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Abstract

Recently, lead halide perovskites (LHPs) have become a focus of research due to
their promising properties for innovative applications in the field of electroluminescent
light-emitting diodes (LEDs). In particular, their nanoparticles have attracted consid-
erable interest because they combine the characteristic properties of bulk materials,
such as defect tolerance, with the advantages of colloidal quantum dots, such as tuna-

ble band gaps and high photoluminescence quantum yields.

However, a major challenge for electroluminescent nanoparticles is the inability to
simultaneously achieve high quantum yields and effective charge transport. Although
similar issues may arise with lead halide perovskite nanocrystals (NC), a detailed inves-
tigation of this aspect is still lacking. In addition to efficiency concerns, perovskite na-
noparticles face several instability issues that limit their potential use in optoelectronic

devices.

Therefore, this cumulative thesis is dedicated to the development of innovative ap-
proaches for the optimization of perovskite nanoparticles and their use in electrolumi-
nescent light-emitting diodes (ELQLEDs). The aim of the work is to modify cesium
lead halide perovskite nanoparticles to increase their stability while at the same time
satisfying the balancing act of being bright emitters and good electrical conductors.
This work is expected to help improve the efficiency and quality of ELQLEDs and

make a significant contribution to the development of lighting technology.

Initially, the work focuses on the study of self-assembled caesium lead halide perov-
skite nanocrystal superlattices (SL) and their optical properties. Spatially resolved fluo-
rescence and X-ray nanodiffraction measurements were used to identify surface defects
that lead to blue shift and reduced fluorescence lifetime. Loss of structural coherence,
increasing atomic misalignment between adjacent nanocrystals, and increasing com-

pressive strain near the surface of the superlattice were found to be responsible for the




observed optical effects. The results emphasize the importance of fabricating structural-

ly high-quality emitter films for the application of perovskites in diodes.

Subsequently, using a custom-synthesized zwitterionic ligand, research efforts were
directed toward targeted modifications of the ligand shell surrounding the nanocrystals.
A comprehensive characterization of this ligand was performed using nuclear magnetic
resonance spectroscopy and mass spectrometry, allowing a thorough understanding of
its effect on the electronic properties of the nanocrystals. Following the successful ex-
change of the ligand, the modified particles were seamlessly integrated into an electro-
luminescent device, resulting in a significant improvement in both the efficiency and
the stability of the device. This important result demonstrated that exchange with
suitable ligands can effectively improve the performance of LEDs, paving the way for

further advances in the field.

In the following, the optical and electronic effects of doping nanoparticles in LEDs
with an organic lithium salt, LiTFSI, were investigated. Photoluminescence spectrosco-
py, including time-resolved and parallel-polarized angle-dependent measurements,
demonstrated that doping improves the quantum yield and light extraction compared
to undoped nanoparticles. X-ray photoelectron spectroscopy revealed a reduction in the
energy barrier for hole injection and thus an improved balance of charge carriers. This

improved the efficiency of blue LEDs compared to untreated nanoparticles.

Finally, the decomposition mechanism of cesium lead halide perovskite nanocrystals
was studied using X-ray photoelectron spectroscopy, with particular emphasis on the
influence of surface ligands. The aim was to understand how ligand exchange affects
the decomposition process. The results showed that the surface ligand plays a crucial
role in the decomposition of the nanocrystals. Specifically, it was shown that the de-
composition mechanism can be effectively slowed down by exchanging the ligand. This

finding highlights the potential for ligand engineering as a means of enhancing the sta-




bility and lifetime of cesium-lead halide perovskite nanocrystals, opening the way for

improved applications in a variety of optoelectronic devices.

In summary, this dissertation, with a special focus on blue-emitting perovskite nano-
crystals, has experimentally validated the effectiveness of targeted ligand exchange as a
practical approach to improve stability, electrical conductivity, and optical properties.
The research is an important contribution to ongoing efforts to develop more efficient
and reliable LEDs. In particular, it addresses the efficiency limitations of blue LEDs
compared to their red and green counterparts. The results obtained thus represent
promising approaches for the application of these nanocrystals in optimized light-

emitting diodes.

Decutsche Zusammenfassung

Bleihalogenidperowskite stehen seit kurzer Zeit im Fokus der Forschung, weil sie
vielversprechende Figenschaften fiir neuartige Anwendungen im Bereich von
elektrolumineszenten Leuchtdioden aufweisen. Besonders interessant sind dabei deren
Nanopartikel, die typische FEigenschaften des Bulk-Materials wie Defekttoleranz mit
den Vorteilen kolloidaler Quantenpunkte wie der Anpassungsmoglichkeit der Bandliicke

und hohe Photolumineszenz Quantenausbeuten vereinen.

Bislang =zeigen elektrolumineszierende Nanopartikeln das Problem, dass hohe
Quantenausbeuten und effektiver Ladungstransport nicht gleichzeitig gegeben ist. Bei
LHP-Nanokristallen kénnen &hnliche Probleme auftreten, was jedoch noch nicht im
Detail erforscht wurde. Neben den Effizienzproblemen leiden Perovskit Nanopartikel
unter verschiedenen Instabilitatsproblemen, was ihre Verwendung in optoelektrischen

Geraten einschrankt.

Die vorliegende kumulative Dissertation widmet sich daher der Entwicklung

innovativer Ansatze zur Optimierung von Perovskit-Nanopartikeln und deren




Verwendung in elektrolumineszenten Leuchtdioden (ELQLED). Das Ziel der Arbeit
besteht darin, Césium-Bleihalogenid- Perovskit-Nanopartikel so zu modifizieren, dass
ihre Stabilitdt erhoht wird, wahrend sie gleichzeitig den balanceact erfiillen helle
Emitter und gute elektrische Leiter zu sein. Diese Arbeit soll dazu beitragen, die
Effizienz und Qualitat von ELQLEDs zu verbessern und somit einen wichtigen Beitrag

zur Weiterentwicklung der Beleuchtungstechnologie zu leisten.

Zunéchst konzentriert die Arbeit sich auf die Untersuchung von selbstorganisierten
Céasium-Bleihalogenid-Perowskit-Nanokristall-Superkristallen ~ und  ihre  optischen
Eigenschaften. Durch ortsaufgeloste Fluoreszenz- und Rontgen-
Nanodiffraktionsmessungen konnten Oberflichendefekte aufgedeckt werden, die zu
einer Blauverschiebung und einer verringerten Fluoreszenzlebensdauer fiihrten. Es
wurde gezeigt, dass ein Verlust an struktureller Koharenz, ein zunehmender atomarer
Versatz zwischen benachbarten Nanokristallen und eine zunehmende Druckbelastung
nahe der Oberfliche des Superkristalls fiir die beobachteten optischen Effekte
verantwortlich sind. Die Ergebnisse betonen die Wichtigkeit einer Herstellung von

strukturell hochwertigen Emitterfilmen fiir die Anwendung von Perowskiten in Dioden.

Anschliefend lag der Fokus darauf, die Ligandenhiille der Nanokristalle gezielt durch
einen eigens synthetisierten zwitterionischen Liganden zu modifizieren. Dieser Ligand
wurde vollstandig durch Kernspinresonanzspektroskopie und Massenspektrometrie
charakterisiert und seine Auswirkungen auf die elektronischen Eigenschaften der
Nanokristalle untersucht. Die erfolgreich ausgetauschten Partikel konnten anschliefend
in einem elektrolumineszenten Bauteil mit erhohter Effizienz und Stabilitat integriert
werden. Es konnte gezeigt werden, dass durch Austausch mit geeigneten Liganden die

Effizienz und Stabilitdt in LEDs erhoht werden kann.

Im Folgenden wurden die optischen und elektronischen Effekte der Dotierung von

Nanopartikeln in LEDs mit einem organischen Lithiumsalz, LiTFSI, untersucht. Durch




Photolumineszenzspektroskopie, einschliellich zeitaufgeloster und parallelpolarisierter
winkelabhéangiger Messungen, konnte gezeigt werden, dass die Dotierung die Quanten-
ausbeute und die Lichtauskopplung im Vergleich zu undotierten Nanopartikeln verbes-
sert. Rontgen-Photoelektronenspektroskopie offenbarte eine Verringerung der Ener-
giebarriere fiir die Injektion von Lochern und damit eine verbesserte Balance der La-
dungstréager. Dadurch konnte die Effizienz der blauen LEDs im Vergleich zu unbehan-

delten Nanopartikeln verbessert werden.

Zuletzt wurde mittels Rontgenphotoelektronenspektroskopie der
Zersetzungsmechanismus von Césium-Bleihalogenid-Perowskit-Nanokristallen
untersucht, wobei die Abhéngigkeit vom Oberflachenliganden im Fokus stand. Es
konnte gezeigt werden, dass durch Ligandenaustausch der Zerfallsmechanismus

verlangsamt werden konnte.

Zusammenfassend lasst sich sagen, dass in dieser Dissertation mit besonderem
Schwerpunkt auf blau emittierenden Perowskit-Nanokristallen die Wirksamkeit eines
gezielten Ligandenaustauschs als praktischer Ansatz zur Verbesserung der Stabilitét,
der elektrischen Leitfahigkeit und der optischen Eigenschaften experimentell validiert
wurde. Die Forschungsarbeit ist ein wichtiger Beitrag zu den laufenden Bemiihungen,
effizientere und zuverlassigere LEDs zu entwickeln. Sie befasst sich insbesondere mit
den Effizienzbeschrankungen von blauen LEDs im Vergleich zu ihren roten und griinen
Gegenstiicken. Die erzielten Ergebnisse stellen somit vielversprechende Ansétze fiir die

Anwendung dieser Nanokristalle in optimierten Leuchtdioden dar.




This page was intentionally
left blank.




Table of Contents

1. Introduction ... et 1
1.1 MoOtIvation . ... 2

1.2 Aim and outlook of this WOrk ............coiiiiiiii 4

2.  Theoretical Background and Methodology..............ooooi . )
2.1 Physicochemical Properties of Lead Halide Perovskites ...........ccccccooiiiiiiiiiin. )
2.1.1 Atomic Structure of Perovskites ..........cccooocooii 6

2.1.2  Optoelectronic Properties of Perovskites ..........ccccccccvviiiiiiiiiiiiiiiiiinnne. 10

2.2 Nanoparticle Synthesis..........ueiiiiiiiiii e 12
2.2.1  General Model.......ooooiiiiiiiiiiiiii e 14

2.2.2 Perovskite SyNthesis..... ...ttt 15

2.3 Self-Assembly into SuUperlattices ...............uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 17

2.4 Ligand EXCRange ...........ouuiiiiiiiiiiiiiiiiiiiii 20

2.5 Ligand SYNEReSS ......oooiiiiiiiii e 23

2.6 Optical Properties of LHP Nanocrystals...............cvvvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinis 27
2.6.1 Recombination of Excitons and their PLQY ......cccccooiiiiiiiiiiiii, 30

2.7 Doping of NCs (LiTESI) ...ooouiiiiiiiiiiiiicece e 32
271 A-Site DOPING ..ottt 34

2.7.2 B-Site DOPINEG ..eeeeiiiiiiiiiiiiiiiiiie 35

2.7.3 XSt DOPING ..eeiiiiiiiiiiiiiiii 36

2.8  Electroluminescent Quantum Dot Light-Emitting Devices ............ccccccvviiiii. 37
2.8.1 Maximizing Efficiency ...........cooooiiiiiiiiiiiiiiiiiiiiiii 39

2.9  Environmental Stability ..............uuiiiiiiiiiiiiiiiiiiiiiii 39

3. Spatially Resolved Fluorescence of Caesium Lead Halide Perovskite
Supercrystals Reveals Quasi-Atomic Behavior of Nanocrystals ..............c...c........... 42
B.1 ADSTTACE ettt 43

3.2 INETOAUCTION toeiiiiiiiiie e 43

3.3 RESULES e 45

B4 DISCUSSION ..ttt 58

3.5 MEEROAS .. 63

3.6 Supplementary Information ...............ccccooiiiiiiiiiiiiiiiiiiii 69

4. Zwitterionic Carbazole Ligands Enhance the Stability and Performance of

Perovskite Nanocrystals in Light Emitting Diodes..............c...coo . 99




A1 ADSETACT s 100
4.2 INETOAUCTION ..eutiiiiiiiiiii e 100
4.3  Results and DiSCUSSION ......uuuuiiiii e 101
A4 CONCIUSION 1ottt 111
4.5 Experimental SECtiOn .......ccoooiiiiiiiiiiiiiiiieeeeeeeeee e 111
4.6 Supplementary Information ... 118
5. Quantum Efficiency Enhancement of Lead-Halide Perovskite Nanocrystal LEDs
by Organic Lithium Salt Treatment............c..ooooiiii e 136
DL ADSETACE 1oeiiiiiie e 137
5.2 INETOAUCTION ..ttt 137
5.3 Results and DiSCUSSION ...c.uuviiiiiiiiiiiiiii e 140
5.3.1 Surface Ligand Exchange ............ccccooooiiiiiiiiiiiiiiiiiiiiiiiiii 140

5.3.2  PhotolumineSCence ................ouiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee 141

5.3.3 Energy Level ALignment........cccooooiiiiiiiiiiiiiiiiiiiiiceeeeeeeeee e 146

5.3.4  Density Functional Theory Modeling.................cocviiiiiiiiiiiiiiiiiiiiiinnn. 149

5.3.5 Perovskite Light-Emitting Diodes............ooooi 151

D.3.6  DISCUSSION ..ttt 154

D4 COMCIUSION 1.ttt 157
5.5 MEEROAS .. 158
5.5 1 Materials. ....oeeeiiiiiiiiiiiiii 158

5.5.2  Nanoparticle Preparation ............ccccoiiiiiiiiiiiiiiiiieec 158

5.5.3  Sample Preparation ...t 160

5.5.4 Measurement Details............oooiiiiiiiii 161

5.6 Supplementary Information ..............ccooiiiiiiiiiiii 164

6. Mitigating the Photodegradation of All- Inorganic Mixed-Halide Perovskite

Nanocrystals by Ligand Exchange............ooo e, 175
6.1 ADSTTACE .ottt 176
6.2 INETOAUCTION ooiiiiiiiii e 176
6.3 RESULES ...ttt 178
6.4 DISCUSSION ettt 184
6.5 Supplementary Information ..............cccoooiiiiiiiiiiiiiiiiiiiii 191
7. Conclusion & OUELIOOK ........ceeiuiiiiiiieeiiee et e e e e e e eeenns 201

LSt Of ADDTEVIATIONS - .neneeene e e e e e 205




List of Figures and Tables .......ccooiiiiiiiiii e e 208
| 331 0Y 110y 1) o) 1} 20PN 212
Declaration of Contribution .......... ..o 232

AcKknOW]edZemEntS .......oouuuiiiiiiiii e 234







1. Introduction

“Let there be light, and there was light” - this phrase from the Book of Genesis high-
lights the importance of light for the universe since the beginning of all being.!! Even
today, light has a significant impact on our daily lives and an immense importance for
our modern technology. Through historical developments, we have the privilege of gen-
erating light in a very different way than our ancestors, who had to make do with the

glow of a torch or candle.

For example, the invention of the incandescent light bulb in 1879 was an important
step toward today's lighting methods.” For a long time, the incandescent bulb was
considered the dominant light source, in which a wire (usually made of tungsten) is

made to glow by electricity, producing light.

Just as the development of the incandescent light bulb triggered a revolution in liv-
ing habits, expectations were high for the light-emitting diode (LED), which promised
far greater efficiency in converting electricity into light. With "more" light, there should
be less loss in the form of heat. This property and its robust design made it possible to
use LEDs for tasks that the incandescent bulb could not perform. LEDs are semicon-
ductor-based electronic components that can emit light when electrically excited. The
first commercially available LED was a red LED invented by Nick Holonyak in 1962.5
Initially, its use was limited to applications where little light was needed. One example

is the display of digital watches and calculators.

In the following two decades, the focus of LED development was primarily on in-
creasing efficiency to make LEDs suitable for more power-intensive lighting applica-
tions. However, one major issue was the color of the light. With the help of materials
such as gallium nitride (GaN), almost all colors of the visible spectrum could be pro-
duced. However, there was a lack of a practical solution for short-wave light, especially

for the range from blue to ultraviolet. The development of blue LEDs has been chal-
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lenging because blue light requires higher energy and is more difficult to produce than
other colors. The work of Japanese scientists Isamu Akasaki, Hiroshi Amano, and Shuji
Nakamura was awarded the 2014 Nobel Prize in Physics.¥ Their work on the develop-
ment to produce efficient blue LEDs inaugurated the long-awaited triumph of LEDs.
With blue light, it was finally possible to produce white light through additive color
mixing, replacing the more inefficient and environmentally harmful incandescent and

halogen lamps.

LEDs have now taken an indispensable place and are used in numerous applications,
including smartphones, televisions, cars, and household lighting. In order to meet the
demands of novel and more efficient technologies, LEDs have been further developed
accordingly. In recent years, organic light-emitting diodes (OLEDs) have achieved a
breakthrough primarily in display applications. Unlike LEDs, OLEDs use organic mate-
rials that are applied in thin layers and can emit light themselves when electrically
stimulated. As a result, OLEDs can be extremely thin, flexible, and energy-efficient.
However, there is a new class of materials that is considered a promising alternative for

television screens: Quantum Dots in so-called QLEDs.

1.1 Motivation

QLEDs are a further development of conventional LEDs and OLEDs. They use semi-
conductor nanocrystals that emit extremely pure colored light and produce an excep-
tionally high-contrast and brilliant image. Unlike OLEDs, where each pixel is self-
emitting, QLEDs require a backlight, similar to traditional liquid crystal displays
(LCDs). The light from the backlight passes through a layer of quantum dots before
reaching the display. In the process, the nanoparticles are excited and emit light within
a very narrow range of colors due to their material properties. This results in higher
color accuracy and a wider color gamut compared to conventional LCDs. To maximize

the benefits of both technologies, one approach is to combine the material properties of




nanoparticles with the layer structure of an OLED - electroluminescent quantum dot
LEDs (ELQLEDs). Such a device structure would no longer require a backlight to ex-
cite the quantum dots. Instead, the injection of carriers would be shifted to the nano-
particle layer itself, potentially leading to higher efficiencies and thinner screens. The
use of nanoparticles offers the advantage that the emission spectrum can be tailored to
the size of the particles, rather than being limited to specific materials with suitable

band gaps.

This approach is already being extensively investigated in research on various semi-
conductor nanoparticles. For such a structure to work, the respective charge carriers
(electrons and holes) transported via the electrodes into the emitting layer, i.e. the na-
noparticle layer, must recombine radiatively. For this to work efficiently, the nanopar-
ticles must be both bright emitters (high quantum yield) and good electrical conductors
(efficient charge injection). However, for electroluminescent quantum dots, there is of-
ten the dilemma that high photoluminescence quantum yield and efficient charge injec-
tion and transport, which are prerequisites for electroluminescence, counteract each
other. Indium phosphide nanoparticles (InP), which have already been studied in such
an application, have the problem of low quantum yields due to their high surface-to-
volume ratio and the associated trap-states. This problem can usually be solved with
so-called core-shell nanoparticles, which in turn can inhibit efficient charge carrier in-

jection.P!

A possible solution to this dilemma can be provided by lead halide perovskites (LHP),
which have recently gained significant attention in optoelectronics. In particular, per-
ovskite nanoparticles are attractive as luminescent materials for LEDs. They offer high
defect tolerance and thus quantum yields close to 100%, with narrow emission widths
for perfect color brilliance. Furthermore, they can emit light in all colors within the

visible spectrum.




Current external quantum efficiencies (EQE) of red and green perovskite light-
emitting diodes (PeLEDs) can already compete with state-of-the-art organic LEDs and
have reached a remarkable value of over 20 %.5" In comparison, the efficiency of blue

PeLEDs is far behind, showing values of about 12 %.

1.2 Aim and outlook of this work

In this work, perovskite nanostructures are investigated and optimized for use in
ELQLEDs. Since the efficiency of blue LEDs is still far behind that of green and red
LEDs, a special focus is put on the fabrication of high-quality blue emitters. This cu-

mulative thesis is structured as follows.

Chapter 2 deals with the relevant fundamentals of perovskites and their nanoparti-
cles. First, the class of perovskites is introduced, and their atomic and optoelectronic
properties are discussed. The chapter then briefly discusses nanostructures and their
fabrication and ordering in superlattices (SL). It then introduces surface enhancement
or modulation and its effect on the optoelectronic nature of the particles. The chapter

outlines the concept of ELQLEDs and addresses the stability of nanoparticles.

Chapter 3 discusses the influence of superstructure on the optical properties of perov-
skite nanocrystals in the solid state. It is shown that increasing atomic misalignment
between adjacent nanocrystals and increasing compressive strain near the surface of the
supercrystal leads to a change in the emission properties. This change is investigated

and discussed.

In Chapter 4, the native ligand shell on perovskite nanoparticles is replaced by an
appropriately functionalized organic semiconductor. This new carbazole ligand, specifi-
cally designed for this purpose, and its effects on the optoelectronic properties of the
nanoparticles are investigated. Finally, both native and exchanged systems are used in

ELQLEDs and their effects on the devices are discussed.
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Chapter 5 deals with the doping of perovskite nanoparticles with an organic lithium
salt. The effects of the doping on the efficiency and stability of the LEDs are investi-

gated and analyzed in more detail.

Perovskite nanoparticle films are known to have low resistance to external influences
and low intrinsic stability. This property has a negative impact on the lifetime of LEDs.
Chapter 6 is therefore dedicated to the study of native and exchanged nanoparticle
films under continuous X-ray irradiation. The different effects on the degradation

mechanism are demonstrated and analyzed.

2. Theoretical Background and Methodology

2.1  Physicochemical Properties of Lead Halide Perov-

skites

Initially, the name “Perovskite” originated from the discovery of the mineral calcium
titanate by Gustav Rose in 1839 with the composition CaTiO;. He named this particu-
lar mineral after a befriended russian mineralogist Lev Perovski.”!” By utilizing X-ray
diffraction experiments for structural analysis and the subsequent discovery of several
minerals with the same crystal structure, the term “perovskite” was established for an

entire class of substances with the same basic crystal structure as CaTiOs.

Besides metal oxide perovskites, there are also metal halide perovskites (MHP),
which are generally classified by their cations. Their cations can either be organic or
inorganic, in hybrid and all-inorganic perovskites, respectively. Initial research showed
the outstanding properties of this material class for the usage in optoelectronic devices
like solar cells or light emitting diodes (LED). Especially methylammonium lead iodide
(MAPbDIs), which has become very popular due to its discovery as an excellent

photovoltaic (PV) material in mid-2012, is a very interesting example.'! State of the




art silicon-based solar cells reach efficiencies of ~ 26 %, after being optimized for al-
most 50 years.')’ MAPbI;, on the other hand, achieves comparable values within a
short time, with efficiencies of over 25 %./"*'4 This highlights the potential that lies

within this material class upon further optimization.

In contrast to the aforementioned MAPbDI;, which represents organic-inorganic perov-
skites, caesium lead halides (CsPbXs) are among the most investigated all-inorganic
perovskites. In the following subsections, the structural, electronic, and optical proper-

ties of lead halide perovskites (LHP) are described in more detail.

2.1.1 Atomic Structure of Perovskites

The ideal perovskite structure can be considered a simple cubic crystal structure!
and their general chemical formula can be expressed as ABX; (A = large cation, B =
medium-sized cation and X = anion). A typical representative of this idealized crystal
structure is SrTiOs, in which the Ti** ions are coordinated octahedrally by 6 O? ions,
and the Sr?" ions are coordinated by 12 O? ions in the form of a cuboctahedron
(Figure 2.1). In the cubic unit cell, where A represents the central atom, the lattice

constant a can be expressed as twice the bond length of B and X (B—X).

2B—X =a (2.1)

Furthermore, twice the bond length between Atoms A and X (A—X) is equal to

V2a , which is the width of the cuboctahedral cage side.

2A—X =2 (2.2)




Figure 2.1: The perovskite crystal structure ABX; consists of cornersharing BXg octahedra.
Therein a B-cation (cyan) is coordinated by six X-anions (orange). The void in between is
occupied by an A-cation (green).

From these rather simple geometrical considerations, one can estimate the ideal
structure from the ratio of the bond lengths:

A—X
ViB-X (23)

This relationship was first discovered in 1926 by Victor M. Goldschmidt,' who in-
troduced a tolerance factor t to predict whether the perovskite simple cubic structure
would form. It was assumed that said phase will form if the value of the tolerance fac-
tor t is close to 1. When Goldschmidt discovered this, very few crystal structures exist-
ed, so they used ionic radii of the atoms involved (74,7 5,7y ), instead of bond lengths.

ry +rx

e — 1
NP (2.4)

To date, almost all perovskites known have t values ranging between 0.75 and 1.00.0°

In simple terms, there are three cases that lead to a deviation from the ideal structure
or to a reduction of the tolerance factor.™™ If the cations of the octahedral gap become
too small, they can be displaced, which, depending on the strength and direction of the

distortion, can lead to a tetragonal, trigonal, or orthorhombic structure.

