve the metal cation precursors, followed by heating up to 120°C (at a rate of
45°C/min) and then a solution of 220 yuL &% in 0.5 mL of degassed DOE was swiftly
injected into the flask. After the injection, the reaction was cooled down by-avatee bath.

The crude reaction solution was centrifuged at 4000 rpm for 5 min and the supernatant was
discarded. The precipitate was disperigedl ml of hexane and then further cleaned by adding
extra 8mL of ethyl acetate and the centrifuging at 4000rpm for 5min. The precipitated NCs
were redispersed in 4ml of hexane and was stored in a vial for further characterizations. All
the washing procedes were carried out under inert atmosphere. The synthesis procedure
employed to monitor the formation of Ag0 species prior the nucleation of NCs was identical
to the one just described, except that no K precursor was employed and the solubilization of

theprecursors (before the injection of B4) was performed at 75°C or 90°C.
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3.6 Appendices
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Figure S3.1.XPS Ag 3d spectra collected on-8ped CsAgo.1sNa0.sdnCls NCs prepared with either

(a) the metal precursor is solubilized at 90°C for 5min, or (b) the metal precursors is solubilized at 75°C
for 10min and then the temperature was quickly raised up to 120°C). In both cases, the main Ag peak
(Ag 3ck1) is centered a868.0+0.2) eV, in line with reports on Ag(l) compoundsPanel ¢ reports, for
comparison, the Ag 3d spectrum collected on a freshly cleaned (byp®\sputtering) Ag foil. The
spectrum shows the presence of two intense, narrow, and slightly asymmetric peaks, separated by 6 eV,
typical of Ad, together with lowintensity loss features at the higher binding energy side of each spin
orbit component. Té position of the Ag 3gk is (368.1+0.2) eV, in agreement with literature reports on

AgP. P Given the observed positions, it is hardly possible to determine by XPS i§ Agesent in our

DP NCs. However, the similarity between the spectra of panels (a) and (b) suggests that, within the
detection limits of XPS, the oxidation state of Ag in the two samples is the same (and‘it ggv&g

peak width, symmetry and the abserof highbinding-energy loss features).
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Figure S3.2.PLQY values measured forBioped CsAg1-x-yNaxKyInCls NCs synthesized by fixing the
K content (y=0.07) and by varying the Ag/Na precursors ratio.
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Figure S3.3. The size distribution histogramseasured by TEM images of -Boped CsAgix-
yNaxKyInCls NCs: (a) 0%K, (b)7%K, (c) 14%K, (d) 22%K and (e) 89%K.
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Table S3.1PL lifetime extracted from timeesolved PL decay traces of-8oped CsAgi-«yNaxKyInCls
NCs.

Sample PL lifetime (us)
0%K 2.4
7%K 35
14%K 4.1
22%K 4.1
89%K 4.2
——inN, —inN,
0, ——35h in ail 0, —5h in ai
0%K i 8 7%K i
— ——1 day in air — ——1 day in air
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Figure S3.4.Absorption and PL spectra of 0%K and 7%K NC samples dispersed in toluene and exposed
to air up to 15 days.
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~3.0 nm NC model
Cs,A80.60Nag40INClg Cs,A80.60K0.40INClg .~ . 3
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Figure S3.5.Electronic structure of pure Na andalloyed CsAgixNa(K)xInCls double perovskite
systems of 3.0 nm in size computed at the DFT/PBE level of theory. Each molecular orbital has been
decomposed according to each atom type. In both systems, the removal of CsCl ionic pair from the

surface indicate the emergence of deej h@lp states.

Nuclear Magnetic Resonance analysis

Preparation of NMR specimens Bi-doped Cs2AgX-yNaxKyInCl6 NCs analyzed via

NMR techniques were washed through the following steps: (1) the crude reaction solution (6
ml) was centrifuged at 6000 rpm for 5 min. (2) The precipitate was dispersed in 2 ml of
anhydrous toluene followed hyigorous shaking to get a turbid brown suspension; (3) The
turbid suspension was left to sediment overnight and the transparent supernatant was then
collected; (4) 2ml of ethyl acetate were added to 1ml of supernatant and then the mixture was
centrifuged &5000 rpm for 5 min; (5) the precipitate was dispersed in 1 ml of anhydrous
toluene again and precipitated via the addition of 2ml of ethyl acetate and centrifugation at

5000rpm for 5min; (6) the precipitate was collected andispersed in 1 ml of tolue-d8.

IH NMR spectra of the NC samples were performed in tohdemefore their dissolution in
DMSO-ds to evaluate the quality of the surface ligands in order to exclude impurities deriving

from the synthesis, e.g., solvent residue.
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i
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Figure S3.6.'H NMR stacked spectra in toluedgof (i) the 0%K NCsin black and(ii) the 7%K NCs
in red. In the'H NMR spectra, peak broadening is due to species (namely OAm and OAc) which are
dynamically interacting with the NCs surface.
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Figure S3.7.'H NMR stacked spectra i) the 0%K sample in black an(d) the 7%K sample in red,
after their dissolution in DMS@s. The inset reports the superimpodddspectral region of diagnostic

signals of OAm and OAc.
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2D experiments (HSQC and HMBC)were perfomed to unambiguously ascertain the

diagnostic signal of OAm and that of OAc.

Figure S3.8.2D NMR spectra recorded for the 0%K NC sample after dissoliti@MSO-ds. (i) The

IH-13C HSQC experiment in whichthe Gin position U to a nitrogen
diagnostic cross correlation between the resonances att2)sand 39.0¢C) ppm.(ii) *H-*C HMBC
experiment was used to assign theCH  p o s i t -COQH grdup (0bOAt) byea 1;BIMBC cross
correlation between the resonancet-bét 2.15 ppm and that 81C at 181.8 ppm, the latter characteristic

of acidic function.

The gquantitative NMR analysis

The 0%K NC sample yielded 658 OAand 201 OAc molecules per NC. Considering that the
size of these NCs is 10.52nm (see Figure S3.3), corresponding to a surface of, 86&nm
surface ligands density is 1.3 ligandsfwith 76.6% OAm and 23.4% OAc.

The 7%K NC sample yielded 1283 OAm and 13&c molecules per NC. Considering that
the size of these NCs is 10.14nm (see Figure S3.3), corresponding to a surface éf 6E7nm
surface ligands density is 2.3 ligandsfwith 89.1% OAm and 10.9% OAc.

Surface sites occupancy

We started from an ideakomistic model of a cubic @g1.xyNaKyInCle NC of 10.5 nm in
size, terminated with CsCl species as this is the expect termination of metal halide perovskites

systems[®! The number of atoms for each atomayig listed in Table S3.2, where we also
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