On the other hand, octahedral tilts or rotations are other structural responses of the

perovskite structure. They are caused by A cations that are too small for the cubocta-
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hedral cage site, therefore the BXgs octahedra twist in order to reduce cavity dimensions,
allowing the structure to accommodate values of t less than 1.1 Lastly, the BXg octa-
hedra itself can be distorted, leading to an elongated or flattened octahedron. It is
possible for these three modifications to occur independently or in combination. A
change in temperature or pressure may modify the degree or type of distortion. This
can lead to structural changes, usually resulting in orthorhombic structures at lower
temperatures (i.e., ambient conditions), as well as pseudocubic or cubic structures at

higher temperatures and pressures.!

For example, bulk caesium lead bromide (CsPbBrs), which occurs in a orthorhombic
structure (y, space group Pmna) at room temperature, changes as the temperature
increases (Figure 2.2). As CsPbBrs is heated above T, 4 =88 °C, a tetragonal p-
perovskite structure (P4/mbm) forms, and at even higher temperatures (Ty_, =
130 °C ) the cubic (Pm-3m) o-structure is formed."” However, the absolute
temperatures are dependent on the material morphology. Notably, upon utilizing

nanoscaled perovskites (at least one spatial dimension < 100 nm) the phase transition

temperatures are altered.?”




orthorhombic tetragonal cubic

T, < 59 °C T, < 117 °C
(NC) (NC)

T, _=88°C po= 180 °C
(bulk) (bulk)

Figure 2.2: Phase transitions of CsPbBrs; bulk and nanocrystals from orthorhombic to
tetragonal to cubic phases at corresponding temperatures. The green spheres represent Cs
atoms, while the purple polyhedra represent the octahedral perovskite cage formed by the
bonding of Pb (cyan) and Br (orange) atoms. Reprinted with permission from Cottingham et
al.."! Copyright 2018 American Chemical Society. Partly edited.

Therefore, when compared to bulk materials, nanomaterials often have substantially
lower phase transition temperatures.'* % Experimentally, this phenomenon is
important for the distinction of the crystal structure via diffraction methods. Due to
their small size and the resulting Scherrer broadening of the Bragg peaks, it gets hard
to distinguish between the orthorhombic and cubic structures. When the cubic
structure is mentioned in the following to describe CsPbXs nanoparticles, it actually

refers to a pseudocubic structure.?

But as Li et al. pointed out, the tolerance factor t by itself is not sufficient to
distinguish the perovskite structure, since systems exist that do not exhibit the
characteristic structure, even though t lies within the most favorable range (0.8 —

0.9).24




2.1.2  Optoelectronic Properties of Perovskites

One of the reasons for LHPs’ success in optoelectronic devices, such as LEDs and
photovoltaics, are their electronic structure. The band structure is mainly determined
by the BX; octahedra, the A-side cations play a subordinate role.”*" The p-orbital of
the halide (X) and the s-orbital of the metal cation (B) mainly contribute to the va-
lence band maximum (VBM). The conduction band minimum (CBM), on the other

hand, is mainly determined by the p-orbital of the metal cation (B) (Figure 2.3a).

Electronic structure
b Defect formation energy

Defect-intolerant Defect-tolerant
Vacancies ¢ Interstitials Antisites

(Shallow) defects > (Deep) traps
Increasing formation energy ——————>

Figure 2.3: a) MO Scheme of the electronic band structure of classical (left) and LHP
semiconductors (right). b) Typical point defects in LHPs, including vacancies, interstitial and
anti-site atoms, arranged in order of increasing formation energy, and their respective depths in
the bandgap. Reprinted by permission from Akkerman et al: Springer Nature, Nature
Materials, Genesis, challenges and opportunities for colloidal lead halide perovskite
nanocrystals, Akkerman et al.,* Nature materials (2018). partly edited.

The actual electronic structure can therefore be affected by a variety of influences,
for example the halide composition, lattice constant, and electronic nature of the A-site
cation.” Firstly, by exchanging the halides, the band structure in MHPs can be altered
considerably. For example, if one changes the halide composition from chloride over
bromide to iodide, the bandgap (Eg) decreases gradually due to the initial electronega-
tivity difference between the atomic orbitals.? Secondly, although the A-site cations
have no direct influence on the band structure (chapter 2.7.1), they influence the band

gap indirectly. When comparing lead perovskites with the same BXg structure but with

10



different cations in the A-site, significant differences in band gap can be observed. For
lead iodide perovskites, a decrease in the band gap of the material with increasing size
of the monovalent cations is observed in both theoretical and experimental studies.? %
A clear trend can be observed for cesium (Cs), methylammonium (MA) and forma-
midinium (FA), where the effective ionic radii increase in the order mentioned. Conse-
quently, the band gap decreases from 1.73 eV for CsPbl; NCs to 1.48 eV for FAPDI;
NCs. Changing the size affects the bandgap either by changing the lattice structure or

by tilting the BXs octahedron.

In typical semiconductors, such as cadmium chalcogenides, the bandgap is formed
between bonding (o) and antibonding (o*) orbitals (MO theory). However, every crys-
tal contains defects which result in the formation of trap states. Due to point defects or
dangling bonds, weak binding (shallow) or non-bonding (deep) states within the
bandgap can emerge and negatively affect the performance of optoelectronic devices.
An important advantage of LHPs is that the energy location of potential defects is ei-
ther in or very near the conduction or valence band (shallow traps, see Figure 2.3a).
This feature of the electronic structure of LHPs is usually referred to as defect toler-
ance, as these defects have little effect on radiative recombination and other optoelec-
tronic properties.?*39 In perovskites, interstitial and anti-site defects, which would cre-
ate deep trap states in the electronic structure, are almost absent since the ions are
energetically difficult to relocate (Figure 2.3b). This fact becomes more important
when considering nanocrystals, as the surface to volume ratio increases and therefore
usually more defects are created (see chapter 2.6). The defect tolerance of LHPs is
reflected in the large charge carrier diffusion lengths, which ranges from ~ 1 pm®” (pol-
yerystalline film) to over 100 pm® (single crystal) in MAPDbI; perovskites. This high
mobility of charge carriers indicates a highly effective charge carrier screening, which

can be explained with a lower scattering rate between optical phonons and charge car-

riers. More precisely this originates in the formation of large polarons (charge carrier —
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phonon quasiparticle), which have a reduced scattering rate compared to isolated
charge carriers or small polarons.? Another outstanding feature of LHPs for use in
optoelectronic devices is their exceptionally large absorption coefficient. LHPs have an
even higher band edge absorption than conventional direct band gap materials such as
GaAs, mainly due to the band edge degeneracy of the conduction band and the com-

paratively low effective mass of the holes (flat valence band).l*4!

From the phenomena explained above, one can already see that LHPs offer a wide
range of options for modification in order to improve their performance. Even more so
upon utilizing nanomaterials, which offer the ideal basis for extending and improving
these technologies. Therefore, the following chapters will primarily focus on the special

properties of perovskite nanoparticles.
2.2 Nanoparticle Synthesis

Generally, the term nanoparticle refers to a composite of a few to several thousand
atoms or molecules with a size typically in the range of 1 to 100 nanometers.*? Due to
their size and the associated larger surface area-to-volume ratio, nanoparticles differ
significantly in their physical and chemical properties compared to their respective bulk
materials. The increasing interest in these materials in industry and research during
recent decades has led to outstanding developments in the fabrication of nanomaterials,
especially in terms of size, shape, and functionalization.* The first logical step is the
synthesis of such materials, which is drastically different from their bulk counterparts.
The synthesis of nanoparticles can be roughly divided into two main approaches, as
shown in Figure 2.4, namely the “top-down” and “bottom-up” methods. The first re-
fers to the more physical approach of starting from bulk materials and gradually de-
creasing the size until the desired particle is created, e.g., the Scotch-tape method, or

mechanical processes like milling and etching.* A major limitation of this method is the

12



imperfections of the surface structure and size, which leads to application-limiting de-

fects.®)

Bulk

~/
— Top-down /
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Clusters /v
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Liquid phase

Solvothermal
Heat up }—E Microfluidic
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Hot injection
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Figure 2.4: Schematic representation of a bottom-up and top-down nanoparticle synthesis from
atomic precursors (purple) via clusters (cyan) and from bulk (red) via powder (orange) to
nanoparticles (green), respectively. Overview of various nanoparticle fabrication techniques,
specifically for the synthesis of LHP nanocrystals.

In contrast, during a "bottom-up' method, nanoparticles are synthesized mostly
through wet synthesis from molecular precursors. Wet chemical methods, such as mi-
croemulsions, sol-gel, hot-solution decomposition, sonic waves, microwaves, and elec-
trochemistry, rely heavily on three parameters: precursors, organic surfactants, and
solvents. An effective method for synthesizing monodisperse high quality nanoparticles
is the hot-injection method, pioneered by Bawendi*! and Alivisatos!” et al. These pa-
pers describe the chemical synthesis of semiconductor nanocrystals made from cadmium
chalcogenides using organometallic Cd and Se precursors in a coordinating solvent at
high temperatures. The underlying physical processes responsible for the formation of
nanoparticles in the hot-injection method, namely nucleation and growth, are described

in more detail in the next sections.

13



2.2.1 General Model

In 1950, LaMer and Dinegarl® developed the first quantitative theory for the nuclea-
tion and growth of colloidally stable nanoparticles. Known as “LaMer growth”; the
LaMer—Dinegar theory is a three-stage model of particle growth based on classical nu-
cleation theory (CNT).!"# The concept has been proven useful for the synthesis of
many colloidal materials, including semiconductor nanoparticle quantum dots. A core
success of the LaMer model is describing conditions to control polydispersity. Particle
growth is described as three distinct steps: (I) building up of active monomer, (II) su-

persaturation and nucleation, and (III) diffusion-limited growth (

Figure 2.5).
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Figure 2.5: Schematic representation of the monomer concentration during the nucleation and
growth of Nanoparticles from the solution in a classical LaMer mechanism.

Stage I involves the buildup of active precursors and monomers due to the nuclea-
tion-associated free energy barrier. Although the bulk solid phase may have a lower
free energy than the solution-phase precursor, the interfacial free energy is usually larg-
er.! Because of this, small nuclei with a high surface area to volume ratio are thermo-

dynamically unfavorable and statistically likely to dissociate. Growth on the respective
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critical nucleus becomes thermodynamically favorable at sufficiently high concentra-
tions, which is referred to as critical supersaturation. This is equivalent to an increase
in solution chemical potential, which defines stage II. During the final stage III, the
particles grow until an equilibrium between the adsorption of monomers on their sur-

face and the monomer in solution is reached.

Therefore, control of the nucleation and growth phases is crucial in order to influence
size, morphology, and monodispersity. Monodisperse nanoparticles can be obtained by
keeping the nucleation phase as short as possible. Once sufficiently rapid nucleation has
occurred, monomer concentration drops dramatically, making nucleation during subse-

quent stages unfavorable.

2.2.2 Perovskite Synthesis

The ideal case of synthetic routes is to produce phase pure, purifiable, monodisperse
nanocrystals with a good yield. Through the appropriate changes of synthetic parame-
ters, for example, temperature and precursor concentration, their size, shape, and com-

position should be adjustable systematically.

As with classical nanoparticle synthesis, there are several ways to synthesize perov-
skite nanoparticles. The most common methods are the ligand-assisted reprecipitation
(LARP) method, often used for MAPDbI; nanoparticles,® and the hot-injection (HI)
method. An extension of the HI approach for the colloidal synthesis of caesium LHP
NCs was carried out in 2015 by Protesescu et al.? This synthesis can be described as
an arrested co-precipitation of ions in apolar media in the presence of long-chain cap-
ping ligands.PY Cs-oleate was injected into a hot solution of PbX, salts, which served as
Pb** and X sources dissolved in octadecene (ODE), carboxylic acids, and primary
amines to obtain CsPbXj3; NCs. Perovskites with mixed halides could also be readily

synthesized by simply adjusting the ratio of the lead halide salts used as precursors. By
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tuning the NC size or varying the halide composition, the PL emission could be modu-

lated over the entire visible spectrum (410-700 nm).

Compared to classical II — VI semiconductor nanoparticles, the study of the for-
mation mechanism of perovskite nanoparticles is challenging due to their rapid nuclea-
tion and growth, which occur in less than 5 seconds.’? Therefore, multiple groups have
studied the formation of CsPbXj; using various methods to optimize and monitor the
reaction in real-time. De Mello and Kovalenko employed a microfluidic synthesis,
while Li et al. developed a slowed-down microwave-assisted synthesis to gain insights
into the fast formation mechanism. Their TEM study showed that the filling of the
lead halide octahedra [PbXe]* with caesium ions is the rate-limiting step in the growth
kinetics. Considering the elements responsible for the formation of the perovskite struc-
ture individually, one would expect that the formation of the strongest bond, the lead-
halide bond, determines the rate limiting step of both nucleation and growth. Since
lead halogen salts are typically used as precursors for the synthesis, the [PbXg|* octa-
hedra are already formed before the caesium precursor is injected. Therefore, Sun et al.
advanced the idea by employing individual halide, lead, and caesium precursors instead
of using a conventional PbX, source.” Their results indicated that the halide precursor

determines the nucleation process.

The reaction rate for the formation of nuclei according to the LaMer theory, can be
written in the Arrhenius form (Equation (2.5)), where A is the pre-exponential factor,
v is the surface energy, V,, is its molar volume, T is the temperature, k5 is Boltz-
mann's constant, N, is the Avogadro constant and S is the supersaturation of the solu-

tion.M

dN ( 1673V )

@Y _ 4. N
P\ T TSN InS 2

dt (2-5)

In Equation (2.5), there are three parameters, v, T, and S, that can be experimen-

tally controlled. The surface energy v is largely influenced by the type and amount of
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ligands at the particle surface. The temperature and supersaturation can be directly
manipulated by altering the injection temperature or adjusting the concentration of the
precursors, respectively. For instance, Sun et al. demonstrated that increasing the ratio
of halide precursors leads to the formation of smaller NCs. It was assumed that a high-
er concentration of halide precursor would result in a greater number of [PbXg|* octa-
hedra, or nuclei, which would consume both Pb and Cs monomers during the nuclea-
tion process. This would result in a shortage of Pb and Cs monomers, hindering the

continued growth of the nuclei and leading to smaller NCs.

Besides variation in size and monodispersity of LHP NCs, different compositions and
morphologies can also result from changing the synthesis parameters.’* % Thus, high
concentrations of caesium and halide precursors allows for the formation of low-
dimensional (0D) perovskite-related structures, such as Cs;PbXs. The term "low dimen-
sionality" refers to the arrangement of the lead halide octahedra. In particular, in the

structure of CssPbXg, the [PbXe]! octahedra are completely isolated from each other.

Variations of the concentration and/or chain length of oleic acid (OA) and oleyla-
min (OLA) in combination with reaction temperature have direct influence of the
shape and morphology of the resulting NCs (Figure 2.6). Generally, the application of
OLA and OA at low temperatures (between 90 — 130 °C) results in the growth of NCs
in an anisotropic manner, resulting in quasi-2D structures commonly known as "nano-
platelets" (NPLs). Conversely, high reaction temperatures (170 — 200 °C) and extended

reaction times result in the formation of nanowires.
2.3 Self-Assembly into Superlattices

When using colloidal nanoparticles for optoelectronic applications, it becomes more
important to consider that it is not the individual nanoparticle but their macroscopic

arrangements that will be crucial for efficient devices.® Nanocrystals or nanoclusters
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can serve as so-called building blocks, which in turn can serve as starting materials for
a bottom-up construction to create larger, more complex ensembles. The spontaneous
arrangement of these individual building blocks into highly ordered structures is called
"self-assembly".? The Self-assembly process is driven by the desire to minimize the
Gibbs free energy AG, and a negative difference between the initial (colloidal solution)
and assembled states (AG < 0) is necessary for an ordered assembly. This can be
achieved through a decrease in enthalpy AH, an increase in entropy AS, or a combina-

2

tion of both while maintaining a constant temperature (7°)./6%

AG = AH —TAS (2.6)

In this case, the contribution of AH is equivalent to interparticle interactions, such
as van der Waals forces, steric repulsions, and capillary forces. This contribution is
usually small for semiconductor nanoparticles and is on the order of magnitude of the
thermal energy kzT.59 In classical thermodynamics, entropy can be seen as a measure
of disorder. The fact that an increase in order leads to an increase in entropy is, in a
sense, a contradiction in terms. However, this seemingly paradoxical concept was ex-
plained by studying the free volume of colloidal units in both a disordered dense dis-
persion and an ordered superlattice."*®! As a result of more efficient packing in the
ordered state, each particle has more space to move around compared to concentrated
colloidal solutions, leading to an increase in the total number of possible configurations
and resulting in AS > 0. In addition, it is important to consider that the particles in a
solution are surrounded by numerous solvent molecules. These solvent molecules, in
turn, exhibit considerable freedom of movement and disorder after the process of self-

assembly.

If the arrangement consists of a regular crystal-like arrangement of the NCs in the
respective dimensions, it is called a superlattice (SL). As early as 1995, Murray et al.

demonstrated that CdSe nanoparticles can be used as building blocks to form three-
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dimensional (3D) superlattices.’ With their discovery and further research, the inter-

est in such structures increased and a separate research topic developed.

Lead halide perovskites (LHP) are different from traditional chalcogenide NCs be-
cause of unique features like highly dynamic surface ligands,'” fast anion exchange,®
and easy ion migration.® This poses challenges for forming SLs, whether they are 1D
superlattice chains,™ 2D layered superlattices,™ or 3D superlattices, as the unstable

equilibrium of surface ligands can cause them to merge into large bulky crystals.

3D Superlattice

1D Nanowires

Figure 2.6: a) schematic representation of the self-assembly of monodispersed NCs into
different Superlattices. TEM or STEM micrographs of CsPbBr; NCs assembled into 1D
Superlattices (b), reprinted with permission from Zhang et al.™ Copyright 2016 American
Chemical Society. 2D Superlattices (¢) reproduced from ref.™ with permission from Nature
Publishing Group (2020). 3D Superlattices (d), reprinted by permission from Raino et al.:
Springer Nature, Nature Superfluorescence from lead halide perovskite quantum dot superlat-
tices, Raino et al.,/™ Nature (2018). Partly edited.

The self-assembly of NCs is typically induced by either evaporating the solvent or by
altering the polarity of the reaction system to destabilize the NC capping ligands.™
The most commonly used method for producing metal-halide perovskite superlattices is
the evaporation technique. The usual procedure, as depicted in Figure 2.7, involves

spreading multiple droplets of purified nanocrystals in a nonpolar solvent on a sub-

19



strate, followed by a slow evaporation process. Multiple factors, such as concentration,
solvent, and substrate, influence the quality and size of the resulting SLs. High mono-
dispersity and shape uniformity are essential for long-range ordering in the resulting
superlattices. This can be achieved by using a starting colloid of LHP-NCs with a

standard deviation of size of less than 10 %.PY
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Figure 2.7: Schematic illustration of evaporation-based self-assembly of perovskite nanocrystals
into superlattices.

This chapter contributes to a better understanding of chapter 3.

2.4 Ligand Exchange

Nanomaterials have a distinctive characteristic of possessing a large surface-to-
volume ratio, which means that their surfaces have a significant impact on numerous
physical and chemical processes. It is therefore not surprising that molecules that bind
to the surface of nanoparticles — so-called surface ligands — play a decisive role in their

synthesis, optoelectronic properties, processability, and application.

The binding of ligands to the surface of NCs is determined by both the type of ligand
and the NC surface, with three main categories of ligand binding: L-type, Z-type, and
X-type. These interactions can be explained by the classification of covalent bonds,
which was originally proposed for metal coordination complexes and later adapted to

NCs by Owen and colleagues to describe the interaction between the NC core and the
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head group of the ligand."™ The classification of ligands is based on their neutral form,
where the L-type ligands (2-electron donors) are known as Lewis bases, X-type ligands
(1-electron donors) are referred to as radicals (or ionic species), and Z-type ligands (0-
electron donors) are designated as Lewis acids(Figure 2.8).M Thus, this classification is
based solely on the binding type at the surface. For instance, the binding of two car-
boxylate ligands (RCOO") to a metal ion (such as Pb) could be described as two X-
type ligands or one Z-type ligand. However, if it is demonstrated that Pb(OOCR); dis-
sociates from the nanoparticle surface, the ligand classification could be more accurate-

ly determined, and it would be considered a Z-type ligand in this scenario.[™

Type L-type X-type Z-type

Example  NC(RNH,) NC(RCOO), NC(Br )(RNH,') NC(Pb(RCOO),)

L X X X Xt Z

e e L ] L ] % L3
L] [ ] L . LN ]
Scheme
Legend ““ nonmetal “ metal ' nanocrystal (NC) ® electron

Figure 2.8: Schematic illustration of L, X, and Z-type ligands binding to the surface of NCs
with typical ligands categorized according to the functional group and covalent bond
classification.

In the case of the perovskite nanoparticles, the binding situation of the native ligands
on the surface of the NC has not yet been fully clarified, so the following binding possi-

bilities arise as shown in Figure 2.9a.
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Figure 2.9: a) Schematic illustration of the different binding modes of oleylamine and oleic acid
to a LHP NC surface, reprinted with permission from Fiuza-Maneiro® Copyright 2023
American Chemical Society. Partly edited. b) Schematic illustration of the structural lability of
LHP NCs due to the desorption of weakly bound ligands. Reprinted by permission from
Akkerman et al.: Springer Nature, Nature Materials, Genesis, challenges and opportunities for
colloidal lead halide perovskite nanocrystals, Akkerman et al,* Nature materials (2018).

partly edited.

The understanding of how ligands bind to the surface of nanoparticles is crucial as
these ligands play multiple roles throughout the lifespan of the nanoparticle. Starting
with the formation of the nanoparticles, particularly in the synthesis of perovskite na-
noparticles as discussed in chapter 2.2.2, ligands can significantly affect the structural,
stability, and optoelectronic properties.*#4 It is important, for example, that the
binding of ligands to surface atoms cannot surpass the inter-atomic binding strength,
as it would impede the processes of nucleation and growth. Consequently, the use of
ligands containing sulfur-centered functional groups, such as thiols, is often precluded
due to their strong binding affinity towards metal atoms. Moreover, the ligands func-
tion to stabilize the as-synthesized nanoparticles as stable colloidal solutions, primarily
by using their long steric alkyl residues to repel adjacent nanoparticles and avoid ag-

glomeration. This is, unfortunately, where the main problem lies with the required lig-

22



ands for the synthesis, oleic acid and oleylamine, as they form a dynamic equilibrium

at the surface of the LHP N(Cs. /678384

One of the most significant outcomes of loose ligand binding is the challenge of iso-
lating and purifying NCs through conventional methods, such as repeated precipitation
using anti-solvents followed by redispersion in a pure solvent. Frequently, this proce-
dure leads to either the dissolution of LHP NCs into their initial components or the
promotion of their aggregation (Figure 2.9b), as the native ligand shell is removed

within the washing steps.

One of the final stages in the life cycle of a nanoparticle, beyond its synthesis and
storage, is its final application in end-use devices. As a result, distinct ligand systems
are necessary for various applications. The control of charge injection into and
transport between nanocrystals is pivotal for successful optoelectronic device applica-
tions, such as LEDs (chapter 2.8). Therefore, it is essential to replace the existing lig-

and system with a more optimized one, which is described in chapter 2.5.
2.5 Ligand Synthesis

As previously discussed in chapter 2.4, the optoelectronic properties of nanoparticles
are greatly influenced by the choice of ligands. Hence, the selection of ligands can be
customized for specific applications such as facilitating aqueous dispersion,*! or adding

complementary optoelectronic functionality.®#657

Replacing ligands on the surface of nanoparticles can generally be achieved by either
utilizing alternative ligands during the initial formation of the nanoparticle or by sub-
stituting the ligands post-synthetically (Figure 2.10a). Although the former approach
has some benefits, it also has a significant disadvantage. When new ligands are intro-
duced during synthesis, they may not only bring about the desired changes but also

interfere with the nucleation and growth phase of the nanoparticles. Consequently, this
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may result in alterations to the morphology, size, and overall reaction profile.®® 2 In
turn, this often requires a considerable synthetic effort to achieve the same level of syn-
thetic control as an already established pathway. Consequently, post-synthetic ex-
change of surface ligands typically proves to be a simpler and more effective way to

alter the desired properties of the particles.
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Figure 2.10: a) Schematic illustration of the synthesis of trap-free LHP-NCs by either in situ
passivation or postsynthetic surface passivation with strong binding ligands. b) Summary of
ligands used for surface passivation, where binding occurs either at A-cation sites or halide
vacancies. The functional groups of the ligands are categorized based on their binding site and
are represented by green or red dotted circles. In this diagram, different entities are labeled
with different colors for easy identification. The A-cations, A-cation vacancies, halides, halide
vacancies, and lead atoms are highlighted with solid green, dotted green, solid red, dotted red,
and black, respectively. Reprinted with permission from Fiuza-Maneiro™ Copyright 2023

American Chemical Society.
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The replacement of ligands on NCs can typically be initiated through differences in
binding energy, mass action, or surface reactions.”” Ligand exchange is commonly driv-
en by the difference in binding energy between the native and new ligands. To enable
the exchange process, the cleaned solution of nanocrystals (NCs) is typically mixed
with the new ligand and stirred until complete exchange occurs.® After the exchange
process, the nanoparticles are precipitated with an antisolvent to remove impurities
and then carefully resuspended in a solvent that is free of impurities. This ensures that

the nanoparticles are purified and ready for further use in end devices.

The functional groups of the ligands that bind to the NC surface, as depicted in
Figure 2.10b, can be used as a basis for their classification. Up to now a wide range of
ligands, e.g. ammonium salts,”**! carboxylates,”® phosphonates®’ and sulfonates®!! have
been tested to improve the stability of perovskite nanocrystals, by removing the native
ligands for ligands with a stronger binding motif. The most promising approach is to
use zwitterionic or bidentate ligands as shown by Krieg et al.®™ Zwitterionic systems,
such as the naturally occurring lecithin, bind to the surface of the NC in a bidentate
manner, resulting in a kinetic stabilization through the chelating effect that cannot be
achieved by monodentate systems.® Unfortunately, most naturally occurring or com-
mercially available phosphatidylcholines, such as soy lecithin, contain long insulating
alkyl groups as their tails. While these alkyl groups provide stability to particle solu-
tions through steric repulsion, they also hinder charge carrier injection in optoelectronic
devices.” The ideal ligand for perovskite NCs should have strong binding affinity with
the nanocrystal surface and provide sufficient repulsion to avoid agglomeration. In ad-
dition, the ligand should have suitable energy levels to enable efficient charge transport
in devices. To fulfill these requirements, Yamaguchi esterification offers a straightfor-
ward method for producing the desired ligand. This chemical reaction involves the re-

action of a carboxylic acid or carboxylic acid anhydride with an alcohol in the presence
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of a catalyst, resulting in the formation of an ester composed of the alcohol and the

carboxylic acid derivative.

In this context, L-a-glycerophosphorylcholine (GPC) can be used as an alcohol com-
ponent in the reaction to provide a cost-effective way of preparing a zwitterionic biden-
tate ligand, which is readily available. As for the acid component, an organic semicon-
ductor specialized for the respective application of the NCs in optoelectronic devices

can be used.
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Figure 2.11: Detailed illustration of the Yamaguchi esterification process using 2,4,6-
trichlorobenzoyl chloride (TCBC) and 4-(dimethylamino)pyridine (DMAP) for the synthesis of
phosphorylcholine (PC) from a carboxylic acid (1) and sn-glycero-3-phosphocholine (GPC).

The first step in this reaction involves the activation of the carboxylic acid (1) by

reaction with a coupling reagent such as 2.4,6-Trichlorbenzoylchlorid (TCBC) to form
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a mixed anhydride (2) (Figure 2.11). Then, 4-(dimethylamino)pyridine (DMAP) acts
as an acetyl transfer reagent and reacts with the sterically unhindered carboxyl group.
This results in the formation of a less hindered intermediate, in which the acyl group is
polarized and DMAP serves as a good leaving group, enabling a rapid reaction with the
alcohol. If the alcohol is used as the stoichiometric limiting factor, the main product is
diacetylated phosphorylcholine. However, this method is not very effective for the
preparation of lysophosphocholines (lyso PCs) or mixed fatty acid PCs,019" and alter-
native approaches should be considered. One possible alternative is sn-1 tritylation of

GPC, which can provide access to mixed fatty acid PCs.[10*103

The issue of ligand synthesis of perovskite NCs is particularly relevant to Chapter 4.
2.6 Optical Properties of LHP Nanocrystals

Distinct behaviors from their bulk counterparts occur when physical properties reach
critical dimensions in the nanoscale regime. The following section discusses the nano-
effects observed in caesium lead halide perovskite nanocrystals. Lead halide perovskite
nanocrystals exhibit similar phases and phase transitions (chapter 2.1) as their solid
counterparts. Although the temperatures of the phase transitions are usually lower, the
phases do not change at room temperature. The energetic structure is also retained to a

large extent, with the exception of the effects of quantum confinement.

In nanometer-sized semiconductor particles, a gradual transition from bulk to mole-
cule takes place as the particle size decreases. Energy bands thereby become discrete,
quantized energy levels as shown in Figure 2.12. NCs have both bulk density of states
(DOS) with quasi-continuous (VB and CB) molecular orbitals (MOs) and single-
molecule DOS with well-defined individual states at the band edges. A decrease in the

NC size results in an increase in the band gap and an discretization of energy levels
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near the band edges!'™ The effect associated with the increase in band gap is called the

"quantum confinement effect".
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Figure 2.12: Schematic illustration of the quantum confinement effect in nanocrystals. As the
size of the nanocrystal decreases, the band gap increases and discrete energy levels appear at
the band edges. 1S. and 1Sy correspond to the conduction band (CB) and valence band (VB)
edges, respectively.

A more physical approach to understanding the quantum confinement effect is to
consider the electron-hole pair that results from the excitation of an electron from the
ground state to an excited state. Due to the Coulomb interaction, an excited electron
in the CB can be bound to the corresponding hole in the VB, if the energy associated
with the Coulomb interaction is larger than kgT. This electron-hole pair, called an exci-
ton, occupies a defined "space". This volume, or more simplified its radius, can be de-
scribed by the exciton Bohr radius (ao), as shown in Equation (2.7).

he /1 1
a =" (oot (2.7)

* *
me my

The exciton’s whole radius depends on the effective masses of the electron and the
hole. These in turn depend on the material in which they are located. For CsPbCls,

CsPbBr;, and CsPbls, exciton Bohr radii of 5, 7, and 12 nm, respectively, have been
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determined.? If the semiconductor is significantly larger than ay, the electron and hole
can move freely around the equilibrium distance ao. If the semiconductor is about as
large as ay, the charge carriers can no longer move freely around the equilibrium dis-
tance ayp and are therefore spatially confined. If the size of the NC continues to decrease
until it is smaller than ay, the exciton is not only confined, but its energy also increases
because the equilibrium distance cannot be obtained, similar to how the energy of a
particle in a box increases as the "box" gets smaller. The band gap of a spherical NC

E o can be described by the Brus equation:!”

ENC’ = EG(},p + (2.8)

h2 ( 1 1 ) 1.8 €2
8r2

* *
m my,

. dme, e4r

As elucidated by Brus et al., the energy gap of a NC can be predicted by taking the

bulk gap Eg,, and reducing it by the excitons binding energy (third term on the right
side) and adding the confinement energy arising from a particle-in-a-box consideration
(second term on the right side). As the Bohr radius depends on the semiconductor
composition, as shown in Equation (2.8), the extent of quantum confinement depends
on the composition. For example, 10 nm lead sulfide nanoparticles with a Bohr radius
of 18 nm exhibit strong quantum confinement, while CsPbBrs with a size of 10 nm and

a Bohr radius of 7 nm only experience weak confinement and thus will have similar

optical properties to its bulk equivalent.

Previous discussion of quantum confinement effects has focused on nanoparticles
whose three dimensions are all confined. In fact, it is possible to synthesize nanoparti-
cles of different sizes and shapes (chapter 2.5). In general, nanoparticles with different

shapes can be classified according to their dimensionality.

In further detail, three-dimensional (3D) nanoparticles, in which none of the dimen-
sions are quantum confined, have properties similar to their bulk counterparts, while a
two-dimensional (2D) nanoparticle is defined as a nanoplatelet or quantum well if it

exhibits quantum confinement in only one dimension. Other examples are nanowires or
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quantum wires, which are one-dimensional (1D) nanoparticles with two dimensions
that exhibit quantum confinement. Zero-dimensional (0D) nanoparticles, so-called

quantum dots, exhibit quantum confinement in all three dimensions.

bulk quantum well quantum wire quantum dot
3D 2D 1D 0D

Energy

Figure 2.13: Schematic representation of structure and density of states (DOS) of
bulk semiconductors (3D) and semiconductor nanostructures (2D-0D) with reduced
dimensionality.

These changes in dimensionality strongly affect the DOS, which is the number of en-
ergy states available to electrons in a material per volume in k-space (Figure 2.13).
Bulk semiconductors have a square root dependence on energy, while 2D quantum
wells have a stepwise DOS with a constant dependence, and quantum wires have an
inverse square energy dependence. Quantum dots exhibit a DOS where states are al-

lowed only at discrete energy levels.

This section, which discusses the optoelectronic properties of perovskite NCs, will

enhance the understanding of chapters 3, 4, and 5.

2.6.1 Recombination of Excitons and their PLQY

Electron-hole pairs can be created in semiconductor materials by irradiation with

light. The prerequisite for this is a sufficiently large energy of the incident photons to
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lift electrons from the valence band to the conduction band (Figure 2.14a). The mini-
mum energy required for this is the band gap Eq.p of the semiconductor crystal. After
excitation, the electron and hole each undergo a cascade of inelastic scattering process-
es, e.g. by phonons or crystal defects, whereby they release their kinetic energy. On a
time scale of typically a few nanosseconds up to 400 ns for perovskites,' a bound
state (exciton) can now form due to the attractive Coulomb interaction between elec-
tron and hole. In semiconductors, so-called Mott-Wannier excitons occur predominant-
ly, which have Bohr radii of typically ap ~ 10 nm due to the comparatively weak bond-
ing between electron and hole and thus span several unit cells of the crystal
lattice.''"1% This contrasts with the limiting case of strongly bound excitons, so-called
Frenkel excitons.'”” Frenkel excitons are essentially to be considered as an excited state
of an atom at which they are localized. Excitons in LHP are weakly bound and there is

agreement that they are Wannier-Mott type excitons.M01

a b

Trap-mediated  Bimolecular Auger

1 Photoexcitation 2 thermalization

3 4

Figure 2.14: a) Schematic illustration of relaxation dynamics of charge carriers after
photoexcitation. b) Trap-mediated recombination is a monomolecular process. It involves
the capture of either an electron (as shown) or a hole in a specific trap state (e.g. defect).
Bimolecular recombination can occur between electrons and holes, either from the relaxed
state or from states higher in the band. Auger recombination is a higher-order process in
which at least three particles are involved. Energy from one electron (or hole) is
transferred to another electron (or hole) to enable nonradiative recombination with a hole
(or electron). All processes must satisfy energy and momentum conservation. Reprinted
with permission from the Annual Review of Physical Chemistry. Volume 67:65-89,
copyright 2016 Annual Reviews.'"!l Partly edited.
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There are two types of processes, radiative and non-radiative, that can help to return
a system to its ground state. Figure 2.14b demonstrates the various recombination
processes involved. In lead halide perovskites in bulk form, the low concentration of
multiple charge carriers results in low efficiency at low excitation energies. However, in
nanocrystals, even with the same number of charge carriers, the charge carrier concen-
tration is much higher due to their smaller size. Consequently, processes with multiple

charge carriers become more important in these nanocrystals.

To measure the efficiency of emission, we can use a performance index obtained by
comparing the rates of radiative and non-radiative recombination. The rate of radiative
recombination (i.e., the decay rate of excited electrons, represented by j.q) can be
compared to the rate of non-radiative recombination (represented by puaq). The ratio of
Jrad £O Yarad, shown in Equation (2.9), gives the quantum efficiency (77) or photolumines-

cence quantum yield (PLQY) of a material.

Vrad (2.
Nrad + Yarad 9)

The photoluminescence quantum yield (PLQY) of a material is not an inherent
property of the material, but rather depends on its quality, type, and environment as
well as how it is processed or synthesized. Perovskite nanoparticles, for instance, have
higher quantum yields than their bulk counterparts, making them promising candidates

for use in LEDs, as outlined in chapter 2.8.
2.7 Doping of NCs (LiTFSI)

Since the beginnings of semiconductor research, controlling the type and density of
charge carriers (electrons and holes) through doping has been crucial in transforming
semiconductors into relevant technologies. Doping refers to intentionally adding small

concentrations of "impurities' to a pure material (host) to enhance its electronic prop-
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erties, such as electron or hole transport, without altering the crystal structure of the
host material."? An example are inorganic semiconductors like silicon (Si), where a
small percentage (usually less than 1%) of aliovalent impurity atoms like boron or
phosphorus can be used to create an excess or deficiency of electrons in the crystal lat-
tice. This excess or deficiency of electrons results in donor or acceptor states near the
conduction and valence bands, thereby increasing the charge carrier concentration. For
example, native (undoped) Si is a poor conductor due to its low intrinsic electron con-
centration of about 10 c¢cm™® at room temperature.'¥ However, intentional introduc-
tion of impurities reduces the specific resistance by many orders of magnitude, resulting
in Si having either p-type or n-type conductivity. While p-type doping refers to the
addition of impurities with fewer valence electrons than the host material, n-type dop-
ing refers to the addition of impurities with more valence electrons than the host mate-

rial.

In addition to the ligand exchange discussed in chapter 2.4, doping offers an addi-
tional way to modulate the optoelectronic properties of LHP NCs. Numerous examples
can be found in the literature of doping or alloying perovskite nanoparticles.'* 8 Do-
pants are often used in high concentrations and should be better described as alloyed
NCs.19119120] The crucial difference between the two terms is that alloying creates new

121

materials, while doping alters the properties of the host material.'?) Unfortunately,
these terms are often used synonymously, leading to confusion. To avoid this, this sec-

tion will not distinguish between alloys and doped NCs.

Due to their pronounced ionic crystal structure, doping of LHP-NCs (in the form of
ABXj5) is more versatile and easier than in conventional semiconductors or their bulk
counterparts. The doping or alloying process can be classified into three types based on
the position of the substituted ions: A-site, B-site, and X-site, which will be further

discussed below. Regardless of the site of doping — whether at the A-, B-, or X-site —
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dopants can be introduced as precursors during synthesis!'®! or post-synthetically by

blending the finished nanoparticles with dopants.!'’

Doping and its influence on the optoelectronic properties of perovskite nanoparticles

is of particular interest for chapter 5.
2.7.1 A-Site Doping

The choice of A-site dopants is generally based on previous research on perovskite so-
lar cells, where perovskite films were doped with different monovalent cations (Rb*,

Na*, K*, Li* and Ag") to improve their energy conversion efficiency and stability.!123 1%

In general, doping the A-site of a material can result in a slight increase or decrease
of the bandgap, depending on the size of the cations introduced. For example, if
CsPbXs is used as the host material, adding larger impurities (like FA* or MA*) will

decrease the bandgap, whereas smaller dopants (such as Rb* or K*) will increase it."

Chen and colleagues conducted a study using X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM) measurements to investigate the
impact of gradually replacing FA™ with Cs™ ions in CsPbBrs NCs. They found that this
replacement did not alter the cubic phase of the material or cause any significant
changes in its size. However, they discovered that increasing the concentration of FA*
allowed for precise tuning of the emission wavelength of LHP NCs within the range of
519 — 533 nm. Conversely, incorporating smaller cations like Rb* resulted in an oppo-

27 The effect of A-site cation substitution on

site effect, as observed by Amgar et al..l
the band gap is caused by the modified Pb — Br bond lengths and angles in [PbXg]*
(chapter 2.1) induced by larger FA* or smaller Rb" ions. Consequently, the band gap
is indirectly influenced by structural distortions. As the size of the A-site cation de-

creases, as is the case with Rb*, the Pb-X-Pb angle becomes more distorted (regardless

of whether it is larger or smaller than the ideal 180° angle), leading to a greater octa-
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hedral tilt. This results in a deformation of the overlap of the anti-bonding orbitals of
the Pb’" metal cation and halide anion, compared to the ideal cubic perovskite struc-

ture, which explains the increased band gap.!*®

2.7.2 B-Site Doping

Compared to A-site substitution, B-site doping offers additional freedom in designing
the properties of LHP NCs, as the replacement of Pb*" with a foreign atom directly
affects the band gap. A variety of metal ions have been used for B-site doping of perov-
skite NCs. These metal ions can be divided into two categories depending on the va-
lence electrons of the extrinsic ions and the Pb*" host, namely the isovalent (Sn**, Cd*,
Zn*, Sr’*, Mn?t, Mgt Ni?+)1201291320 and heterovalent (with Bi**, Ln** (lanthanide

ions), and Al*+)133 139 dopants.

Except for Ni?*, perovskites doped with homovalent ions exhibit a wider optical band
gap (blue shift of absorption) than undoped perovskites. Since all these ions have a
smaller radius compared to Pb?", they lead to a stronger lattice contraction with short-
er B — X bonds and an enhanced interaction between Pb and X orbitals, which is re-
sponsible for the broader band gap.!'? However, Ni** exhibited a different trend (red

shift), as it was assumed that Ni doping leads to improved lattice order.!

The heterovalent doping of trivalent ions, particularly Ln** (Ce**, Sm*, Eu**, Yb*",
Er*t, Dy*", Tb*, Tm?"), results in interesting intermediate energy levels inside the
bandgap of LHP NCs, which provide new transfer channels for excited electrons and
enable energy transfer between the host and dopants.'? Recently, Milstein et al. and
Zhou et al. showed that inorganic lead halide perovskite nanocrystals CsPbX; (X = Cl
or Cl/Br) doped with Yb*" enable near-infrared photoluminescence with PLQYs of
nearly 170 %, making quantum cutting with PLQYs of over 100 % possible.!:157

Quantum cutting is an interesting optical phenomenon in which a high-energy photon
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is converted into two low-energy photons, leading to photoluminescence quantum yields
(PLQYs) of over 100 %."® Therefore, Yb-doped perovskites are a promising material

for solar down conversion, which can increase the efficiency of commercial solar cells.

2.7.3 X-Site Doping

The process known as "X-site doping", which in this case should more accurately re-
ferred to as "alloying', provides a direct means of manipulating the emission band gap
of LHP-NCs through the halide composition.?”?) As mentioned in chapter 2.1.2, the
tuning of the emission bandgap of LHP-NCs differs from that of conventional II-VI, III-
V, and IV-VI semiconductor quantum dots, where the emission bandgap is mainly con-

trolled by the size of the nanoparticles through quantum confinement effects.!'*!

One way to produce mixed halides (CsPb(Br/Cl)s or CsPb(Br/I)s) is through either
a direct synthesis strategy, where precursor materials for the mixed anions are used
directly during the synthesis?’ of the nanocrystals, or through a post-synthetic strategy,
where excess amounts of Cl- or I'-halide precursors can be introduced into pre-existing
colloidal nanocrystals based on CsPbBrs. Some of the possible choices for Cl- or I-
halide precursor materials are inorganic halogen-containing salts (PbX,),1*” organic
ammonium halides (Oleylammonium halides (OLAM-X)), and aryl-based hydrohalides

(Ar-HX).[

In comparison to cation exchange, anion exchange is relatively fast and simple in
perovskite systems due to its low defect formation energy, the rigid nature of its cation-
ic sublattice, and the high ion mobility in the lattice caused by the presence of vacan-
cies."12 This makes it possible to perform an anion exchange between two different
colloidal halide perovskite nanocrystal suspensions by simply mixing them in a flask.®
However, there is a limitation: the exchange of halides between Cl and I in perovskite

nanocrystals is difficult due to the large difference in their ionic radii, which leads to
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the destruction of the lattice. Only Cl-Br and Br-I pairs can be successfully ex-
changed. Attempts to directly obtain CsPbCl; from CsPbl; nanocrystals or intermedi-
ate CsPb(Cl/I); nanocrystals have so far been unsuccessful, as the complete disappear-

ance of photoluminescence indicates the dissolution of particles./®®

However, the simple exchange of halogens also results in disadvantages in particle
storage. Caution is advised when storing LHP NCs in halogenated solvents such as di-
chloromethane (DCM), as it has been observed that CsPbXs nanocrystals excited by
light transfer electrons to solvent molecules and in situ generate halide anions through
reductive dissociation. The extent of the anion exchange reaction can be precisely con-

143]

trolled by adjusting the photon dose or the wavelength of the excitation light.!

2.8 Electroluminescent Quantum Dot Light-Emitting

Devices

One of the potential commercial applications for LHP NCs is in the display industry.
Currently, quantum dot light-emitting diodes (QDLEDs) require external light sources
to excite them, typically located behind the actual display. A more advanced technolo-
gy in this area are electroluminescent quantum dot light-emitting devices (ELQLEDs).
These are electrically driven devices that emit light when excited by an electric current.
Unlike QDLEDs, the energy source for ELQLEDs does not come from optical stimula-

tion, but from an external source.

ELQLEDs are thin-film structures (Figure 2.15a) consisting of organic functional
layers deposited on various substrates by methods such as spin coating or vapor depo-
sition. Typically, glass substrates are used, coated with a transparent conductive oxide
such as indium tin oxide (ITO) as the electrode (anode). A highly reflective metal layer,

such as aluminum, is typically used as the second electrode (cathode). In perovskite
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LEDs, light is generated by the radiative recombination of the injected charge carriers,

which form bound electron-hole pairs, called excitons, in the emission layer (EML).

A perovskite LED (PeLED) composed of five different layers is shown in Figure
2.15b. The goal of this design is to generate excitons in the emission layer (i.e., LHP
NCs) that can radiatively decay and emit photons. The required charge carriers, elec-
trons, and holes are injected from the respective electrodes into the adjacent charge
transport layer (CTL). After being injected into the CTL, the charge carriers drift to-
wards the interface of the CTL and the EML, driven by the interaction of the external
and internal electric fields. Both CTL layers are usually made of different materials
adapted to the respective carrier transport. Therefore, they are typically referred to as
the hole transport layer (HTL) and the electron transport layer (ETL). Charges can
migrate into the EML where they can form excitons under ideal conditions if there are
no additional potential barriers between the CTLs and the EML.

a b

Cathode (Al)

//’Elecl.ron transport layer (ETL)
/

Emission layer (EML)

Hole transport layer (HTL)

Ancde (ITO)

Substrate (Glass)

Emission
Anode HTL EML ETL Cathode

Figure 2.15: a) Typical layer structure of a light-emitting diode with light-transmitting anode
made of indium tin oxide for the injection of positive charge carriers and a metallic cathode for
electron injection. The emission zone consists of LHP NCs b) Schematic representation of the
main processes in LED operation: 1) Injection of carriers. 2) Carrier transport. 3) Formation of
excitons 4) Radiative recombination.
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2.8.1 Maximizing Efficiency

The efficiency of converting electrical energy into visible light, in addition to the cost
and lifetime of such LEDs, is critical to the success of this technology. In particular,
the extraction of light from the device is a limiting factor. Two quantities are used to
measure the efficiency of a device: either the light output per electrical power input in
lumens per watt, or the external quantum efficiency (EQE), which is the number of
photons emitted divided by the number of charge carriers injected, expressed as a per-
centage (ngqg)- Typically, the total EQE (Equation (2.10)) is separated into various

subfactors that affect the overall emission. 4414

NeorE =V beff* Nout (2.10)

Herein, v represents the balance of charge carriers, specifically the ratio of electrons
to holes in the EML that recombine with each other. This parameter is critical, espe-
cially for blue emitting perovskites, and is typically controlled through the device ar-
chitecture.™* Additional factors affecting the EQE are thus the effective radiative
quantum yield (g,;;) and the light outcoupling efficiency (1,,;). Any improvement in
the QY of the LHP layer improves the EQE, since ¢,;; depends mainly on the quan-
tum efficiency of the emitting layer. The light outcoupling efficiency 7,,, is determined

by the stack configuration and the transition dipole moment of the NC.

The topic of maximizing efficiency plays an important role, especially in chapter 5.
2.9  Environmental Stability

Despite their excellent optoelectronic properties and variability, one of the major
concerns regarding LHP NCs is their long-term stability. Their unstable nature and

sensitivity to environmental factors hinder their industrial relevance and long-term ap-
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plication. The following chapter will discuss the stability of perovskite nanoparticles in

relation to environmental factors and their application in optoelectronic devices.

The term "stability" is often used superficially in the literature concerning LHP NCs
and encompasses various aspects of stability. Generally, instability can be divided into

two categories, namely intrinsic and extrinsic instability.*’

In addition to the intrinsic instability of the crystal structure or the dynamic binding
of surface ligands, which were already mentioned in chapters 2.1.1 and 2.4, there are
also extrinsic factors that can affect the stability of LHP NCs. Extrinsic instability re-
fers to the instability of LHP NCs caused by external factors such as heat, oxygen, wa-
ter (or polar solvents), or light. It should be added that these external factors also sig-
nificantly affect the intrinsic stability of perovskites, e.g., moisture can accelerate phase
transitions in CsPbl; nanowires.* Due to the generally ionic structure™” of LHP NCs
combined with relatively weakly binding surface ligands,™ polar solvents, especially
water, tend to decompose the NCs into their corresponding salts.'*! This instability
against water and polar solvents not only reduces the application in end devices but
also complicates the classical purification of nanoparticles by precipitation. Therefore,
anhydrous solvents should be used for purification and the exposure time to such sol-

vents should be reduced to a minimum.

Another form of extrinsic instability is observed with prolonged exposure to UV or

149-152

X-ray radiation,! | resulting in light degradation manifested by the formation of Ph’
clusters, ultimately leading to a reduction in emission intensity. The energy levels of
the Pb° cluster defects are located within the bandgap of the perovskite as deep trap

states that act as charge carrier traps, resulting in a reduced PL intensity."

Another challenge for the stability of perovskite NCs is posed by temperature and
oxygen. Apart from the influence of temperature on the individual crystal phases

(chapter 2.1.1), some studies have shown that an increase in temperature in the range
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of 320-400 K results in an irreversible loss of PL intensity. " This loss is attributed
to the increasing detachment of ligands due to the rise in temperature, leading to ag-

glomeration of nanoparticles and increased surface defects.*)

The presence of oxygen alone does not have a significant effect on the stability of
LHP NCs. Li et al. demonstrated that there is a negligible difference in the optical
properties of CsPbBrs NCs observed in either nitrogen or oxygen atmospheres in the
dark."” However, a synergistic effect between oxygen and moisture occurs when the
perovskites are exposed to continuous light irradiation. This oxygen-induced quenching
of the fluorescence accelerates the agglomeration and regrowth of LHP NCs into large
crystals with low PLQYs.!'%156¢ Minimizing the factors described in this chapter
through techniques such as ligand exchange (chapter 2.4) or doping (chapter 2.7) is
essential for fabricating efficient end devices such as LEDs (chapter 2.8). The issue of
the environmental stability of perovskite NCs is particularly relevant to chapter 6 be-

cause here the instabilities of these NCs have been studied in more detail.
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3.1 Abstract

We correlate spatially resolved fluorescence (-lifetime) measurements with X-ray
nanodiffraction to reveal surface defects in supercrystals of self-assembled caesium lead
halide perovskite nanocrystals and study their effect on the fluorescence properties.
Upon comparison with density functional modeling, we show that a loss in structural
coherence, an increasing atomic misalignment between adjacent nanocrystals, and
growing compressive strain near the surface of the supercrystal are responsible for the
observed fluorescence blueshift and decreased fluorescence lifetimes. Such surface de-
fect-related optical properties extend the frequently assumed analogy between atoms
and nanocrystals as so-called quasi-atoms. Our results emphasize the importance of
minimizing strain during the self-assembly of perovskite nanocrystals into supercrystals

for lighting application such as superfluorescent emitters.

3.2  Introduction

Advances in the self-assembly of colloidal nanocrystals (NCs) from solution into
three-dimensional arrays with long-range order have enabled the design of microscopic
“supercrystals” that approach the structural precision of atomic single crystals.®” The
individual NCs, which are the building blocks of a supercrystal, are often regarded as

“artificial atoms”, and hence analogies between atomic crystals and such supercrystals

158,159

have been made.'™¥ NC supercrystals are susceptible to doping,'® and they can

161]

exhibit exceptional mechanical properties,! quasicrystal formation,” enhanced

163

electronic coupling,'® and engineered phonon modes.'® In view of the recent progress

in exploiting the massive structural coherence in NC supercrystals to generate

TI6L165 5 critical question remains whether this

collective optoelectronic properties,!
artificial atom analogy can be extended towards the optical properties of NC
supercrystals. Due to surface dangling bonds and surface reconstruction, even the

purest and most carefully prepared atomic crystals are not structurally perfect.!6:167
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For atomic crystals, such surface defects strongly affect the fluorescence spectra,
lifetime, and quantum yield.l'* '™ For supercrystals, this is much less understood.

In this work, we show that in close analogy to atomic crystals,'™!™ CsPbBrsCl and
CsPbBrs NC supercrystals exhibit structural distortions near their surfaces which
significantly alter their fluorescence properties. This finding is of high relevance for the
application of these materials as tunable, bright emitters with superfluorescent

behavior, 74164165

I Superfluorescence is a key property for the design of spectrally ultra-
pure laser sources!'™ or highly efficient light-harvesting systems.'™ Recent quantum
chemical simulations have suggested that structural disorder in CsPbBr; supercrystals
and its effect on the thermal decoherence plays a pivotal role in the efficiency of the
superfluorescence.’™  Previous  structural investigations of  ensembles  of
CsPbBr; supercrystals by grazing-incidence small angle X-ray scattering (SAXS)

178

indicated a primitive unit cell with slight tetragonal distortion,!'™ and wide-angle X-ray

179]

scattering (WAXS) showed a high degree of structural coherence.l Electron

microscopy of individual supercrystals revealed a frequent occurrence of local defects in

130] Confocal fluorescence microscopy of

the supercrystals, such as isolated NC vacancies.!
individual CsPbBr; supercrystals displayed spatial variations in the fluorescence peak
wavelength and intensity, indicating that local structural inhomogeneities may
substantially affect the fluorescence properties of the entire supercrystal.'®? Our
approach is based on simultaneous WAXS and SAXS measurements with a nano-
focused beam to probe the structural defects and crystallographic orientation of the
supercrystal and the constituting NCs on a local level with dimensions of ~3 pm and 7—

8183 By correlation with diffraction-limited confocal fluorescence

9nm, respectively.!
microscopy and modeling with density functional theory (DFT) we present proof that
compressive strain, a loss of structural coherence and an increasing atomic
misalignment between adjacent nanocrystals at the edges of CsPbBr.Cl NC

supercrystals are responsible for a blueshifted emission and decrease of the fluorescence

lifetimes.
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3.3 Results

We study self-assembled CsPbBr:Cl and CsPbBrs NC supercrystals on glass
substrates (see “Methods” for details on synthesis and self-assembly of NCs). Spatially
resolved photoluminescence spectra of the NC supercrystals under 405 nm excitation in
a confocal laser scanning microscope with a step size of 250nm and 100 nm,
respectively, are shown in Figure 3.1. When approaching an edge of the supercrystal,
we find a continuous blueshift of the emission peak wavelength. This blueshift is
strongest for relatively small (few pm edge length) and highly faceted supercrystals,
where it reaches up to 20meV for CsPbBr.Cl. We observe the same blueshifting
behavior for supercrystals composed of CsPbBrs NCs, although to a lesser extent (up

to 12meV).
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Figure 3.1: a) Optical micrograph of a CsPbBr,Cl NC supercrystal. Positions of the measured
photoluminescence spectra are indicated. b) The corresponding normalized spectra. ¢) Selected
normalized spectra, acquired at the edges and the center of the supercrystal. d-f)
Corresponding data for a CsPbBr; supercrystal.

In Figure 3.2, we display fluorescence lifetime images of self-assembled CsPbBr,Cl
and CsPbBrs supercrystals measured on glass substrates with a lateral resolution of
200 nm under 405 nm excitation. For both supercrystal compositions, we obtain good
fits of the experimental time-resolved fluorescence by pixel-by-pixel monoexponential
reconvolution using an instrument response function acquired on a clean glass coverslip
(Figure S3.2, Figure S3.3). In the case of supercrystals composed of CsPbBr,Cl NCs,
we measure typical fluorescence lifetimes (t) around 2.1 ns in the center which decrease
by approximately 20% when scanning from the center of a supercrystal towards its
edges. Supercrystals composed of CsPbBr; NCs exhibit typical lifetime values around
1.5ns in the center, which shorten by approximately 30% when approaching the edges.
We note that this holds true only for freshly prepared NC supercrystals. After several

days of exposure to air, the trend in the spatially resolved t-values is reversed in that
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such aged supercrystals exhibit longer lifetimes at the edges. However, the overall

blueshift of the fluorescence peak wavelength towards the edges is preserved.
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Figure 3.2: a) Fluorescence lifetime image of a CsPbBr.Cl NC supercrystal obtained by fitting
the experimental time-resolved fluorescence with a monoexponential decay function. b) Fluo-
rescence lifetime values obtained at each pixel inside the supercrystal as a function of the dis-
tance to the nearest edge, where the red line shows the mean value, and the dashed lines indi-
cate the confidence interval of +o. ¢-d) Analogous results for a CsPbBr; NC supercrystal.

To correlate the fluorescence data with the structure of the supercrystals, we carry out
X-ray synchrotron measurements by SAXS and WAXS at PETRA 1II facility
(Hamburg, Germany) (see Figure 3.3 a and “Methods” for details). Using a 400 x 400
nm?> X-ray beam, we perform a spatially resolved scan of a typical CsPbBr.Cl NC
supercrystal on a Kapton substrate. While the results presented here are for one typical

supercrystal, examples of more supercrystals are provided in the Supplementary
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information (Section S3.7). First, all individual patterns are integrated to obtain the
average structure. The averaged background-corrected WAXS and SAXS diffraction
patterns are shown in Figure 3.3 b and 3.3 ¢, correspondingly. The signal in the
WAXS region contains three orders of Bragg peaks from the atomic lattice (Figure 3.3
b), and the SAXS region (shown enlarged in Figure 3.3 ¢) displays several orders of
Bragg peak from the supercrystal. A real-space map of the scan based on the integrated
SAXS intensity at g<2nm™ is shown in Figure 3.3 d. The map represents a square
area, of high intensity corresponding to a single supercrystal. For comparison, we
display a scanning electron micrograph of a similar supercrystal (see the inset in Figure
3.3 a and Figure S3.8) from which we determine an average NC diameter of
7.3+0.4nm and an interparticle distance of 2.54+0.5nm. For strongly faceted
supercrystals, the NC diameter is rather uniform over the whole crystal. For less
faceted supercrystals, occasional ensembles of smaller NCs are found in the vicinity of
the edges. However, the spatial extent of such smaller NC populations is always limited

to ~200 nm (see Section S3.3).
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Figure 3.3: a) Scheme of the X-ray experiment. EIGER X 4M 2D detector is positioned
downstream from the sample. The arrows show the directions Ax and Ay of spatial scanning.

Inset (top right): a SEM micrograph of the CsPbBroCl NC supercrystal. b) Average diffraction

pattern for a supercrystal. Several orders of WAXS and SAXS Bragg peaks from the atomic
and supercrystal structure, respectively, are well visible. The WAXS Bragg peaks are indexed
using pseudo-cubic notation. ¢) Enlarged SAXS region of the averaged diffraction pattern. The
Bragg peaks are indexed according to a simple cubic structure. d) Diffraction map for a scan
based on the integrated intensity of the SAXS diffraction patterns at ¢ < 2 nm™. The pixel size
(the step size) is 500 nm.

The average diffraction pattern in the WAXS region (see Figure 3.3 b) contains four
prominent Bragg peaks, originating from the atomic lattice (AL) of the NCs. Their
radial positions at ¢=10.93nm?, 15.44nm!, and 21.90nm! (see Figure S3.10) can
be attributed to a cubic AL. We note that although a cubic phase for CsPbBr,Cl has
been reported,®® the most stable phase at room temperature is expected to be ortho-
rhombic. Due to the small NC size and the resulting broadening of the Bragg peaks, it

is impossible to distinguish between these two very similar structures. Thus, we use a
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pseudocubic notation to index the WAXS peaks: 110 and 002 orthorhombic peaks cor-
respond to 100ar pseudocubic peak, 112 and 200 — to 110ar, and 220, 004 — to
20041 peaks. The present peaks and their azimuthal positions indicate a primary orien-
tation of the NCs along the [001]ar axis with respect to the incident beam. We find the
unit cell parameter to be aar=0.575+ 0.003 nm, which is in good agreement with pre-
viously reported values for CsPbBroCL!™ From the peak broadening, we extract the
NC size (d) and lattice distortion (g) wusing the Williamson-Hall method
with d=6.84+0.1nm and g=2.3+0.1% (see Section S4). The obtained NC size is in

good agreement with the scanning electron microscopy (SEM) results.

The SAXS pattern in Figure 3.3 ¢ represents the typical 4-fold pattern of a simple cu-
bic lattice oriented along the [001]sc axis with four visible orders of Bragg peaks that
can be attributed to 100sc, 110sc, 200sc, and 210sc reflections of the supercrystal of
NCs. We determine an average unit cell parameter of agc=9.9+0.4nm. Considering
the NC size obtained by SEM, we obtain an interparticle distance of 2.6 4+ 0.4 nm,
which is in good agreement with the SEM result (2.5+0.5nm). All crystallographic
axes of the NCs are aligned with the corresponding axes of the supercrystal (e.g.

[100]ac||[100]sc: and [010]aL||[010]sc), which is consistent with ref. 150,

Analyzing individual SAXS patterns from different locations on the supercrystal, we
find substantial local deviations from the average structure (see Figure S3.12 for ex-
amples of single diffraction patterns). To illustrate this, from the Bragg peak positions,
we extract the basis vectors a; and as, the angle 7 between them, and the average
azimuthal position ¢, which are defined in Figure 3.4 a (see the “Methods” section for
details). As depicted in Figure 3.4 b, the mean unit cell parameter is largest in the
center of the supercrystal with 10.7nm and smallest at the edges with 7.8 nm. Alt-
hough both unit cell parameters a; and a, decrease at the edges (see Figure S3.16, for
separate maps of a; and a, values), we observe that this lattice contraction is aniso-

tropic. The ratio of the in-plane unit cell parameters a/a; differs from unity by +20%
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in such a way that the NC spacing in the directions along the nearest supercrystal
boundary is smaller than normal to it, as shown in Figure 3.4 c. We note that the
mean value (a) = 9.4+0.7nm is slightly smaller than the unit cell parameters ex-
tracted from the average diffraction pattern. We attribute this to the low intensity of
scattering from the supercrystal edges, which reduces their contribution to the average
pattern. We do not observe a clear trend in the size of the SAXS Bragg peaks (see
Figure S3.15, for the maps). The instrumental peak broadening, determined by the
incident X-ray beam size is about 0.015nm™" (full width at half maximum, FWHM).
The observed peak sizes are much larger and vary in the range from 0.05nm™ to

0.2nm!

and, as such, they depend mainly on the superlattice distortion. The charac-
teristic length scale on which this distortion evolves is, most probably, smaller than the
incident beam. Thus, the areas with different lattice parameters simultaneously illumi-

nated by the incident beam lead to the peak broadening.
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Figure 3.4: a) Definition of the geometrical parameters of a superlattice unit cell: the basis
vectors a; and az with the angle y between them, and the mean line M between the basis
vectors at the angle @; b) average unit cell parameter (a) = (a;+a2)/2; ¢) ratio as/a; of the unit
cell parameters along the basis vectors azand a;; d) angle y between the basis vectors a;and a;
e) azimuthal position @ of the mean line M between the basis vectors a;and az. The pixel size
in b-e) is 500 nm.

The angle 7 between the [100]sc and [010]sc axes differs from its average value of ()
= 90+ 6° in a range of 76° to 105° over the whole supercrystal as shown in Figure 3.4
d. Specifically, we find y >90° close to the top and bottom corners of the supercrystal
and ¥y <90° close to the left and right corners. Thus, the angle pointing towards the
corner of the supercrystal is always obtuse. We further calculate the azimuthal posi-
tion @ of the mean line M between the [100]sc and [010]sc axes. This angle can be
interpreted as the azimuthal orientation of the unit cell of the supercrystal. The orien-
tation changes inhomogeneously throughout the superlattice in the range from 72° to
97° as shown in Figure 3.4 e. There is no obvious correlation between the lattice orien-

tation and the spatial position within the sample. Overall, these results suggest that
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the supercrystal is simple cubic on average, but it exhibits substantial local monoclinic

distortions.

We analyze the Bragg peaks in the WAXS region of individual diffraction patterns at
different locations to study the angular orientation of the NCs inside the superlattice.
From the WAXS Bragg peak analysis, we extract the average WAXS intensity ( IaL)

and the azimuthal position ¥ of the [010]aL axis defined in Figure 3.5 a (see “Meth-
ods” section and Section S3.6). In contrast to the intensity of the SAXS Bragg peaks,
the WAXS intensity (I..) decreases towards the edges, as shown in Figure 3.5 b,
indicating an out-of-plane rotation of the NCs that shifts the Bragg peaks slightly out
of the Ewald spherel™. We find that ¥ changes in a wide range from 120° to 142° as
shown in Figure 3.5 ¢ The map of ¥ resembles that of the azimuthal orientation ¢ of
the mean line M, shown in Figure 3.4 e. The 45° offset between the [010]aL axis and
the mean line M indicates the alignment of the [110]a axis with the mean

line M between the [100]sc and [010]sc axes (see Figure S3.23).
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Figure 3.5: a) Definition of the geometrical parameters of the atomic lattice extracted by
fitting of the Bragg peaks; b) mean intensity of the WAXS Bragg peaks (Ilaz) ¢) azimuthal
position ¥ of the 100aL crystallographic axis of the NCs d) FWHM §¥ of the angular disorder
of the NCs around the mean azimuthal position ¥ extracted from the azimuthal FWHMs of
the Bragg peaks by the Williamson-Hall method. The pixel size in b-d) is 500 nm.

From the azimuthal FWHMSs of the WAXS Bragg peaks, we extract the angular disor-
der 0% of the individual nanocrystals at each spatial point by the Williamson—Hall
method as shown in Figure 3.5 d (see “Methods” for details). The disorder is smallest
in the center of a supercrystal (9.9°) and increases to a maximum of 24.0° at the edges.
The mean value of the angular disorder is (J8%¥) = 16.1£2.8°, which is consistent

with previously observed values for similar superstructures./'*-1%3

Despite the fact that the atomic lattice parameter aar is constant within the error bars
throughout the whole supercrystal (see Figure S3.20, for the map of asr), we find a
difference in the radial width of the Bragg peaks at different locations. By the William-

son-Hall method, we extract the lattice distortion g, (the ratio dasr/aac,
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where oaar, is the FWHM of the unit cell parameter distribution around the mean val-
ue aar) at each spatial point (see “Methods” section for details). We find a clear trend
of increasing atomic lattice distortion towards the edges of the supercrystal with a
maximum of 2% at the edge, while it is about 1% at a distance 3 pm into the center, as
shown in Figure 3.6. The trend is even more evident for another supercrystal with par-

ticularly good signal-to-noise ratio of the WAXS intensity (see Figure S3.29).
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Figure 3.6: a) Atomic lattice distortion g, extracted from the radial FWHMs of the WAXS
Bragg peaks by the Williamson-Hall method. The pixel size is 500 nm. b) The same value g,
for each pixel plotted against the distance from this pixel to the nearest edge of the supercrys-
tal. The red line shows the mean value, the dashed lines indicate the confidence interval of +o.

To rationalize the experimental trend of increased fluorescence energies at the edges of
the supercrystal as compared to its center, we carry out density functional modeling of
the system. We consider three individual contributions in this regard. First, we
recognize that the number of nearest neighbors at the surface of the supercrystal is
lower than that in the center, leading to stronger exciton confinement and hence
increased fluorescence energies at the edges. Indeed, our DFT calculations confirm this
trend in Figure 3.7 a, which is consistent with the blueshift of the fluorescence spectra
observed experimentally for the NCs at the edges. “Nearest neighbors” refers here to
adjacent NCs with near-perfect orientational order, that is, a low value of 6% (Figure

3.5 d). A large orientational misalignment (J0%) is likely to have a similar effect on
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nearest-neighbor coupling as a reduced number of nearest neighbors. Second, we
anticipate that the shorter interparticle spacing (Figure 3.4 b) should facilitate better
electronic coupling between the nanocrystals at the edges and, therefore, a decrease in
the optical gap at the edges is anticipated. While this expectation is confirmed
computationally in Figure 3.7 b, we note that it is exactly opposite to what is observed
experimentally in Figure 3.1 b, ¢ (see Discussion section for details). Third, the
supercrystal is compressed at the edges, as evident from Figure 3.4 b. While it is
reasonable to assume that the compressive strain will mostly manifest in a denser
packing of the soft oleylamine/oleic acid ligand sphere of the NCs, we also consider a
partial compression of the hard-inorganic lattice-core. In Figure 3.7 ¢ we calculate the
effect of such compression on the HOMO-LUMO gap (Es,) of the NC. While axial
stress applied to the CsCl-terminated surface of the CsPbBr.Cl particle results in a
steady increase of the optical gap consistent with the experiment, similar stress on the
CsBr-terminated surfaces of both particles are found to both increase or decrease Eg,,

depending on the magnitude of the applied stress.
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Figure 3.7: Computed HOMO-LUMO gaps as a function of a) number of neighboring particles
considered (dimers and tetramers are 0.5 nm apart), b) distance between two adjacent particles,
and ¢) applied axial strain, for both CsPbBr,Cl and CsPbBr; particles. All energies are in eV
computed at PBE/DZVP level of theory.

Overall, our computational modeling suggests that the spectral blueshift of the
fluorescence from the edges of the supercrystal can be caused mainly due to a reduced
NC coordination number at the edges as well as the compressive atomic lattice strain
in some cases, knowing that the third factor—the shorter interparticle distance—works
in the opposite direction, facilitating electronic coupling between adjacent nanocrystals
and decreasing the optical gap. However, since the experimentally measured spectral
shift is seemingly a combination of all three effects discussed above, a fully quantitative
prediction would require more detailed knowledge on their relative contributions as well
as the relative orientation and positions of individual nanocrystals, which are currently

not available.
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3.4 Discussion

When NCs are self-assembled into supercrystals from colloidal solution via slow dry-
ing, the increasing curvature and surface tension of the evaporating solvent invokes
compressive strain on the supercrystal.l®*™1% We hold such a strain responsible for the
observed compression of the unit cell parameter by over 20% of the CsPbBr.Cl NC
supercrystals in Figure 3.4 b. This compression is possible due to the softness of the
oleylamine/oleic acid ligand shell of the NCs, enabling a large decrease of the interpar-
ticle distance by growing interdigitation of adjacent ligand spheres. We note that the
compression occurs gradually over a length scale of many lattice planes (>1pm), mean-
ing that it is not a localized surface reconstruction as commonly observed in atomic
crystals.'! The accompanying loss in the angular correlation of the constituting NCs
with the superlattice fits a scenario where strain in the supercrystal is partially relieved
by forming local structural defects. The comparison of the average (Figure 3.3 ¢) vs.
the local (Figure 3.4) structure of the supercrystal shows that such distortions are in-
deed frequently present. We note that recent work on CsPbBr; NC supercrystals re-

07 Since

ported perfect structural coherence exclusively in the out-of-plane direction.
our experiment is only sensitive to in-plane structural features, the findings here are

not contradictive to that report.

Our results in Figure 3.4 ¢ support the view of Kapuscinsky et al. that strain during

187] In a

the self-assembly is initially isotropic but later becomes increasingly anisotropic.!
simple cubic supercrystal, the preferred direction for anisotropic structural changes to
manifest is the (111) sc¢, which will result in a shear deformation of the ligand

(189

spheres.'®) The expected structure of the supercrystal after this shear deformation is

reasonably resembled by the local structure depicted in Figure 3.4.
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The compression in the supercrystals is not exclusively limited to the soft ligand sphere.
With an interparticle distance of <1nm close to the edges of a supercrystal, the space
for the two ligand spheres of adjacent NCs is so constrained, that the inorganic cores of
the NCs become compressed as well (Figure 3.6). Strain in lead halide perovskite thin
films plays an important role for their optoelectronic properties and application in pho-
tovoltaic devices."™ Our fluorescence and fluorescence lifetime data in Figure 3.1 and
Figure 3.2 suggest that this is also the case for lead halide NC supercrystals. A com-
parison of Figure 3.1 with Figure 3.4 b reveals a strong correlation between the grad-
ual blueshift of the fluorescence peak wavelength and the progressive compression of
the supercrystal. We suggest that the shift by up to 20 meV is the result of three, par-
tially competing phenomena: (1) a loss in structural coherence as well as isoorientation
of NCs (Figure 3.5 ¢,d), (2) a decrease of the interparticle distance (Figure 3.4 b), and
(3) the distortion of the atomic lattices of the NCs (Figure 3.6). Our DFT calculations
in Figure 3.7 a suggest that the first effect should be associated with a significant
blueshift of the fluorescence due to reduced coupling, consistent with a previous report
about the importance of structural coherence for electric transport in supercrystals.!®
While the second effect can only lead to a redshift (Figure 3.7 b), the third effect is

also shown to invoke a blueshift for specific facets or magnitudes of strain (Figure 3.7

c).

With reference to several studies on CsPbBr; NCs which reported a redshifted fluores-
cence after assembly into supercrystals, we note that the resultant peak wavelength
may further be affected by the concomitant changes in the dielectric environment, ag-

164191195 However, most of

ing, miniband formation as well as cooperative emission.!
these observations were made under markedly different conditions, such as low temper-
ature, prolonged exposure to air, or self-assembly at the liquid/gas interface, which

may be the reason that they are not a dominating factor in our study.
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We note a previous report on the spatially resolved fluorescence of CsPb(Iy2sBror)s NC
supercrystals with a similar fluorescence blueshift between the center and the edge.*
As a main conclusion, gradual release of I, gas under intense laser illumination led to
the blueshift since lead bromide perovskites exhibit a larger bandgap than the corre-
sponding lead iodide perovskites. The authors argued that the I, loss commenced from
the edges towards the center, which would explain the spatial fluorescence variations.
In CsPbBr:Cl however, this mechanism is not easily applicable since the reduction po-
tential of Br  is much lower than that of I'. In line with this, CsPbBr; NC supercrys-
tals without a halide mixture show a similar blueshift, indicating that a change in the

mixed halide composition is not required to observe the effects reported here.

The decrease of the fluorescence lifetime in Figure 3.2 is also strongly correlated with
the gradual compression of the supercrystal towards the edges. Moreover, many super-
crystals exhibit particularly decreased lifetime values at the corners, which bears simi-
larities with the anisotropic changes in the lattice spacings in Figure 3.4 ¢, highlighting
again the correlation between structural and optical properties. We speculate that the
increased atomic lattice distortion and loss of structural coherence near the edges of the
supercrystals result in a reduced stability of the excited state of the emitting NCs. This
view is supported by the decreased radiative lifetime values from these locations as well
as previous reports on the fluorescence lifetime at grain boundaries of large organic-

9195 Tn view of the currently pursued application of lead halide

inorganic pervoskites.!!
NC supercrystals as superfluorescent emitters,*'% this would imply that bright and
coherent emission originates from the center of the supercrystals as long as they are
freshly prepared. Conversely, for aged CsPbBr,Cl NC supercrystals, the lifetimes are

longest at the edges, which points to an increased stability of the excited state, poten-

tially due to the formation of a protective oxide shell .1

As an alternative explanation for the spatial differences in the fluorescence (-lifetime)

in the supercrystals, we also consider a photon propagation effect, that is, multiple
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emission and (re-)absorption events, which become more likely with increasing thick-
ness of the emitter material.'”!! Therefore, reabsorption should occur predominantly in
the center of the supercrystals but not at the edges. This effect results in an overall
redshift of the fluorescence and an increase of the fluorescence lifetime, which would be

9198 Moreover, we would expect the absolute

in line with the observations in this work.!
fluorescence intensity per emitter to be lower for an area with frequent reabsorption
events and the time-resolved fluorescence decay to be increasingly multiexponential due
to the non-radiative losses and multi-step nature of the photon propagation effect.
However, we find the fluorescence decay to be monoexponential (Figure S3.2 ¢
andFigure S3.3 ¢) and the fluorescence intensity to be highest in the center, from
where it gradually decreases toward the edges (Figure S3.6 b andFigure S3.7 b). This
decrease extends over a much larger distance than the flattening of the edges which we
occasionally observe on less facetted supercrystals (Figure S3.9 ¢), such that the high
fluorescence intensity in the center cannot be a mere thickness effect. We note that we
would expect a negative correlation between the fluorescence intensity with its corre-
sponding lifetime if reabsorption was dominant in the supercrystals, but we do not find
such a correlation in our data (Figure S3.6 f andFigure S3.7 f). In summary, given the
relatively high fluorescence quantum yield of lead halide perovskite NCs, reabsorption
is likely to partially contribute to the spatially varying optical properties of supercrys-

tals thereof,™ but our data is inconsistent with it as the dominant cause.

In conclusion, supercrystals of lead halide perovskite NCs self-assembled from solution
exhibit a loss in structural coherence, an increasing atomic misalignment between adja-
cent NCs, and compressive strain near their surfaces. These structural distortions are
strongly correlated with a blueshifted fluorescence and decreased radiative lifetimes.
We note that structural distortion and surface defects have been shown to strongly

affect the fluorescence properties in atomic crystals, such as transition metal dichalco-
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genides.! I The structure-fluorescence correlations in supercrystals revealed here are

thus another example for the analogy between atoms and NCs as so-called quasi-atoms.
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3.5 Methods

Chemicals

1-Octadecene (ODE), technical grade, 90%, Sigma Aldrich; Oleic acid (OA), 97%,
Acros Organics; Oleylamine (OAm), 80 - 90%, Acros Organics; Caesium carbonate
(Cs2C0O3), 99.99% (trace metal basis), Acros Organics; Lead(II)chloride (PbCl2),
99.999% (trace metal basis), Sigma Aldrich; Lead(II)bromide (PbBr2), 298%, Sigma
Aldrich; Toluene, 99.8%, extra dry, AcroSeal, Acros; Tetrachloroethylene (TCE), 299%,
Acros Organics; Kapton® polyimide membranes (125 pm thickness) were purchased
from DuPont; Si/SiOx wafers (200 nm SiOx thickness) were purchased from Siegert

Wafer GmbH. All chemicals were used as purchased.

Preparation of Cs-oleate

203.5 mg Cs,CO; (0.625 mmol) was loaded into a 25 mL three-neck flask along with 10
mL 1-octadecene and 0.625 mL oleic acid, dried for 1 h at 120 °C and then heated to
150 °C under nitrogen atmosphere until all Cs,COs reacted with oleic acid. The mix-

ture was kept in a glovebox and heated to 110 °C before injection.

Synthesis of CsPbX3 nanocrystals

CsPbX3; NCs were made by a hot-Injection synthesis using a modified literature meth-
od.?’ To synthesize 9 nm CsPbBrs or 7 nm CsPbBr,Cl NCs, 138 mg (0.38 mmol)
PbBr; or 92 mg (0.25 mmol) PbBr2 and 35 mg (0.125 mmol) PbCl, were degassed in

10 mL ODE in a 25 mL three- neck flask under reduced pressure at 120 °C for 2 h.
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Then, 1 mL of dried oleylamine (OAm) and 0.5 mL of dried oleic acid (OA) were in-
jected at 120 °C under nitrogen atmosphere with continuous stirring and the reaction
mixture was heated to 160 °C. After the solubilization was completed, 0.8 mL of a pre-
viously prepared solution of Cs-oleate in ODE (0.125 M) was swiftly injected, and the

reaction mixture was cooled to room temperature using an ice-bath.

Isolation and purification of CsPbXs nanocrystals

CsPbXs NCs were collected by centrifuging the suspension (7000 rpm, 10 min), decant-
ing the supernatant, and collecting the precipitate. The precipitate was centrifuged
again without addition of a solvent (7000 rpm, 5 min), and the resulting supernatant
was removed with a syringe, to separate the traces of residual supernatant. The precip-
itate was dissolved in 2 mL hexane and centrifuged again (2500 rpm, 5 min) to remove
aggregates and larger particles. The resulting supernatant was filtered through a 0.2
pm PTFE syringe filter and stored as stock solution inside of a glovebox with a typical-

ly concentration of 16 mM following Maes et al.l*!

Self-assembly of NC superlattices

For the growth of supercrystals, different substrates (Si wafer, Kapton, glass) were
used, depending on the desired experiment. The self-assembly experiment was set up in
a glass Petri dish (with a 60 mm diameter), for this purpose three substrates each were
placed in such a Petri dish together with a PTFE-lid filled with 1 mL tetrachloroeth-
ylene. To each of these substrates, 40 pL of a 1 — 3 mM solution of the perovskites in
TCE was added. The lid of the Petri dish was closed, covered with aluminum foil, and
allowed to stand for 24 h. After that, the lid was opened and left for another 5 h to dry
completely. All self-assembly preparations were performed under inert atmosphere. The
more monodisperse the size distribution of the perovskites, the better the resulting su-

perlattices
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Spatially resolved optical measurements

All spatially resolved optical measurements were performed using a home-built inverted
confocal laser scanning microscope. The measurements were performed on glass sub-
strates utilizing a high numerical aperture oil immersion objective (NA = 1.4) and a
405 nm pulsed diode laser (Picoquant LDH P-C-405) with variable repetition rates
(Picoquant PDL 800-D laser driver) as the excitation source. Under these conditions
the lateral resolution of the instrument is approximately 200 nm. A single photon ava-
lanche diode (MPD PDM Series) was used in conjunction with the Picoquant Hydra-
Harp 400 as a time-correlated single photon counting system to detect time-resolved
fluorescence. Time-resolved data acquisition and analysis was performed using
Picoquants SymPhoTime 64 software package. The spectral data was recorded using an
Acton Spectra Pro 2300i spectrometer with a 300 grooves/mm grating. The detector

temperature (Princeton PIXIS CCD) was kept steady at —45 °C.

X-ray diffraction experiment

The nano-diffraction experiment was performed at the Coherence Applications beam-
line P10 of the PETRA III synchrotron source at DESY. An X-ray beam with the
wavelength 4 = 0.0898 nm (E = 13.8 keV) was focused down to a spot size of approx-
imately 400 x 400 nm? (FWHM) with a focal depth of about 0.5 mm at the GINIX
nano-diffraction endstation.? The two-dimensional detector EIGER X 4M (Dectris)
with 2070 x 2167 pixels and a pixel size of 75 x 75 um? was positioned 412 mm down-
stream from the sample. The detector was aligned ~6 cm off-center in both directions
normal to the incident beam to allow simultaneous detection of SAXS and WAXS. We
performed a spatially resolved scan of the sample on a Kapton substrate by 25 x 25
spatial points with 500 nm step size and collected 625 diffraction patterns in transmis-

sion geometry. The exposure time was set to 0.5 s to prevent radiation damage of the
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sample. The background scattering pattern from a pure Kapton film was subtracted

from every collected pattern.
Bragg peak analysis

Each diffraction pattern was interpolated onto a polar coordinate grid with the origin
at the direct beam position. The radial profiles were obtained by averaging along the
azimuthal coordinate. To extract parameters of the WAXS and SAXS Bragg peaks
separately, we fitted each of them by the 2D Gaussian function

Iy 1—¢> ¢—¢°
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where I)is the integrated intensity, qo and @, are the radial and azimuthal central
positions, and o, and oy are the corresponding root mean square (rms) values. The
FWHMs of the Bragg peaks were evaluated according to relations: w, = 2v/2In2 7,
and w,, = 2v/2In2 o,. The fitting was done in the appropriate region of the polar

coordinates with a single isolated Bragg peak.

For the SAXS peaks, the parameters were pairwise averaged for the corresponding
Friedel pairs of the Bragg peaks to improve statistics. The resulting momentum trans-
fer values and angles were used to calculate the real-space parameters of the unit cell:
the length of the basis vectors a; and a», the angle y between them and the average
azimuthal position @ counted counterclockwise from an arbitrary horizontal axis (see

Supplementary Materials for details).

For the WAXS peaks, we calculated an average Bragg peak intensity IAL and the azi-
muthal position ¥ of the [010]a. axis. To obtain the average azimuthal position ¥, we
averaged all four azimuthal positions for 010ar, 02041, 110ar, and 100a; Bragg peaks,
but corrected the last two values by +45° and —45°, respectively. We used the Wil-

203

liamson—Hall method?” to analyze the size of the WAXS Bragg peaks at each spatial
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point of the supercrystal. The FWHM of the Bragg peak is determined by the NC size

and the lattice distortion as follows:

2

2K
Wy 4 =

T) +(9,.,9)% (3-1)

where w,,is the FWHM of the Bragg peak at g in radial or azimuthal direction,
respectively, L is the NC size, g,, is the radial or angular lattice distortion of the
atomic lattice, respectively, K is a dimensionless shape parameter that is about 0.86 for
cubic NCs.?™™ The radial lattice distortion g, calculated from the radial FWHM wq is
equal to the ratio da,r/as;, where da,; is the FWHM of the unit cell parameter
distribution around the mean value a,;. The angular lattice distortion g, calculated
from the azimuthal FWHM w, is equal to the FWHM 6% of the angular distribution of
the NCs around their average azimuthal position #. For the spatially resolved analysis
of the FWHMSs, the NC size L was fixed at the value, obtained from the average radial

profiles. For details of the analysis, see Supplementary materials.
Scanning electron and atomic force microscopy

SEM imaging of supercrystals on Si/SiOx devices was performed with a HITACHI
model SU8030 at 30 kV. To estimate the thickness of micro-crystals, samples were tilt-
ed by 45° with respect to the incoming electron beam. AFM investigations were con-

ducted with a Bruker MultiMode 8 HR in contact mode.

Density functional theory calculations

All computations are performed using the CP2K 5.1 program suite using the Quickstep

205

module.? The PBE exchange correlation functional,?* a dual basis of localized Gauss-

ians and plane waves (GPW)®7 with a 350 Ry plane-wave cutoff, double-{ basis-set

67



augmented with polarization functions (MOLOPT variant)®, and GTH pseudopoten-
tials® for core electrons are used for all calculations. The van der Waals (VDW) in-
teraction was accounted for by employing Grimme’s DFT-D3 method.?”) SCF conver-

gence criterion was set at 107% for all calculations.

Initial geometries of CsPbXs (X = Cl, Br) nanocrystals were obtained by cutting small
cubes (~2.4nm) from the bulk, exposing the CsX layer at the surface and maintaining
overall charge neutrality of the particle.?! All structures were then optimized in vacu-
um using the BFGS optimizer imposing non-periodic boundary conditions with a wave-

9

let Poisson solver,2? setting a maximum force of 5meV - A~ (10* hartree/bohr) as
convergence criteria. For these non-periodic systems, axial strain was simulated by fix-
ing the length of one side of the cube. If the relaxed cubic nanocrystal has side length a
X b x ¢, and stress is to be applied along the zdirection, “¢” is fixed at some ¢’ by
constraining the z coordinates of both the top and bottom surface-atoms along the z-
direction, with all other coordinates of all atoms relaxed. % Strain is reported as
(¢’ — ¢)/c x 100%. For calculations involving dimers and tetramers, 2/4 monomers
were explicitly considered, but periodic boundary condition was imposed with at least

10 A vacuum above the surface of the nanocluster to avoid spurious interaction with its

periodic image.
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Section S3.1 Optical absorption and fluorescence of CsPbBr,Cl and CsPbBr;

nanocrystals in solution

Abs. (arb. units) Int. (arb. units) Abs. (arb. units) Int. (arb. units)
<— 460.4nm [ 1.0 512.6nm — r1.0
0.41 0.31
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0.2 1
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Figure S3.1: a) Absorption and emission spectrum of CsPbBr,Cl NPs dispersed in Toluene. b)
Absorption and emission spectrum of CsPbBr; NPs dispersed in Hexane.

Optical measurements were performed on a UV-vis-NIR spectrometer (Agilent Tech-
nologies, Cary 5000) and a fluorescence spectrometer (PerkinElmer FL8500). All spec-
tra were acquired under ambient conditions in Toluol at room temperature (25 °C) in a

cuvette of 1 cm pathlength.

Section S3.2 Fluorescence lifetime imaging

A fast fluorescence lifetime imaging microscopy (fast FLIM) image is recorded by scan-
ning the excitation laser over an area of interest while recording the time-resolved fluo-
rescence in the form of a time-correlated single photon counting (TCSPC) histogram at
each pixel. The fast lifetime hereby obtained for each pixel is to be understood as the
mean photon arrival time after the excitation laser pulse and therefore includes the
time the light takes to travel through the instrument. The histogram of the excitation
pulse is called the instrument response function (IRF) and was directly measured by
the means of scattered light from a clean glass substrate. The physical decay of the

sample is obtained by fitting the experimental decay curves recorded at each pixel by
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employing the IRF in an n-exponential reconvolution with a maximum likelihood esti-

mation method employed for fit optimization.

For both compositions of the investigated self-assembled supercrystals, good results
were obtained by fitting a monoexponential reconvolution to the experimental decay
curves. Exemplary fits for the center pixels in the FLIM images of the self-assembled
supercrystals composed of CsPbBr,Cl NCs and CsPbBr; NCs are depicted in Figure

S3.2 and Figure S3.3, respectively.
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Figure S3.2: For each pixel of the FLIM images the fluorescence intensity is encoded on a
brightness scale while fast lifetimes and fluorescence lifetimes are displayed in RGB false color.
a) Fast FLIM image of a self-assembled CsPbBr,Cl supercrystal and b) the corresponding fit-
ted FLIM image obtained through a pixel-by-pixel monoexponential reconvolution. ¢) The ex-
perimentally acquired IRF as well as an exemplary decay curve of a pixel in the center of the

supercrystal and its corresponding monoexponential fit.
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Figure S3.3: For each pixel of the FLIM images the fluorescence intensity is encoded on a
brightness scale while fast lifetimes and fluorescence lifetimes are displayed in RGB false color.
a) Fast FLIM image of a self-assembled CsPbBr; supercrystal and b) the corresponding fitted
FLIM image obtained through a pixel-by-pixel monoexponential reconvolution. ¢) The experi-
mentally acquired IRF as well as an exemplary decay curve of a pixel in the center of the su-

percrystal and its corresponding monoexponential fit.
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Figure S3.4: a) Region of interest (ROI) FLIM image of the intermediate area of the CsP-
bBr,Cl supercrystal depicted in Fig. S2. b) The occurrence of the t-values associated with the
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monoexponential decay throughout the ROI FLIM image. This ROI FLIM image demonstrates
that the decrease of the =values when scanning from the center of the supercrystal towards its
edges is rather gradual. The “step-like” decrease that Figure S3.2 seems to imply is due to the
chosen RGB color- scaling.

Section S3.2.1 Determining the shortest euclidean distance to the supercrystal edge

for each pixel

The first step in the analysis is differentiating between the pixels located inside and
those located outside of the supercrystal. This was achieved by assigning the lifetime
value 0 to each pixel for which the measured fluorescence intensity is less than half the
maximum recorded fluorescence intensity. Because the transition between the inside
and the outside of the supercrystal is characterized by a steep drop in the recorded flu-
orescence intensity, all pixels inside the supercrystal are unaffected and keep their non-
zero lifetime value, while all pixels outside of the supercrystal are assigned the lifetime
value 0. The masking process for the CsPbBr.Cl supercrystal is depicted in Figure S3.5.
The pixel-to-edge distance for all pixels inside the supercrystal is then the shortest dis-
tance between a pixel with a non-zero lifetime value and a pixel with the associated
lifetime value 0. The free Python machine learning library Scikit-learn was employed

for the actual calculations.
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Figure S3.5: For each of the 200x200 pixels the fluorescence lifetime a) as well as the fluores-
cence intensity b) are recorded. c¢) Result of assigning the lifetime value 0 to all pixels for
which the recorded fluorescence intensity is less than half the maximum recorded fluorescence
intensity. All pixels inside the supercrystal remain unaffected and keep their non-zero lifetime
value as determined by the measurement.

Section S3.2.2 Concerning the influence of reabsorption / photon recycling

The reabsorption and subsequent reemission of photons is discussed as a factor con-
tributing to the commonly observed redshifting of the photoluminescence of perovskite

WL One could reasonably speculate

nanocrystals when assembled into supercrystals.!
that the effect of such a material geometry dependent photon recycling process is not
constant throughout the supercrystal, but that the thinning toward the edges of a not
entirely homogenous supercrystal results in an outwardly decreasing influence of reab-
sorption. It stands to reason that areas with higher rates of reabsorption exhibit lower
emission intensity, red-shifted photoluminescence, and an increased PL lifetime.

If the spatially resolved optical response of the investigated supercrystals were
dominated by changes in the photon propagation due to the supercrystal geometry, we
would expect an increase of the PL intensity towards the edges, which would be
anticorrelated with a decreasing PL lifetime. The non-normalized single spectra

depicted in Figure S3.6 a, b and Figure S3.7 a, b for a CsPbBr; and a CsPbBr.Cl

supercystal respectively, show that for a typical supercrystal the PL decreases when
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scanning towards its edges. Furthermore, Figure S3.6 f and Figure S3.7 f show that
there is no clear correlation between the PL intensity and lifetime measured at each
pixel for both superlattice compositions. While likely playing an important role in the
photophysics of supercrystals, the spatially resolved optical data presented here does

not show effects that we would associate with changes in the overall reabsorption.
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Figure S3.6: a) Positions of photoluminescence single spectra, acquired on a CsPbBrs super-

crystal. b) The corresponding spectra. ¢) Selected spectra, acquired at the edges and the center
of the supercrystal. d) Fluorescence lifetime image of a CsPbBr; NC supercrystal obtained by
fitting the experimental time-resolved fluorescence with a monoexponential decay function. e)
Fluorescence lifetime values obtained at each pixel inside the supercrystal as a function of the
distance to the nearest edge, where the red line shows the mean value, and the dashed lines
indicate the confidence interval of +o. f) Fluorescence lifetime values obtained at each pixel
inside the supercrystal as a function of the corresponding pixels PL intensity.
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Figure S3.7: a) Positions of photoluminescence single spectra, acquired on a CsPbBr.Cl super-
crystal. b) The corresponding spectra. ¢) Selected spectra, acquired at the edges and the center
of the supercrystal. d) Fluorescence lifetime image of a CsPbBr,Cl NC supercrystal obtained by
fitting the experimental time-resolved fluorescence with a monoexponential decay function. e)
Fluorescence lifetime values obtained at each pixel inside the supercrystal as a function of the
distance to the nearest edge, where the red line shows the mean value, and the dashed lines
indicate the confidence interval of +o. f) Fluorescence lifetime values obtained at each pixel
inside the supercrystal as a function of the corresponding pixels PL intensity.
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Section S3.3 Electron microscopy of CsPbBr,Cl supercrystals

5

Figure S3.8: a) SEM micrograph of self-assembled supercrystals of CsPbBr,Cl NCs. The NC
diameter is rather uniform over the whole crystal (7.340.4 nm), as indicated by the high-

resolution micrograph of an edge b) and a corner c). The inset of ¢) corresponds to the FFT of
the corresponding micrograph, indicating a homogeneous four-fold symmetry of the NC ar-

rangement.
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Figure S3.9: a) Distribution of the diameter of the CsPbBr,Cl NCs, measured by SEM. The
mean value is 7.3+£0.4 nm (size distribution of ~5%). b) SEM micrograph of the corner of a less
faceted supercrystals occasionally featuring NCs of smaller size. The spatial extent of this
subpopulation is limited to ~200 nm from the edges, indicated by the blue arrows. ¢) 3D AFM
map of a supercrystal on a Kapton membrane. d) SEM micrograph of three supercrystals on a
Si/SiOx wafer under a view angle of 45°. Typical supercrystal thicknesses of 580+120 nm can
be observed.
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Section S3.4 Atomic structure of the constituting CsPbBr,Cl NCs

The azimuthally averaged WAXS intensity calculated for the mean pattern for a su-
percrystal is shown in Figure S3.10. There are three prominent peaks originating from
the atomic lattice of the CsPbBr.Cl NCs. The peaks can be attributed to 10041, 11045
and 20041, reflections of a cubic superlattice. The peaks at q ~ 24.5 nm™ can be at-
tributed to 210ar reflection which is only partially covered by the detector. The struc-
tured background in the range of ¢ = 17-20 nm™ is from the Kapton film. It cannot
be fully subtracted due to the anisotropy of scattering from the Kapton film in differ-
ent spatial point of the scanned area. The peaks were simultaneously fitted by three

Gaussian functions:

Iq :} —exp [—7] (S 3.1)

where I; is the integrated intensity, giis the momentum transfer and w; = 2v/2In20; is
the FWHM of the i-th Bragg peak. The peaks are at qio = 10.93040.005 nm,
o = 15.44240.002 nm™ and gow = 21.90040.003 nm™ giving the unit cell parameter
aar = 0.57440.001 nm. The errorbars are the fitting errors. One should note that the
expected atomic lattice structure for caesium lead halide perovskites at room tempera-

184 However, the deviation of the unit cell parameters of such or-

ture is orthorhombic.!
thorhombic lattice from a cubic lattice is < 2%. We are not able to resolve the peaks
of the same order with so small separation due to the size-dependent Scherrer broaden-
ing of the Bragg peaks. Thus, we used the pseudocubic indexing of the Bragg peaks,

where the 1004, index corresponds to 110ar and 00241 reflections of the orthorhombic

structure, the 110ar — to 200ar and 11241, the 20041, — to 22041 and 004 .
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Figure S3.10: Azimuthally averaged intensity profile in WAXS region (red line) and Gaussian
fitting including three peaks (blue line). The peaks are indexed according to a pseudocubic
structure.

The FWHMs of the peaks extracted by the fitting are win = 0.736+0.011 nm™,
wip = 0.784+0.004 nml, wyy = 0.8564+0.08 nm™'. We analyzed the FWHMs of the
peaks by the Williamson-Hall method.?™ According to the method, the FWHMSs of the
Bragg peaks are defined by two factors: the size of coherently scattering domain L and
the lattice distortion g (the ratio daar/aar of the FWHM &aar of the unit cell parameter

distribution around the mean value asr). If we assume that the coherently scattering

2
w? g = (?) + gq 2, (S 3.2)

domain is a NC, the Williamson-Hall equation can be written as follows:

where w(q) is the FWHM of the Bragg peak at momentum transfer g, K — a dimen-

sionless shape factor, L — the NC size and g — the lattice distortion.

The first term is the pure Scherrer broadening, where the shape factor K is about 0.85

24 One should note, the size of

for the reflections of low orders for a cubic crystallite.!
coherently scattering domain can be bigger than a single NC if there are perfectly
aligned NCs scattering coherently to the same direction. However, the fact that the

WAXS Bragg peaks are much broader in the azimuthal direction than in the radial
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(see the main text for the WAXS pattern), indicate a high degree of angular disorder of

the NCs (will be discussed below) leading to low probability of such a scenario.

To extract the NC size L and the lattice distortion g, we fitted the experimentally ob-
tained FWHMs and g-values for the present 10041, 11041 and 2004;, peaks with Equa-
tion (S 3.2) as shown in Figure S3.11. The resulting parameters are L = 6.8£0.1 nm
and g = 2.34+0.1%. The resulting NC size L is even smaller than the size
Lspv = 7.3£0.4 nm obtained from SEM measurement that indicates the correctness of
the assumption that the coherently scattering domain consist of a single NC. The
smaller size can be explained by the lattice twinning inside the NC leading to smaller

domains and by the limits of the method.

1.2
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Figure S3.11: Williamson-Hall plot for the radial FWHM values of the WAXS Bragg peaks.

The red points are experimental values, the blue straight line is the best fit.

Section S3.5. Local superlattice structure

The single SAXS diffraction patterns at different spatial points of the supercrystal are
quite different from the average diffraction pattern shown in Figure 3.3 ¢ in the main
text. Examples of the single patterns are shown in Figure S3.12. Clearly, the Bragg
peaks do not maintain their positions in both radial and azimuthal directions and

change their shape from point to point.
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Figure S3.12: a) SAXS intensity-based map of the sample. The pixel size is 500 nm. b) — d)
Examples of single SAXS diffractions patterns collected at the points indicated in panel a).

To study dependence of their parameters on the spatial position within the sample, we
evaluated each single diffraction pattern separately. We fitted each of the first order

Bragg peaks in the SAXS region by the Gaussian function:

1 g—q, 2 w—uw, 2
I _ 0 _ 0o 0
¢ 2700, ex 202 202 |’ (S3.3)

where I, is the integrated intensity, qoand w, are the radial and azimuthal positions,
w, = 2v2In20 and w,, = 2v/2In20,, are the corresponding FWHMSs of the Bragg peak.
The fitting was done in the appropriate region of the polar coordinates with single iso-

lated Bragg peak.

There are two Friedel pairs of the Bragg peaks corresponding to reflections from the
(100)s. and (010)s1, superlattice planes. Counting from the right-pointing horizontal axis,

the 1 and 3' peaks correspond to the (100)s; plane and the 2™ and 4™ — to the (010)s.
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plane. We averaged the intensities, the radial and azimuthal positions and the FWHMs
within each pair to get more reliable characteristics of the superlattice planes. The az-
imuthal coordinates of the 3™ and 4" peaks were corrected by -180° prior to the averag-
ing. Finally, we have two sets of the characteristics defined in Figure S3.13 a. The re-
ciprocal space coordinated were converted into the coordinates of the real-space basis

vectors a; and as.

The azimuthal positions are converted into real space as follows:

Py = wy +90° (S 3.5)

The nearest-neighbor distances a; and a2 are calculated as:

2

4, = —— (S 3.6)
gy -siny

g 2 (S 3.7)

2 gy -siny

We also used additional azimuthal coordinates that are the azimuthal position of the

mean line M between the a; and as:

:<P1+902
2

(S 3.8)
and the angle y between the real space basis vectors a; and as, calculated as:

Y= (83.9)

The definition of the real space coordinates is shown in Figure S3.13 b.
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Figure S3.13: a) Scheme of the SAXS diffraction pattern from the superlattice. Only the first
order Bragg peaks are shown. Two pairs of Bragg peaks are at momentum transfer values ¢
and @ and azimuthal positions @ and @», respectively. b) Scheme of the real space unit cell of
the superlattice. The nearest neighbors are at distances a; and a, with azimuthal positions ¢
and @, respectively. The mean line M between a; and as is at azimuthal position ¢. The angle
between a; and a» is equal to 7.

The extracted intensities I, and L of the Bragg peaks are shown in Figure S3.14 a,d.
The scattering areas basically coincide except the upper and right corners. Vanishing of
the 1*" Bragg peak possibly indicates out-of-plane rotation of the SL on these supercrys-

tal edges as soon as such rotation bring the peak out of the Ewald sphere.

The extracted momentum transfers qi and @ associated with the superlattice plane
spacings are shown in Figure S3.14 b,e. As it is clear from the figure, the momentum
transfers grow on the edges of the supercrystal. It indicates contraction of the superlat-

tice that is thoroughly discussed in the main text as well as its anisotropy.

The extracted azimuthal positions w; and wy are shown in Figure S3.14 c,f. They
clearly indicate rotation of the superlattice around the incident beam (normal to the

substrate). The rotation is also discussed in the main text.
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Figure S3.14: Mean extracted parameters: a, d) intensities, b, €) momentum transfer values
and ¢, f) azimuthal positions of a — ¢) the 1*" and 3" and d — f) the 2™ and 4™ Bragg peaks.
The azimuthal positions are counted counterclockwise from a horizontal axis pointing to the
right. The azimuthal position of the 3'* and 4™ were corrected by -180° before averaging with
their counterparts. The pixel size is 500 nm.

The extracted FWHMs in the radial direction wy and wg are shown in Figure S3.15
a,c. Interestingly, in contrast to the momentum transfer values ¢; and @, the main de-
viations in FWHMs happen on the edges to which the crystallographic axes are per-
pendicular. This means lower dispersion in the superlattice plane separation normal to

the edge of the supercrystal.

The extracted FWHMSs in the azimuthal direction ww and we are shown in Figure
S3.15 b,d. There is no clear trend in the behavior of these parameters in respect to the
spatial position inside the supercrystal. But most of the point having high FWHM val-
ues are located in the middle of the supercrystal, indicating higher dispersion of the
angle y between the lattice vectors ai and a; as well as of the superlattice orientation

angle ¢.
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Figure S3.15: Mean extracted FWHMs in a, c) radial and b, d) azimuthal directions of a,b)
the 1*" and 3" and c¢,d) the 2" and 4™ Bragg peaks. The pixel size is 500 nm.

The calculated lengths of the lattice vectors a; and a, are shown in Figure S3.16. The
distance between the adjacent NCs decrease in both directions on the edges of the su-
percrystal, but the effect is higher in the direction parallel to the nearest supercrystal
edge. For example, in the point 1 in Figure S3.16, the distance along a;, which is
pointing to the top-right parallel to the nearest edge, is smaller than along as, which is
normal to the nearest edge. On the contrary, in the point 2, where a, is parallel to the
nearest edge, the distance along this direction is smaller than along a;. The anisotropy
of the lattice shrinkage is better visible on the map of the as/a; ratio that is shown and

discussed in the main text.
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Figure S3.16: Maps of the calculated lengths of the lattice vectors a; and a,. The points
1 and 2 are discussed in the text. The pixel size is 500 nm.

Section S6. NCs orientation inside the SL

In WAXS region, there are four Bragg peaks present on most of the diffraction pattern,
as shown on the average one in Figure S3.17. Analogous to the SAXS analysis, we fit-
ted each of the peaks separately for each spatial point within the sample with the 2D

Gaussian functions (Eq. (S 3.3)).

Figure S3.17: Average WAXS diffraction pattern with four prominent Bragg peaks. The index-
es are given for pseudocubic atomic lattice oriented along [001] axis.

The intensities of the Bragg peaks extracted this way are shown in Figure S3.18. 0104r,
020aL, 110ar and 1104, peaks are detected in the spatial points within the supercrystal,
though lower intensity of the WAXS reflections did not allow detecting them on the
very edges. The 01041 reflection is registered on even smaller area, because it has the

lowest intensity among the peaks.
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The intensities are not uniform within the supercrystal that can indicate different
thickness of the sample or slight out-of-plane rotation of the NCs. The intensities of
010aL, 020ar and 110ar reflections change the same way, while the intensity of 110,
reflection stay almost constant. The inhomogeneous thickness would lead to the similar
changes in intensities of all reflections, thus, the change most likely is due to the out-
of-plane rotation of the NCs. The constant intensity of 110,; reflection indicates that
the rotation happens around an axis close to the [110],; one. The changes in intensity
of 010ar and 02041, reflections are qualitatively similar to the changes in intensity L of
010s;, reflection (see Figure S3.14 d) that indicates simultaneous rotation of the NCs
and SL keeping their mutual orientation. The changes in SAXS intensity are smaller

due to lower effect of the Ewald’s sphere curvature.
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Figure S3.18: Extracted intensities of the WAXS Bragg peaks: a) 010ar, b) 02041, ¢) 1104 and
d) 1104r. The pixel size is 500 nm.

The mean extracted momentum transfer values are quo = 10.87£0.05 nm™,

quo = 10.85£0.05 nm*, ¢;;, = 10.91+0.03 nm™?, qu = 21.86£0.04 nm™, that is in a
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good agreement with the values obtained from the average radial profiles discussed
above in Section S3.5. The errorbars here represent the standard deviation of the val-
ues across the sample. The momentum transfer values do not depend on the spatial
position on the sample, as shown in Figure S3.19. The deviation is due to the noise

together with the low intensities of the peaks themselves.
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Figure S3.19: Extracted momentum transfers of the WAXS Bragg peaks: a) 0104, b) 02041, ¢)
1104 and d)1104c. The pixel size is 500 nm.

The calculated from the g-values unit cell parameter is shown in Figure S3.20 a. It
does not change within the supercrystal and remains constant at the value of
aar = 0.5764+0.002 nm. To better visualize the change in the unit cell parameter, we
plot the values for each pixel against the distance of this pixel to the nearest supercrys-

tal edge in Figure S3.20 b.
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Figure S3.20: a) Calculated unit cell parameter as. of the pseudo-cubic atomic lattice of the
NCs and b) the same value for each pixel against the distance from this pixel to the nearest
edge of the supercrystal. The red line shows the mean value, the dashed lines indicate the con-
fidence interval of +o. The pixel size in a) is 500 nm.

The FWHMSs in radial direction, shown in Figure S3.21, do not show any correlations
with the spatial position on the sample as well. The mean values are
weoro = 0.73+£0.10 nm?,  weno = 0.75+0.09 nm™, w, 3, = 0.73£0.07 nm™  and
Wao0 = 0.85+0.11 nm, that is in good agreement with the values from the average
radial profile discussed above in Section S3.4. The errorbars here represent the

standard deviation of the values across the sample.
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Figure S3.21: Extracted radial FWHMs of the WAXS Bragg peaks: a) 010aL, b) 020aL, c)
11041, and d)110ar. The pixel size is 500 nm.

We used the radial FWHMs to extract the atomic lattice distortion of the NCs by the
Williamson-Hall method (Eq. (S 3.2)). The lattice distortion g, (the ratio daar/aar of
the FWHM 6&aar of the unit cell parameter distribution around the mean value aar) was

calculated as follows:

9, = <ql\/ w, 2 — (#)? (S 3.10)

where w; are the radial FWHMs for the present peaks, ¢ are the momentum transfer
values of the corresponding peaks, K is the shape constant, L is the NCs size and the
averaging is performed over all present Bragg peaks. The shape constant K was dis-
cussed in Section S3.4; the NCs size was fixed at L = 6.8 nm obtained from the radi-
al profile as described in the same Section S3.4. The resulting values of the atomic
lattice distortion are shown in Figure 3.6 in the main text. The mean value is

g, = 1.5 £ 0.9% that is in good agreement with the values obtained from the average
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radial profile discussed in Section S3.1. The distortion gets slightly higher on the edges
of the supercrystal that can be explained by the contraction of the NCs together with
the superlattice. To better visualize the change in distortion, we plot the values for
each pixel against the distance of this pixel to the nearest supercrystal edge in Figure
3.6 b in the main text. The atomic lattice distortion grows from < 1% in the middle of
the supercrystal up to > 2% on the edges. The trend is even more evident for another
sample, described in Section S3.7. Here the effect is less pronounced, probably, be-

cause of lower intensity of the WAXS Bragg peaks causing higher noise.

Since the NCs have pseudocubic atomic lattice (all angles are equal to 90°), the azi-
muthal position of the WAXS Bragg peaks directly correspond to the azimuthal orien-
tation of the supercrystal unit cell basis vectors a; and as. Thus, the azimuthal posi-
tions in real space are equal to the azimuthal positions in reciprocal space @ua = @u.
The extracted azimuthal positions for all four peaks are shown in Figure S3.22. The
NCs are clearly rotating in-plane as soon as the positions change for different peaks
together from point to point. As expected, the difference between the positions remains
constant, e.g. ¢119 — ¥110 = 90°, ©110 — Yoo = 45° etc. We calculated the average azi-
muthal NC position ¥ collinear to the 010aL vector as ¥ = (g1, Po20> P110 T+
45° 119 — 45°), where the angle brackets denote averaging over the four angles. The
angle ¥ is used to study the azimuthal position of the NCs. It is shown in Figure 3.5 ¢

and discussed in the main text.
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Figure S3.22: Extracted azimuthal positions of the WAXS Bragg peaks: a) 010a., b) 0204, ¢)
1104 and d)1104r. The positions are counted counterclockwise from a horizontal axis pointing
to the right. The pixel size is 500 nm.

We studied the relative azimuthal orientation of the NCs and the SL comparing the
azimuthal positions of the lattice vectors obtained from the Bragg peak analysis de-
scribed above. The differences in angles between the [010]aL axis of the NCs and the
mean line M between the superlattice vectors a; and as A = ¥ — @; between the
[010]ar and a1 A = ¥ - @1; between the [010]ar and a2 Ay = ¥ — @, are shown in
Figure S3.23. Clearly, the angle A has narrower distribution with the mean value
(A) =45.241.7°. For comparison, the angles A, and A, have broader distribution with
the mean values (A;) = 90.1+3.5° and (A,) = 0.8+3.8°. This is rather expected, be-
cause the angles between the NC crystallographic axes are constant, while the angle
between the superlattice vectors changes from point to point in relatively broad range,
as shown in Figure 3.4 d and discussed in the main text. At the same time, the angle
between the mean lines between the superlattice vectors (e. g. M between a; and as

and M’ between a; and -az) is always equal to 90° and does not depend on the length
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and orientation of the vectors a; and as. It makes possible keeping the mutual orienta-

tion between the [100]aL and [010]a axes and the mean lines M and M’.

a A(°) b A, (°) C A, (%)
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Figure S3.23: Relative angle between the direct lattice vectors of the NCs and the SL: a) be-
tween [010]aL and the mean line M between the a; and as; b) between [010]ar and a;; ¢) be-
tween [010]ar and ap. The pixel size is 500 nm.

The azimuthal FWHMs shown in Figure S3.24 show clear dependence on the spatial
position within the supercrystal. The FWHMs grow from 12° in the middle of the su-

percrystal up to 24° on the edges indicating higher azimuthal disorder of the NCs there.

We used the azimuthal FWHMs to extract the NCs angular disorder by the William-
son-Hall method. In this case, the lattice distortion g from Eq. (S 3.2) is the FWHM
oY of angular distribution of the NCs around their mean position given by the azi-

muthal peak positions. The FWHM 6% was calculated as follows:

0 = <q%\/ w;q; 2 — (¥>2>7

where w; are the azimuthal FWHMs (in radians) for the present peaks, ¢ are the mo-

(S 3.11)

mentum transfer values of the corresponding peaks, K is the shape constant, L is the
NCs size and the averaging is performed over all present Bragg peaks. The shape con-
stant K was discussed in Section S3.4; the NCs size was fixed at L = 6.8 nm ob-
tained from the radial profile as described in the same Section S3.4. The resulting val-

ues of the FWHM are shown in Figure 3.5 d and discussed in the main text.
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Figure S3.24: Extracted azimuthal FWHMs of the WAXS Bragg peaks: a) 010ar, b) 0204, ¢)
1104r and d) 1104c. The pixel size is 500 nm.

Section S3.7. Another example of a supercrystal

All studied supercrystals behave similarly. Here we present the main results obtained

for one more supercrystal. The average WAXS and SAXS patterns as well as the

SAXS-based diffraction map are shown in Figure S3.25. The patterns look very similar

to the ones observed for the sample described in the main text. The local structure was

analyzed the same way as described above. The only difference is the WAXS analysis,

performed only for three peaks 010sr, 020sL and 110,;,. The fourth 110aL peak hardly

fitted into the detector in this case and was excluded from the consideration.
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Figure S3.25: Average WAXS a) and SAXS b) patterns and ¢) SAXS-based diffraction map of
the second sample. The Bragg peaks are indexed according to the “pseudocubic” structure of

the atomic lattice and simple cubic structure of the superlattice. The pixel size in ¢) is 500 nm.

The main extracted parameters of the superlattice are shown in Figure S3.26. The
main observations are the same as for the sample described in the main text. The su-
perlattice anisotropically shrinks on the edges of the supercrystal. The contraction hap-
pens preferentially in the directions parallel to the nearest supercrystal edge. The angle
between the basis vectors a; and as changes in the range of 75-105° and the superlat-
tice rotates in-plane as indicated by the azimuthal position @ of the mean line M be-

tween a; and as.
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Figure S3.26: Extracted superlattice parameters: a) average unit cell parameter
(a) = (a1+a2)/2; b) ratio ax/a; of the NC spacings along the basis vectors a; and ai; ¢) angle ¥
between the basis vectors a; and ap; d) azimuthal position ¢ of the mean line M between the
basis vectors a; and as. The pixel size is 500 nm.

The main extracted parameters of the atomic lattice are shown in Figure S3.27. The
main difference with the sample described in the main text is the homogeneous intensi-
ty of the WAXS Bragg peaks decreasing on the edges. It indicates absence of the out-
of-plane rotations of the NCs. But the NCs rotate in-plane correlated with the mean
line M between the a; and as superlattice vectors as can be seen from the difference
angle A = ¥ - @. The angular disorder of the NCs grows on the edges the same way

as for the sample described in the main text.
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Figure S3.27: Extracted atomic lattice parameters: a) Average intensity of the WAXS Bragg
peaks <Ix.>; b) azimuthal position Pof the 1004 crystallographic directions of the NCs; c¢)
the relative angle A between the [010]ar axis and the mean line M between the a; and a, basic
vectors of the SL; d) FWHM &% of the angular disorder of the NCs around the mean azimuth-
al position ¥. The pixel size is 500 nm.

The calculated unit cell parameter of the atomic lattice from the g-values of the WAXS
Bragg peaks is shown in Figure S3.28. It doesn’t show any correlation with the spatial
position within the supercrystal and remains constant at the value of

aar = 0.576+£0.002 nm.
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Figure S3.28: a) Calculated unit cell parameter aar of the pseudo-cubic atomic lattice of the
NCs and (b) the same value for each pixel against the distance from this pixel to the nearest
edge of the supercrystal. The red line shows the mean value, the dashed lines indicate the con-
fidence interval of +o. The pixel size in a) is 500 nm.

The atomic lattice distortion was calculated from the FWHMs of the present WAXS
Bragg peaks by the Williamson-Hall method (Eq. (S 3.10)). The resulting values of
the atomic lattice distortion are shown in Figure S3.29. The distortion gets slightly
higher on the edges of the supercrystal that can be explained by the contraction of the
NCs together with the superlattice. The atomic lattice distortion grows from about

0.5% in the middle of the supercrystal up to about 2.5% on the edges.
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Figure S3.29: a) Atomic lattice distortion g, extracted from the radial FWHMs of the WAXS
Bragg peaks by the Williamson-Hall method and (b) the same value for each pixel against the
distance from this pixel to the nearest edge of the supercrystal. The red line shows the mean
value, the dashed lines indicate the confidence interval of +o. The pixel size in a) is 500 nm.

Section S8. DFT-computed structures

The computation protocol used in this work is described in the main text. Cartesian

coordinates of all computed structures can be accessed from the coordinate file (.xyz).
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4.1 Abstract

We introduce a new carbazole-based zwitterionic ligand (DCzGPC) synthesized via
Yamaguchi esterification which enhances the efficiency of lead halide perovskite (LHP)
nanocrystals (NCs) in light emitting diodes (LED). A facile ligand exchange of the na-
tive ligand shell, monitored by nuclear magnetic resonance (NMR), ultraviolet-visible
(UV-vis), and photoluminescence (PL) spectroscopy, enables more stable and efficient
LHP NCs. The improved stability is demonstrated in solution and solid-state LEDs,
where the NCs exhibit prolonged luminescence lifetimes and improved luminance, re-
spectively. These results represent a promising strategy to enhance the stability of LHP
NCs and to tune their optoelectronic properties for further application in LEDs or solar

cells.

4.2  Introduction

Colloidal nanocrystals (NCs) of all-inorganic lead halide perovskites (LHP) provide a
variety of perspectives for application in optoelectronic devices. 213214 Due to their
high luminescence quantum yields (50-99 %), defect tolerance and narrow full width at
half maximum (FWHM, 12-40 nm for blue-to-red), as well as tunable emission color
(by halide composition and size dependence), LHPs are ideal candidates for high-
quality light sources in light emitting devices (LEDs) and full-color displays.?>*¢ De-
spite these remarkable properties, their chemical instability constitutes a significant

challenge for the long-term use in such applications.**?!7

For LHP NCs, the chemical instability is particularly pronounced owing to their
large surface-to-volume ratio. This natural disadvantage of colloidal NCs is partially
compensated by tethering stabilizing organic ligands onto the surface of the NCs. How-
ever, the binding strengths of typical ligands, such as oleic acid or oleylamine, as well

as their stability gain are relatively weak” | which has motivated the search for other
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methods of stabilization, such as encapsulation! I, doping®” or the use of ligands

21222 Krieg et al®™ have demonstrated the advantages

with a higher binding strength.!
of using zwitterionic ligands, which bind strongly to LHP NCs and provide a signifi-
cantly higher stabilization. However, these ligands contain long alkyl-chains which —

just like the aforementioned encapsulation strategies — lead to electrically mostly insu-

lating LHP NCs, severely hindering their application in LEDs.

We hypothesize that this issue may be resolved by replacing the long alkyl-chains
with conjugated m-systems, which should increase the electrical conductivity of the NCs.
To this end, a new ligand has to fulfil the same requirements as conventional charge
transport layers: A match in energy levels for at least one carrier type, if the other is
already transported sufficiently well between the NCs, paired with a higher bandgap
than the LHP NCs ensures optimal operation. Here, we focus on enhancing the hole
injection since we suspect an already sufficient electron mobility due to the n-type
character of such NCs.?” In this regard, the carbazole moiety matches the low valence
band edge of LHPs, while featuring good solubility in organic solvents, a wide bandgap
and high triplet level for application in conjunction with blue emitters.?**2? Carbazoles
have been incorporated in several stable, state-of-the-art opto-electronic devices with
an extensive research background in that context.’™ 2/ Thus, we introduce a novel
zwitterionic ligand (DCzGPC) based on a phosphocholine backbone with sidechains
consisting of the conjugated carbazole m-system. We show that LEDs of LHP NCs sta-
bilized with this ligand exhibit an increased operational lifetime, a higher external

quantum yield and a lower turn-on voltage than the same LHP NCs with conventional

ligand stabilization.

4.3 Results and Discussion

The ligand 1,2-Di((9H-carbazol-9-yl)propanoyl)-sn-glycero-3-phosphocholine

(DCzGPC) is synthesized in a one-step-synthesis via Yamaguchi esterification®*#1 of
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3-Carbazol-9-yl-propionic acid (CzPA) and sn-Glycero-3-phosphocholine (GPC)
(Figure 4.1 A). A typical nuclear magnetic resonance (NMR) spectrum and selected
peak areas are shown in Figure 4.1 B (black data) and Figure S4.1Figure S4.3, and
further proof of the successful synthesis of DCzGPC is provided by high resolution
mass spectrometry in the experimental section. UV-vis absorption and photolumines-
cence (PL) spectroscopy in Figure 4.1 C (black data) reveal a sharp absorption at 330

nm and 334 nm as well as an emission maximum located at 363 nm.

CsPbBr:Cl NCs capped with oleylamine/oleic acid are synthesized by established lit-
erature procedures. Absorption/PL characteristics (Figure 4.1 C, blue data) are com-
pared to that of DCzGPC. The absorption of DCzGPC (dotted black line in Figure 4.1
C) is significantly outside the NC emission range (solid blue line in Figure 4.1 C), indi-
cating that undesirable PL quenching of the NCs should be absent.? This is support-
ed by the excitation spectrum in Figure S4.4, which exhibits comparable features for

NCs with and without the presence of DCzGPC.
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Figure 4.1: A) Reaction scheme of the synthesis resulting in the carbazole-based ligand
(DCzGPC) with the zwitterionic anchoring group (latin letters (a—h) assigning the identified
peaks in '"H-NMR). B) '"H-NMR analysis of the as-synthesized carbazole-based ligand (black),
native CsPbBr.Cl NCs (blue) and with DCzGPC exchanged (26 wt %) CsPbBr.Cl NCs (red)
in CDCls. Shown are the regions for the characteristic carbazolic proton peaks (7-8 ppm) and
common DCzGPC peaks (a-h). A more detailed analysis can be found in Figure S4.1Figure
S4.3. C) Optical spectroscopy (UV-vis (dotted lines) and photoluminescence (solid lines)) of
the carbazol ligand (black) and the as synthesized CsPbBr;Cl NCs (blue). The spectra are
normalized and were excited with 300 nm.

Successful ligand exchange of the NCs from oleylamine/oleic acid to DCzGPC as de-
tailed in the experimental section is verified by 'H-NMR spectroscopy. The 'H-NMR
spectrum of the exchanged NCs exhibits relatively broad signals in the region typical
for the DCzGPC ligand (Figure 4.1 B, red data). Moreover, the peaks of the native
ligand shell (oleic acid and oleylamine) decrease significantly compared to the spectrum
of the native NCs before exposure to DCzGPC (Figure 4.1 B, blue data). A peak

broadening is often attributed to an increased lateral relaxation due to neighboring
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ligand molecules, indicating an attachment of this species to the NCs."7?3 Taken to-

gether, these finding support a successful, partial replacement of oleylamine/oleic acid

from the surface of the NCs by DCzGPC.
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Figure 4.2: Scanning electron microscopy images displaying the preservation of the structural
integrity during the preparation and ligand exchange processes. Different concentrations were
used for film preparation. A) Untreated native CsPbBr,Cl NCs and B) after ligand exchange
with the DCzGPC ligand (gold contact is visible in the upper, brighter section). Scale bars
correspond to 500 nm. C, D) UV-vis and photoluminescence spectra of the CsPbBr,Cl nano-

crystals before (blue) and after (red, orange, and purple) exchanging the ligand shell with dif-
ferent amounts of DCzGPC ligand.

By scanning electron microscopy (SEM) before and after ligand exchange, we find an
increase in the average size of the NCs by ~1.5 nm (Figure S4.5) and an unaltered cu-
bic shape (Fig. 2B). A comparison of the absorption and PL properties before and after
ligand exchange reveals a significant hypsochromic shift, which increases upon adding

more DCzGPC ligand (Figure 4.2 C, D). This shift prevails also in thin films and elec-
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troluminescence experiments as well as for other perovskite nanocrystals, such as CsP-
bBr; (Figure S4.6), indicating that it is specific to the presence of DCzGPC and not,
for instance, a solvent effect or a change in halide composition. By X-ray photoelectron
spectroscopy (XPS), we exclude the presence of a chloride contamination in pure
DCzGPC as a potential reason for the hypsochromic shift (Figure S4.7). We note that
a concentration-dependent hypsochromic shift after addition of different bidendate lig-

2423 However, in those cases the NC size

ands was also observed by other groups.!
shrunk during ligand exchange, such that the shift was explained in terms of increased
quantum confinement. In the present case, we observe the opposite, i.e., a slight in-

crease in the NC size, which rules out increased quantum confinement as an explana-

tion for the blue shift.

We find that the PL quantum yield (QY) increases from 61 % for the native NCs to
a maximum of 73 % upon addition of DCzGPC. Further increase of the ligand concen-
tration reduces the PLQY to 61 % (Figure S4.10). This finding further strengthens the
conclusion of a substantial interaction between the NCs and the novel ligand.
Table 4.1: Summarized data from UPS and XPS spectra for pure ligand, native CsPbBr,Cl

NCs and NCs exchanged with different concentrations of DCzGPC. All binding energies with
respect to Er.

Experiment F (eV) VBM (eV) IE (eV) Egap
(Optical) (eV)

DCzGPC 4.25 1.69 5.90 3.42

native 3.98 1.77 5.75 2.65

6.5 % wt DCzGPC 4.06 1.72 5.78 2.67

41 % wt DCzGPC 3.92 1.83 5.75 2.69

73 % wt DCzGPC 3.91 1.99 5.90 2.717

We perform XPS and UPS to gain a deeper understanding of the influence of
DCzGPC on the electronic structure of the NCs and compare the results for the unex-
changed NCs, the pure DCzGPC ligand as well as the exchanged NCs in Table 4.1.

The measured work function (®) and valence band maximum (VBM) for the native
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particles are in good agreement with literature data of mixed lead halide perov-
skites??2#2%9  Minor variations in the results could stem from using different sub-

strates2¥

I, yet earlier measurements conducted on the same gold-coated substrate with
CsPbBrl, showed strong consistency.?l We find an ionization energy (IE) of 5.75 eV
for the native particles and 5.9 eV for the pure DCzGPC ligand. The IE of the ligand-
exchanged NCs ranges between 5.78 eV and 5.9 eV, indicating that states of the nano-
particle core contribute to valence band / 1Sh. Also, for the NCs exchanged with
DCzGPC the VBM shifts towards higher E-Ey values, and we find an enhanced densi-
ty of states near the VBM while the work function after ligand exchange is nearly unaf-
fected. The measured VBM shift is higher, (220 meV) than the observed hypsochromic
shift (120 meV), indicating that the DCzGPC ligand also affects the position of the
conduction band minimum. We note that both the shape and energetic position of the
Pb4f core level spectra is almost identical for native and ligand-exchanged NCs (Figure
S4.8 C), suggesting that no significant doping is induced by DCzGPC. Nls and Cls

core level spectra and the concentration dependence of these signals confirm the pres-

ence of the ligand after exchange (Figure S4.8 A, B).

We conduct femtosecond transient absorption spectroscopy of thin films of the native
and ligand-exchanged NCs following 90 fs excitation pulses at 325 nm (0.5 pJ/pulse).
For both NC samples, we find the expected ground state bleach (GSB) close to the
first excitonic transition of the NCs, a short-lived sub-band gap excited state absorp-
tion (ESA) feature as well as a weak broad ESA above the band gap energy (Figure
4.3 A+ Figure S4.11). While the absence of any new or strongly changed features in
the presence of DCzGPC indicates no significant energy transfer between the ligand
and the NCs, we observe overall shorter lifetimes (Figure S4.12). Biexponential fitting
of the sub-band gap feature at 487 nm for the native and 477 nm for the exchanged

system show a decrease of the second lifetime from 42 ps to 17 ps.
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A previous report has attributed the sub-band gap feature below 1 ps to bandgap
renormalization.”® Based on this assumption, we compare the band gap renormaliza-
tion energy of both NC samples by calculating the energy difference between the GSB
and the sub-band gap ESA as indicated in Figure 4.3 B. Although slightly varying at
different times, we consistently find higher renormalization energies between 3 - 15 %
for the exchanged NCs (99 meV after 600 fs) compared to the native system (89 meV
after 600 fs). These findings can be interpreted as evidence for stronger excitonic be-
havior and quantum confinement in the DCzGPC-exchanged NCs (Figure 4.3 B +

Table S4.1).159
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Figure 4.3: A) 2D transient absorption spectra of the exchanged perovskite system after exci-
tation at 325 nm. After the first 2 ps, the delay time changes from a linear to a logarithmic
scale. A steady-state absorption spectrum (red) and photoluminescence (PL, blue) spectrum is
shown above the 2D plot. B) AA spectra of the native (top) and exchanged system (bottom) at
selected delay times after excitation at 325 nm. The minimum of the GSB and maximum of the
ESA are indicated with dashed lines.

LEDs with native as well as DCzGPC-exchanged CsPbBr.Cl NCs are prepared as
described in the experimental part. We compare the current density-voltage-
luminescence (jVL) curves in Figure 4.4 A and find an increase of the current densities
by almost one order of magnitude as well as a reduction of the turn-on voltage from ~

4V to 3 V. The luminance in the ligand-exchanged sample increases by over one order
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of magnitude, the maximum of the electroluminescence emission is shifted by 7 nm to
smaller wavelengths (Figure 4.4 B) and the FWHM of the emitted light decreases from
22 nm to 16 nm, resulting in a more color-brilliant emission. We calculate the external
quantum efficiency (EQE) from these results and display it for a range of luminances in
Figure 4.4 C to find that the EQE approximately doubles upon ligand exchange. More
importantly, the LEDs with ligand-exchanged NCs have their peak EQEs at much

higher luminance.
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Figure 4.4: A) j-V-L curves of the as-prepared LEDs. The native case is depicted in blue and
the exchanged sample in red. The current densities are shown as filled symbols and the lumi-
nance as empty symbols. B) Electroluminescence spectra of the native (blue) and exchanged
(red) LED stacks (left) as well as a photograph of a working LED under 7 V operational bias
as inset. The blue emission can be seen in the top right corner. C) Calculated external quan-

tum efficiencies of the native (blue) and exchanged (red) LEDs.

With regard to the large chemical instability of perovskites, we perform stability
tests in solution monitored by PL intensity changes upon water addition (Figure 4.5
A). For the native NCs and the DCzGPC passivation alike, we find the previously ob-
served initial increase in PL, assigned to the passivation of surface defects.?'*2*? How-
ever, this gain diminishes after 10 min without stirring the solution, which we attribute
to the beginning water-mediated decomposition of the NCs. For the DCzGPC-
exchanged NCs, this deterioration is significantly slowed down after 40 min, indicating
a greater robustness against water. The stability of the particles exchanged with
DCzGPC in polar solvents, such as THF or ethyl acetate, for at least two months

without a significant loss in luminosity further supports their robustness.

108



We investigate the effect of this increased robustness on the performance in LEDs by
performing stress tests under constant current operation and determine the operational
lifetime LT: (Figure 4.5 B). To this end, LEDs consisting of CsPbBr,Cl NCs with
oleylamine/oleic acid or 26 wt % DCzGPC are operated at a current density of 1
mA /cm?in a No-filled glovebox at ambient temperature. While the LT; of the native
control device is 6 s, exchange with DCzGPC invokes a fifteen-fold increase to 91 s un-
der the same test conditions. This demonstrates the improved stability of LEDs with
the ligand exchanged NCs. Additionally, we also monitored changes of the voltage dur-
ing device stressing. For the native devices the voltage, respectively the resistance, de-
creased monotonically by almost 1 V, while for the ligand-exchanged devices the volt-
age initially increases before it starts to slightly decrease after 5 minutes of operation,
but the overall change is much less. This implies a fundamentally different degradation

process (Figure S3.13).
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Figure 4.5: A) Normalized PL intensity change over time of native CsPbBr,Cl NCs (blue) and
after ligand exchange with the DCzGPC ligand (red) upon the addition of 10 % water (by vol-
ume) without stirring for different times. B) LED operational lifetime of native CsPbBr,Cl NCs

(blue) and after ligand exchange with the DCzGPC ligand (red) under 1 mA/cm? constant
current operation bias. The black dotted line indicates luminance half-life time.

Our results indicate that DCzGPC as a ligand for LHP NCs (specifically CsPbBr.Cl)
combines the stability enhancement of the zwitterionic head group with the beneficial

electronic properties of the carbazole m-system without significantly altering the size
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and shape of the nanocrystals. The increased performance of DCzGPC-capped NCs is
evident in solution through their long-term stability in polar solvents, while in the solid
state, it prolongs the LED lifetime under bias stress. We attribute this stability im-
provement to a more robust attachment of the zwitterionic head group to the surface

of the NCs, similar to previous demonstrations by others./5™%!

The advantageous effects of DCzGPC on the electronic properties of CsPbBr.Cl NCs
include an increase in the PLQY in solution as well as a largely improved electrolumi-
nescence characteristics in solid-state LEDs. While both effects are likely to result from
the elimination of unsaturated surface defects compared to the native oleic ac-
id/oleylamine ligands, the higher luminance and larger EQE of the LEDs indicate an
additional facilitation of carrier injection, most likely due to the proximity of the =-
conjugated carbazole moiety. We note that further improvements in the hole injection
rate should be possible upon replacing the carbazole backbone of the DCzGPC ligand

with other moieties that decrease the ionization energy.

To rationalize the hypsochromic shift of the NCs (both CsPbBr,Cl and CsPbBrs) up-
on exchange with DCzGPC, we note that different capping ligands for NCs have been
shown to not only affect the absolute energies of the band edges* 2%/, but also the ex-

1031 Since the size of

citonic transition energy itself as described by the Brus equation.
the NCs does not decrease during ligand exchange in our work, the only free parame-
ters in the Brus equation for describing the excitonic transition energy are the relative
dielectric constant and the carrier effective masses. Evidence for an increased dielectric
constant due to DCzGPC is provided by the long-term colloidal stability in polar sol-
vents. However, a simple estimate of the total exciton binding energy shows that a
change in the dielectric environment alone cannot account for the full hypsochromic
shift of 120 meV observed by us (see SI for details). Therefore, we propose that an ad-

ditional reduction of the effective mass of the charge carriers is responsible for the in-

creased excitonic transition energy. Similar effects were reported for comparable perov-
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skite systems6#7 for which density-functional theory (DFT) calculations indicated a
drastic reduction of effective masses upon ligand exchange. Nevertheless, further re-
search will be needed to fully understand such concentration-dependent hypsochromic

shifts.

4.4  Conclusion

We have synthesized 1,2-Di((9H-carbazol-9-yl)propanoyl)-sn-glycero-3-
phosphocholine (DCzGPC) via a one-step Yamaguchi esterification method and shown
its potential as a ligand for CsPbBr,Cl nanocrystals (NCs) with enhanced stability
against polar solvents and in thin film LEDs under bias stress. We have demonstrated
that DCzGPC increases the photoluminescence quantum yield of the nanocrystals, pre-
serves their structural integrity, and reduces the width of the emission peak. A concen-
tration-dependent hypsochromic shift of the emission peak by up to 120 meV enables
fine-tuning without changing the halogen composition of the NCs. In LEDs, the ex-
changed NCs demonstrated a fifteenfold longer operating lifetime, a 1.6-fold higher ex-
ternal quantum efficiency and a 25 % reduction in turn-on voltage to 3 V compared to

the same NCs stabilized by oleic acid/oleylamine.

4.5 Experimental Section

Chemicals. 1-Octadecene (ODE), technical grade, 90 %, Sigma Aldrich; Oleic acid
(OA), 97 %, Acros Organics; Oleylamine (OAm), 80-90 %, Acros Organics; Dichloro-
methane, 99.8 %, extra dry over molecular sieve, Stabilized, AcroSeal, Acros Organics;
Tetrahydrofuran, 99.85 %, extra dry, unstabilized, AcroSeal, Acros; Caesium carbonate
(Cs2COs), 99.99 % (trace metal basis), Acros Organics; Lead(II) oxide (PbO), 99.999 %
(trace metal basis), Sigma Aldrich; Toluene, 99.8 %, extra dry, AcroSeal, Acros Organ-
ics; sn-Glycero-3-phosphocholine 1:1 cadmium chloride adduct (GPC), 98 %, Sigma
Aldrich; 3-(9H-Carbazol-9-yl)propanoic acid (CzPA), 95 %, aber GmbH; 4-

Dimethylaminopyridine (DMAP), 99 %, Sigma Aldrich; 2,4,6-Trichlorbenzoyl chloride
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(TCBC), 97 %, Sigma Aldrich; PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate), Heraeus Germany GmbH & Co. KG; PVK (Poly(9-vinylcarbazole),
Mw > 1 x 105, product ID LT-N4078), Luminescence Technology Corp. (Lumtec,
Taiwan); BSPYMPM (4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine, sublimed
> 99 %, ProductID: LT-N876) and LiF (Lithium fluoride, > 99,99 %, ProductID: LT-
E001) have been obtained from Luminescence Technology Corp. (Lumtec, Taiwan); All

chemicals were used as purchased.

Nanoparticle and Device Preparation. Preparation of Oleylammonium Halide (OLA-
HX). To prepare a 1.1 mmol/mL OLA-HX precursor solution, 10 mL of oleylamine
(OAm) was placed in a 25-mL three-neck flask and either 1 mL of concentrated hydro-
chloric acid (HCl(aq.)) or 1.28 mL of concentrated hydrobromic acid (HBr(aq.)) was
added slowly. Subsequently, the solidified reaction mixture was heated at 120 °C under
nitrogen atmosphere for 2 h. The reaction temperature was then increased to 150 °C
for 30 min and afterwards allowed to cool to room temperature. The mixture was kept

in a glovebox and heated to 80 °C before injection.

Synthesis of CsPbBr.CIl Nanocrystals. CsPbBr,Cl Nanocrystals were made by a Hot-
Injection synthesis using a modified literature method®®. To synthesize ~ 12 nm CsP-
bBr.Cl nanocrystals, 49 mg (0.15 mmol) Cs,COs, 67 mg (0.3 mmol) PbO and 1.5 mL
oleic acid (OA) were degassed in 15 mL. ODE in a 50 mL three-neck flask under re-
duced pressure at 120 °C for 1 h. Then the temperature increased to 260 °C under ni-
trogen atmosphere, 1 mL OLA-HBr and 0.5 mL. OLA-HCI precursor were quickly in-
jected and after 5 min the reaction mixture was cooled to room temperature (using an

ice-bath below 180 °C).

Isolation and Purification of CsPbBr.CI Nanocrystals. CsPbBr.Cl NCs were collected
by centrifuging the suspension (7000 rpm, 10 min), decanting the supernatant, and

collecting the precipitate. The precipitate was centrifuged again without addition of a
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solvent (7000 rpm, 5 min), and the resulting supernatant was removed with a syringe,
to separate the traces of residual supernatant. The precipitate was dissolved in 2 mL
hexane and centrifuged again (2500 rpm, 5 min) to remove aggregates and larger parti-
cles. The resulting supernatant was filtered through a 0.2 pm PTFE syringe filter and
stored as stock solution inside of a glovebox with a typically concentration of 10

mg/mL.

Zwitterionic Ligand Synthesis. The following DCzGPC ligand was synthesized using
a modified literature method for the Yamaguchi-esterification.” A solution of 3-
Carbazol-9-yl-propionic acid (220.1 mg, 0.92 mmol) in 12 mL anhydrous dichlor-
methane (DCM) was treated with sn-Glycero-3-phosphocholin 1:1 cadmium chloride
adduct (GPC) (101.3 mg, 0.23 mmol), triethylamine (Et;N) (256 mL, 1.84 mmol),
2,4,6-tricholrobenzoyl ~ chloride  (TCBC) (224 mL, 140 mmol) and 4-
Dimethylaminopyridine (DMAP) (56.2 mg, 0.46 mmol). The reaction mixture was
stirred for 24 h at 40 °C until TLC indicated disappearance of the starting material.
The mixture was quenched with citric acid (10 % aqueous solution, 30 mL), and ex-
tracted with dichlormethane (DCM) (3x15 mL). The combined organic layers were
washed with brine, dried over MgSOQs, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography on silica gel (CH.Cl,/CHsOH/H,O
(65:25:4, v/v/v)) to give the desired colorless solid (63.5% yield, Rf 0.38); 'H-NMR
(400 MHz, CDCls),6: 2.52 (m, 2H, g), 2.69 (m, 2H, g), 3.0 (s, 9H , a), 3.39 (m, 2H,b),
3.81-4.19 (m, 6H, f,c,d), 4.40 (m, 4H, h), 5.09 (m, 1H, e), 7.08 (m, 2H, C), 7.14 (m, 2H,
), 7.35 (m, 8H, A,B), 7.87 (m, 2H, D), 7.98 (m, 2H, D) ; ¥'P-NMR(162 MHz, CDCl,),
d: -0.81; HRMS (ESI-TOF): m/z caled for CiHuNsOsP [M + Nalt 722.26017; found

722.25982

Ligand Exchange Procedure. The DCzGPC stock solution was prepared by dissolving
140 mg of DCzGPC with 20 mL of Tetrahydrofuran (THF), resulting in a volume con-

centration of 7 mg/mL. The stock solution of CsPbBr,Cl NCs was precipitated before
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ligand exchange with an equal volume of methyl acetate (MeOAc) at 7000 rpm and
redispersed in hexane. To obtain a 41 wt % DCzGPC solution, equal volumes of 10
mg/mL CsPbBr.Cl NC solution in hexane and 7 mg/mlL DCzGPC solution were mixed
with a magnetic stir bar for 5 min to exchange the native ligands. After adding the
ligand solution, the mixture became turbid and the resulting exchanged NCs could be
precipitated at 7000 rpm using twice the volume of hexane. The precipitate could be
redispersed in chloroform, ethyl acetate, chlorobenzene, or tetrahydrofuran to obtain a
colloidal solution. All CsPbBr,Cl NC solutions were kept in a nitrogen-filled glovebox

and exhibited stable luminescence for at least 4 months at room temperature.

Device Fabrication. The substrates for LEDs, sized 2x2 c¢cm and coated with 90nm
structured Indium tin oxide (ITO), were purchased from Kintec (Hong Kong). Initially,
PEDOT:PSS was spin-coated in the cleanroom on top of the structured I'TO substrates,
at 4000 rpm for 30 s, and heated on a hot plate at 130 °C for 15 min, resulting in a
smooth, approximately 40 nm thin film. The samples were transferred to a nitrogen-
filled glovebox immediately. As a second layer, the approximately 20 nm thin PVK
film was deposited by spin-coating a 3 mg/mL concentrated PVK-chlorobenzene solu-
tion at 3000 rpm for 30 s and heating at 175 °C for 30 min. The LHP NC solutions
were spin-coated as described for the PL samples, after cooling the substrate to room
temperature, resulting in a closed film of about 2-3 monolayers (effective thickness ap-
proximately 20 nm). To build a top contact, 55 nm B3PYMPM (rate: 100 pm/s) fol-
lowed by 0.5 nm LiF (rate: 10 pm/s) were evaporated. The devices were finished with a
60 nm (rate: 100 pm/s) thick aluminum cathode, also deposited by thermal deposition.
This fabrication is consistent with previously made perovskite LEDs published in refer-

ence 22,

Measurement Details. UV-vis and Photoluminescence (PL) Spectroscopy. Optical
measurements were performed on a UV-vis-NIR spectrometer (Agilent Technologies,

Cary 5000) and a fluorescence spectrometer (PerkinElmer FL8500). All spectra were
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acquired under ambient conditions in a mixture of toluene and tetrahydrofuran (3:1) at
room temperature (25 °C) in a cuvette of 1 cm pathlength. For thin-films, the solutions

were dropcasted or spincoated on a thin glass coverslip.

Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H (400.160MHz) and C
(100.620MHz) spectra were recorded on a BrukerAvance400 III HD spectrometer.
CDCl; was used as solvent at room temperature. The 'H NMR spectra were referenced
to the residual signal of the non-deuterated solvent component (CDCl; 7.25 ppm). Peak

assignments were made by NMR spectroscopy (*H, #P, 'H-'H-COSY).

High Resolution Mass Spectrometry (HRMS). HRMS (ESI-TOF) analysis was per-

formed on a Bruker maXis 4G system.

Scanning Electron Microscopy (SEM). SEM imaging was performed on Si/SiOx sub-
strates with a HITACHI model SU8030 at 30 kV. SEM micrographs were taken of thin

film samples, spincoated using 10 rps for 30 s with a 3 s ramp.

X-Ray Electron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy
(UPS). For characterization of the DCzGPC ligand and interaction after ligand ex-
change, we performed XPS and UPS measurements. The measuring system consisted of
a multi-chamber UHV unit with a base pressure of pressure of 5 x 107! mbar. The
analysis chamber was equipped with a monochromated Al K, radiation source (XR 50
M, Specs), an ultraviolet source (UVS 300 SPECS), and a Phoibos 150 hemispherical
photoelectron analyzer. For energy calibration of the analyzer, core-level spectra of Au
and Cu foils were measured and the energy scale was set to the Au 4f;; (84.0 eV) and
the Cu 2ps;» (932.6 eV) peak positions respectively. UPS spectra were calibrated with
respect to the metal (Au) Fermi-edge. An energy resolution of 400 and 150 meV for

XPS and UPS was achieved, respectively.
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Transient Absorption Spectroscopy (TA). Pump-probe spectroscopy was conducted
with a femtosecond transient absorption spectrometer (HELIOS Fire) from Ultrafast
Systems. An Astrella-F ultrafast Ti:sapphire amplifier from Coherent was used to gen-
erate 90 fs laser pulses at a repetition rate of 1 kHz at a central wavelength of 800 nm.
A beam splitter was used to split the fundamental beam into a pump and a probe
beam. The pump beam wavelength was altered to monochromatic 325 nm (0.5
nJ/pulse) by using the fourth harmonic of the signal in an Apollo-T optical parametric
amplifier from Ultrafast Systems. The probe beam was directed to a mechanical delay-
line from Ultrafast Systems to create time delays between the pump and probe up to 8
ns. The broadband probe spectrum from 320 to 640 nm was created subsequently
through the use of a CaF, crystal. Thin films were prepared under inert conditions via
dropcasting. A glass plate was used as a substrate sealed oxygen-free with a homemade
sample holder. A reference channel for the probe was used to account for pulse-to-pulse
energy fluctuations and multiple spectral scans were acquired and averaged for each

experiment making sure no sample degradation occurred during the measurement.

Current Density-Voltage-Luminescence (j-V-L) and Lifetime (L-t). j-V-L and L-t
curves were recorded with a Keithley 2612B source meter unit (SMU) at rates of 1V/s.
A photodiode of known diameter at known distance was used for luminance detection.
Angular dependent electroluminesce spectra were taken with a Phelos instrument
(Fluxim AG, Switzerland). Using a Lambertian approximation, the EQE was deter-
mined. The validity of the EQE values was verified within a relative error of 10 % by

random sampling with a calibrated integrating sphere.

Associated Content

Supporting Information. A listing of the contents of each file supplied as Supporting
Information should be included. The following files are available free of charge.

(S1) NMR spectra. (S2) Optical excitation spectra. (S3) Size histograms of the NCs.
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(S4) Photoluminescence spectra. (S5) XPS and UPS. (S6) Photoluminescence Quan-
tum Yield. (S7) Transient absorption spectroscopy. (S8) Device lifetime measurements.

(S9) Calculations of the hypsochromic shift.
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Section S4.1 Overview NMR spectra
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Figure S4.1: 'H-NMR spectra of synthesized DCzGPC ligand in CDCl;. Peaks common to all
lecithin components were assigned according to the general pictogram.
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Figure S4.2: '"H-'"H COSY-NMR spectra of synthesized DCzGPC ligand in CDCl;.
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Figure S4.3: ¥P-NMR spectra of synthesized DCzGPC ligand in CDCl;.
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Section S4.2 Excitation Spectra of native CsPbBr.Cl NCs and ligand exchanged
NCs
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Figure S4.4: Excitation Spectra of CsPbBr,Cl NCs (blue) and with 41 wt % DCzGPC ex-
changed NCs (orange). For the detection wavelength, the respective emission maximum from

the PL experiment was used.
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Section S4.3 Size distribution determined from SEM micrographs
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Figure S4.5: Size distribution determined from SEM micrographs of native CsPbBr.Cl (A) and

with DCzGPC exchanged nanocrystals (B).
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Section S4.4 Photoluminescence of green-emitting CsPbBrs NCs
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Figure S4.6: Photoluminescence spectra of the CsPbBr; nanocrystals before (blue) and after
(red, orange, and purple) exchanging the ligand shell with different amounts of DCzGPC lig-
and.
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Section S4.5 XPS and UPS

Figure S4.7: XPS survey spectra of pure DCzGPC ligand. All specific signals for the
ligand (Ols, N1s, Cls and phosphor) are found. No signals are found for chlorine.
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Figure S4.8: XPS Spectra of the core-level regions of Cls, N1s and Pb4f. Signals of the
DCzGPC become more pronounced with increased addition. Analysis of the Pb4f core-level
shows no change in binding energy or signal shape after ligand exchange. This excludes doping
of the particle by the new ligand.
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Figure S4.9: A) Secondary electron cut-off measurements with He I radiation (hv: 21.22 eV).
B) Valence band maximum measurements with He II radiation (hv: 40.8 eV).

The determination of the secondary electron cut-off (SECO) of surfactant-stabilized
nanoparticle samples is challenging due to inhomogeneous charging effects. Care was
taken to prepare homogeneous single-layer films, but in the UPS spectra there are still
areas where partial charging occurs due to stacked layers with insufficient charge
transport. For the determination of the SECO, the intersection of the slope with the
zero line was therefore used without background correction to eliminate the effect of
partial charging. From the measurement of the pure DCzGPC ligand, where partial
charging was practically absent and background correction theoretically feasible, the
difference in the work function with/without background correction is approx. 30 meV,
e.g. relatively small compared to the main conclusion that “the work function after lig-

and exchange is nearly unaffected”.
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Section S4.6 absolute Photoluminescence Quantum Yield
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Figure S4.10: absolute PLQY measurement of pristine CsPbBr,Cl NCs in hexane.
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Section S4.7 Transient Absorption Spectroscopy
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Figure S4.11:. 2D fs transient absorption plot of a thin film of the native perovskite system

after excitation at 325 nm (0.5pnJ/pulse). Steady-state absorption and photoluminescence spec-

tra are shown in red and blue respectively above the 2D plot.
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Figure S4.12: Kinetic traces at selected wavelengths of the native A) and exchanged system B)

after excitation at 325 nm as well as the result of a biexponential fit at the maximum of the
sub-band gap feature at 487 nm and 477 nm (red).

The following function (convolution of the instrument response function, IRF, and a
sum of exponentials) was used to fit the sub-band gap feature at 487 nm for the native
and 477 nm for the exchanged system where ¢, is the pump-probe delay, just before the
signal starts rising, IRF the instrument response function (&~ 0.4 ps), A, being the am-
plitudes and ¢, the decay times.

t—t
a2 t—to

St :e<7277%> S AT (S4.1)

Biexponential fitting gives values of {; = 0.3 ps £ 0.02 ps and ¢, = 42 ps + 1 ps for
the native system at 487 nm and values of t; = 0.3 ps +0.02 ps and ¢, = 17 ps £+

0.5 ps for the exchanged system at 477 nm.
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Table S4.1 Band gap renormalization energy AFE at different pump-probe delay times
for the native and exchanged perovskite system

PUMP-PROBE DELAY (FS) AE (meV) AE, (meV)  Relative increase

native cachanged

200 74 76 3%
300 76 80 5 %
400 82 90 10 %
500 87 93 7%
600 89 99 11 %
700 86 99 15 %
800 89 101 13 %
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Section S4.8 Lifetime measurements
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Figure S4.13: Voltage vs time dependence corresponding to the lifetime measurement (Figure
4.5 main publication). Despite applying the same current, voltage responses differ between
samples. Implied resistance (~1/V) decreases monotonically for native samples, and initially

increases for DCzGPC treated samples.
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Section S4.9 Estimating Blue-shift Contribution via Brus Equation

The origin of the blue shift induced by the DCzGPC ligand exchange remains elusive.
However, some basic analytical considerations using Brus’ equation may provide insight
to the root of the influence. Overall, it implies that the hypsochromic shift may arise
from a change of effective mass. As elucidated by Brus et alP*, the energy gap of a
nanoparticle in weak confinement regime can be predicted by taking the bulk gap and
reducing it by the excitons binding energy and adding the confinement energy arising

from a particle-in-a-box consideration:?’
Egap,NC’ = Egap,bulk + Eea:citon =+ Econfinement (342)

With the energy gap of the bulk LHP, E.p,buk, the exciton coulomb energy, Eeciton,
and the confinement energy, Econfinement While the bulk energy gap is determined by the

halide composition, the exciton’s attractive and therefore negative energy is determined

MMy,
Y
(me+my,

by the reduced mass, p = and the permittivity .. The confinement energy of a

nanocrystal is primarily determined by its size and the reduced mass of its constituent
particles. This energy can be estimated using the 3-D particle in a box model, which is

a widely used framework in quantum physics textbooks:

B, = 2 N VR
exciton — 471'80ﬁ : 2—&‘? - _7 ) ? (843)

L (nwe)?:BthQ

E . _°or i
confinement 2” 2M a 2/1@2 (844)
h2m? h2m?
E(:()nfin()m(:nt = a 2 = 2/1,0,2 (S4 )
oy, [~ 5
g <\/§>
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Using effective masses (m. = 0.15m and my = 0.14my) and permittivity (e.= 4.96)
from Protesescu et al. ! (Table S4.2) and bulk energy gaps from references #2%2 the

individual contribution can be calculated as shown in Table S4.2.

Table S4.2 Energy contributions according to eq. (S4.2). Reducing coulomb interaction via
dielectric screening may only blue-shift as much as 40 meV.

CompOSitiOH Egap.bulk M Eex(:iton E(‘onfinement Egap,N(‘
CsPbBr; 2.29 eV / 0.072m, 40 meV 4156 mev  24leV/
541.4 nm 515.4 nm
CsPbBr.Cl 2.59 eV / 0.072my —40 meV +105 meV 2.65 eV /
478.1 nm 467.1 nm

The calculated energy gap agrees very well with the measured PL peaks for the na-
tive CsPbBr; as well as CsPbBr,Cl NCs. However, it becomes evident that the meas-
ured blue-shift of 100 meV (22 nm) in case of CsPbBrs NCs and 120 meV (19 nm) in
case of CsPbBr.Cl NCs cannot arise from dielectric screening, that is, an increase in the
permittivity because the exciton energy is too small to account for these shifts. Appar-
ently, the only term that shows the potential to induce such strong blue-shifts is Econ-
fmement- HOWever, as the particle size itself does not decrease, the only variable that is

left is the reduced mass.

AE:=FE,, —FE, . pux = —Vi, - 2% % (S4.6)
Equation (S4.6) leads to the quadratic equation:
0= v}, 5 3+ ZZE —AE (S4.7)
Or
Oz_uz.%_u.AEMi_ﬁ p #0 (S4.8)
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Solving eq. (S4.8) by using the experimentally determined shift of the optical gap AE,
an estimate for the change in reduced mass can be obtained. As shown in Table S4.3,
in the case of CsPbBrs the decrease in reduced mass from 0.072 to 0.045 can be
achieved by halving for example the effective hole mass to 0.072m.. Similarly, for CsP-
bBr,Cl an even stronger reduction can take place, while the electron mass could also be

concurrently reduced.

Table S4.3 Reduced mass and the implied energies after ligand exchange with 73 wt. %
DCzGPC.

Composition Egap.bulk UDCrGPe Eexe..nncpe Econt. Dercpe Egap.pesape
CsPbBr; 229 eV / 0.045mq 25meV 4250 meV  251eV/
541.4 nm 493.0 nm

CsPbBr,Cl | 2:39¢eV/ 0.031my 17 meV +195 meV 2.77eV /
478.1 nm 448.0 nm
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5.1 Abstract

Surface-defect passivation is key to achieving high photoluminescence quantum
yield in lead halide perovskite nanocrystals. However, in perovskite light-emitting
diodes these surface ligands also have to enable balanced charge injection into the
nanocrystals to yield high efficiency and operational lifetime. In this respect,
alkaline halides have been reported to passivate surface trap states and increase the
overall stability of perovskite light emitters. On the one side, the incorporation
of alkaline ions into the lead halide perovskite crystal structure is considered to
counterbalance cation vacancies, while on the other side, the excess halides are
believed to stabilise the colloids. Here, we report an organic lithium salt, viz.
LiTFSI, as a halide-free surface passivation on perovskite nanocrystals. We show
that treatment with LiTFSI has multiple beneficial effects on lead halide perovskite
nanocrystals and LEDs derived from them. We obtain higher photoluminescence
quantum yield and longer exciton lifetime, and a radiation pattern that is more
favourable for light outcoupling. The ligand-induced dipoles on the nanocrystal
surface shift their energy levels toward lower hole-injection barrier. Overall, these
effects add up to a four- to seven-fold boost of the external quantum efficiency in
proof-of-concept LED structures, depending on the colour of the used lead halide

perovskite nanocrystal emitters.

5.2 Introduction

Electroluminescent perovskite light-emitting devices (PeLED) were first reported in
the 1990s and achieved external quantum efficiencies similar to state-of-the-art
fluorescent organic LEDs at that time;® however, because of severe temperature-
induced efficiency drop they have been operated at low temperature only, typically in

254

liquid nitrogen.®* Triggered by their success in photovoltaics, perovskites with the

general formula ABXj3 (where A is a monovalent organic or inorganic cation, B a
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bivalent cation — typically Pb** — and X a halide anion) have been “rediscovered” as
light emitters less than a decade ago®” and have developed into a rapidly progressing
LED technology ever since.*® 2 Narrow emission bands, which are easily tunable by
perovskite composition and size in the case of nanostructured materials, paired with
high photo- and electroluminescence efficiency over the entire visible and near-infrared
spectral range make them attractive candidates for next-generation displays and
lighting. However, despite external quantum efficiencies of PeLLEDs being close to
organic LEDs, their practical use is still severely limited by insufficient operational

lifetimes being on the order of a few 10-100 h at best.26*61

In the focus of this work are electroluminescent lead halide perovskite (LHP)
nanocrystals (NC), which are, beside 3D bulk and 2D layered perovskites, an emerging
class of active light emitters for PeLEDs. They share attractive features like solution
processability, ease of bandgap tuning and defect tolerance, however, with potentially
higher radiative decay rates and, thus, higher photoluminescence quantum yield in the
case of LHP NCs even in the absence of a core—shell structure. Nevertheless, NCs have
particularly large surface-area-to-volume ratio, which makes them very sensitive toward
surface defects and, thus, strategies to develop defect passivation are particularly
important.?? Consequently, surface chemistry plays a pivotal role in the optoelectronic

properties of LHP NCs.

LHP NCs are typically synthesized as colloidal suspensions stabilized by organic
ligands, such as oleic acid and oleylamine (see Figure 5.1).2” Despite their high
photoluminescence, these pristine “solutions” cannot be used directly for film
fabrication and implementation in PeLEDs because of the electrically insulating nature
of the ligands. Moreover, nonbinding excess ligands, required to stabilize the
suspensions, even deteriorate charge injection into the NCs further.? 2% “Waghing”
the nanocrystals before film deposition removes these ligands partially; however, it is at

the expense of creating a large density of surface defects with the concomitant

138



formation of nonradiative exciton decay channels mainly caused by A- and X-site
vacancies, as well as inducing stability issues. To overcome these problems, researchers
have developed a variety of different surface passivation strategies and employed them
in LHP NCs, including halide salts, strongly binding organic ligands, and zwitterionic
species.?6265 Tn particular, the use of lithium halides has been shown to increase the
photoluminescence yield as well as their stability.?® Therein, its passivation is mostly
attributed to the excess halides that fill the corresponding vacancies at the NC surface
and, thus, reduce nonradiative defects and, at the same time, suppress ion migration
via these vacancies. Nevertheless, the role of the Li" cation itself has largely remained
elusive. # Thus, it is worth studying the effect of halide-free lithium salts, like lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, see Figure 5.1), which has already been
investigated as a beneficial additive in perovskite solar cells.? 2™ In this work, we
show that by adding LiTFSI to various LHP NC solutions, with emission colors
ranging from deep red to green to sky blue, their optoelectronic properties are tuned
toward a higher photoluminescence quantum yield, better hole injection and transport,

and a lower electroluminescence turn-on voltage. Overall, this results in a 4- to 7-fold

increase of the external quantum efficiency of PeLEDs.
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T R e e

Figure 5.1: Schematic CsPbBr; NC surface with possible interaction mechanisms by oleic acid,
oleylamine, and the organic lithium salt, LiTFSI. Li* may fill a vacancy or may be intercalated.
On the upper right, a full PbBrs octahedron with adjacent Cs ions is depicted to illustrate the
ABXj crystal structure.

5.3 Results and Discussion
5.3.1 Surface Ligand Exchange

LHP NCs with different stoichiometry and emission color, ranging from sky blue
(CsPbBr,Cl) to green (CsPbBrs) to red (MAPbBrl,, where MA stands for
methylammonium), have been obtained commercially or synthesized as described in the
Methods section. The native NC solutions with oleylamine and oleic acid surface
ligands (10 mg/mL solid NC contents in toluene) have subsequently been mixed with
equal volumes of LiTFSI solutions in chlorobenzene; see Methods for details. This has
resulted in different weight concentrations of LiTFSI relative to the LHP NCs, such as
0.1, 1, 9, and 50 wt %. Thin films have been prepared by spin-coating under an inert
atmosphere using these LiTFSI:NC mixed solutions, and their properties were
compared with corresponding thin films made from the native NC solutions. In the

following, we focus on green CsPbBr;NCs; blue and red NCs are only discussed in the
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LED part of this manuscript, but we anticipate that they behave qualitatively similar
regarding the effect of LiTFSI on optical, electronic, and charge transport behavior. We
mostly consider the 1 wt % LiTFSI doped thin films for characterization, because
PeLEDs with this LiTFSI content show the highest luminance while being close to the

optimal efficiency, as will be discussed later.

In general, film formation without and with LiTFSI is found to be very similar
(see Figure S5.5) so that we will not discuss this in detail here. CsPbBrs NCs of size
7-8 nm arrange in a cubic packing of the NCs on the surface of various kinds of
substrates. We do not find a significant difference in NC arrangement and coverage,
indicating that the addition of LiTFSI to the NC solutions preserves a certain fraction
of the native oleylamine and oleic acid ligands, as schematically shown in Figure 5.1.
It is important to note that we do not see a significant shrinkage of the NC size upon
LiTFSI treatment, in contrast to the findings of Liu et al., where they observe etching
of the NC surface by the acidic (H)TFSIL.?™ These films were subsequently studied by
photoluminescence, photoelectron spectroscopy, density functional theory modeling,

and in PeLEDs.

Arguments for successful ligand exchange come from changes of photoluminescence
(PL) spectra and lifetimes as well as from photoelectron spectroscopy, as will be

discussed in the following two sections.

5.3.2 Photoluminescence

Photoluminescence spectra, quantum yield (PLQY), and lifetime are key indicators
for the structural intactness of the LHP NC surfaces, both in solution as well as in thin
films. Thereby, not only does ligand passivation play a key role but also the dielectric
environment and the substrate on which the NCs are deposited. Figure 5.2 a shows a
comparison of PLQY of native, i.e., oleylamine/oleic acid-capped, CsPbBrs NCs on

various substrates relative to glass (BK7). When using highly conductive substrates
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like metals, ITO, ZnO, or PEDOT:PSS, the PLQY is significantly lowered compared
with glass. For PEDOT:PSS, the quantum yield reduction can be ascribed to residual
water content, which may degrade the LHP NC significantly and quench
luminescence.?™*% The reduction for ZnO and ITO however originates from a different
mechanism; e.g., their high carrier densities may enable exciton-carrier quenching or
the oxides could lead to degradation of the LHPs.”” And even in the case of the
organic polymer polyvinylcarbazole (PVK), used as hole transporting layer (HTL) in
PeLEDs, the PLQY is slightly lowered with respect to glass. However, by introducing
LiTFSI as dopant in PVK the impairment is overcome. LiTFSI as dopant in HTLs is
reported to increase their electrical conductivity rendering this effect rather
unexpected.?™ Another Li-based substrate treatment is a thin film of LiF evaporated
on glass before spin-coating of the LHP NCs, which proves to be even more beneficial
on the PLQY (see Figure 5.2 a). A positive effect of an LiF interlayer has already
been observed for light emission from bulk perovskites. Bigger grain sizes and reduced
pinholes in the film were identified as the main cause for a better optical

279

performance.?™ For LHP NCs the grain sizes are predefined during synthesis and not
expected to change upon spin-coating on a substrate.?’ Consequently, it is reasonable

to assume a different mechanism for the PLQY enhancement.
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Figure 5.2: (a) PLQY of CsPbBrs; NC thin films on various substrates; (b) LiTFSI doping
concentration dependent PLQY and EQE; (¢) TRPL decay curves; (d) p-polarized ADPL
spectra.

This raises the question, whether the nature of the substrate alone affects the PLQY,
or if there is interdiffusion from the underlying material into the LHP NC thin film.
Thus, to study the influence of LiTFSI on the CsPbBr; NCs, we directly add the Li
salt to the solution prior to spin-coating on glass. Even though a more polar solvent,
viz. chlorobenzene, is needed to mix the two substances, an increase in PLQY can be
observed, both, in solution and as a thin film. Figure 5.2 b shows the PLQYs of thin-
films fabricated with different LiTFSI mass percentage mixing ratios. At very low con-
centrations, the PLQY is slightly decreased with respect to the pristine (0 wt %) LHP
NC film, which has a PLQY of about 70%. In contrast to that, at concentrations high-
er than 1 wt %, the PLQY is significantly increased reaching near unity at 9 wt %,
before it decreases again for a 1:1 mixture of both components. The PLQY impairment

at low concentrations is comparable to a solvent mixture of toluene and chlorobenzene
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(but no LiTFSI), which may imply that some of the NCs are irreversibly degraded by
the polar solvent before this detrimental effect is outweighed at higher LiTFSI

content.28

Together with the changes in the PLQY of LiTFSI-treated CsPbBr; NC films, we al-
so observed a slight red shift of their PL emission spectra (Figure S5.1), which is in-
dicative of ligand exchange by the addition of LiTFSI to the NC solutions prior to
spin-coating. Similar observations were recently reported on red-emitting LHP NC and
were assigned to the highly dynamic/labile binding situation of oleic acid and oleyla-
mine on the perovskite NC surface.?*! Therefore, both the enhanced PLQY and the
spectral PL red shift indicate that the new ligand must be in spatial proximity to the
NC surface, which is only possible if the native ligand (oleic acid/oleylamine) is re-

placed.

Because we assumed a surface trap passivation effect by the LiTFSI, time-resolved
photoluminescence (TRPL) was measured on the same films (Figure 5.2 c¢). As detailed
in the Supporting Information (Figure S5.2 and Figure S5.3), the PL transients show
a double-exponential decay with a fast initial lifetime of about 1 ns and a slower one
with several nanoseconds. Weighting the lifetimes with their relative amplitudes, one
obtains an average lifetime, as explained in the context of Figure S5.2 and Figure S5.3.
For the native sample T, = 1.7 ns is obtained, whereas all the LiTFSI-doped ones
have similar t,,, = 2.6 ns, with only minor variation At,, = 0.1 ns (see Figure 5.2 ¢),
which is surprising in view of the observed changes in the PLQY over the same concen-
tration range. However, as discussed above, the PLQY is reduced if there are solvent-
degraded LHP NCs in the film, which contribute to absorption of the incident UV light
but not to light emission in the visible range. On the other hand, the PL lifetimes do
not necessarily have to be affected by degraded LHP NC; if they do not interact with
the optically active ones, the obtained lifetimes originate only from intact NCs because

the degraded ones are not detected, in contrast to the PLQY measurement.
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As the double-exponential fits on the intensity decay (see Figure S5.2 and Figure
S5.3) reveal, the individual PL lifetimes are concentration independent (just like the
average, Tay). However, a comparison of the amplitudes exhibits a shift of weights to-
ward the longer lifetime with increasing LiTFSI concentration. Together with the
PLQY measurements, this implies that within the short lifetime there are more nonra-
diative decay processes. Furthermore, this could indicate that trap-assisted recombina-
tion is suppressed by the presence of LiTFSI. There have been several reports about
surface trap passivation featuring various halide salts. They agree on a passivation
mechanism by halide abundance, which has also been reported by groups using lithium-
free halide salts.?"2#2223 However, in our case, the halide-free LiTFSI seems to have a

similar effect.

In addition to the changes in PLQY and PL lifetime, we observe a change of the ra-
diation pattern of LHP NC films upon addition of LiTFSI. Figure 5.2 d shows the
parallelly polarized (p-pol.) angular dependent photoluminescence (ADPL) of a native
and a 1 wt % LiTFSI-treated CsPbBr; NC thin film. As studied in great detail for or-
ganic light emitters™ as well as for some LHP NCs,™* such radiation patterns con-
tain information about the average orientation of the transition dipole moments (TDM)
of the electronically active optical transition from the excited state to the ground state.
This parameter is key to understanding and improving light outcoupling from thin-film
light-emitting structures, such as organic LEDs?¥ or PeLEDs.!'*) In particular, the ori-
entation parameter © (which is defined as the fraction of power emitted by vertical
TDMs) directly indicates the degree of anisotropy of the TDM orientation distribution,
with © = 0.33 being the isotropic case, and larger (smaller) values indicating more ver-
tical (horizontal) TDM orientation. By comparing native CsPbBrs; and LiTFSI-treated
NCs we notice a significant change of the TDM orientation. After fitting with an ap-
propriate dipole model (details in the Supplementary Information) a TDM orientation

parameter of Ouive = 0.51 is obtained, proving more vertical TDM orientation for the
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native NCs, in contrast to Ourrst = 0.32 being close to isotropic for the 1 wt %
LiTFSI-treated NCs. This means that the unfavorable vertical TDM orientation of the
native NC film is changed to an isotropic emission profile corresponding to the cubic
structure of LHP. A similar behavior has also been found by an Al:O3 overcoating of
LHP nanoplatelets.?*>2* Thus, we suppose that LiTFSI acts as a dielectric layer to
screen the asymmetry in the electrostatics between the substrate and the free surface of

the NCs.

5.3.3 Energy Level Alignment

To elucidate the impact of LiTFSI on the electronic properties of LHP NCs,
ultraviolet and X-ray photoelectron spectroscopy (UPS and XPS) measurements have
been conducted on the PVK/CsPbBrs-NC and PVK/CsPbBrs-NC:LiTFSI films,
respectively. As shown in Figure 5.3 a by the valence region and the secondary
electron cutoff spectra, the PVK film exhibits an initial work function of 4.59 eV and
the highest occupied molecular orbital (HOMO) level is found at 1.37 eV binding
energy (with respect to Er). Upon deposition of CsPbBrs NCs, the work function
decreases to 4.25 eV, likely due to the formation of band bending and/or an interface
dipole at the buried interface.” The valence band (VB) onset of CsPbBrs is then
extrapolated at 1.68 eV with respect to Er. Given the energy gap of CsPbBr; of about
2.4 €V (515 nm), this shows that Er is located above midgap which is due to a strong
n-type character on the surface of the NCs. Additional surface photovoltage
measurements under white light illumination shows no shifts of CsPbBrs NC energy
levels, indicating a flat band condition through the LHP NC layer.’® Hence, the
surface energy levels are then expected to also reflect the electronic properties within
the LHP NC thin-film. With the addition of LiTFSI to the CsPbBr; NCs, a shift of the
valence band toward lower binding energy by 0.25 eV is observed, which is
accompanied by an increase in sample work function, leading to a decrease in VB onset

to 1.43 eV with respect to Er.
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Figure 5.3: (a) UPS spectra of PVK and PVK/CsPbBrs-NC films with and without the
addition of LiTFSI. Top panel, valence band spectra; bottom panel, secondary electron cutoff
region. (b) Energy level diagram at the PVK/CsPbBr; interface with and without addition of
LiTFSI. VL and Er refer to vacuum level and Fermi level (set at 0 eV binding energy).
Bandgaps are taken from the optical gap for the perovskite and from literature for PVK.>*)

A similar shift of the core levels was observed in XPS (see Figure S5.6). Such a rigid
shift of all CsPbBrs—NC energy levels distinctly demonstrates a p-doping effect by the
addition of LiTFSI. It is worth mentioning that the use of substantially attenuated UV
flux (attenuation of more than 100 times compared to the standard helium discharge
lamp) is required for the UPS measurement, as a high UV flux is found to cause irre-
versible changes of the electronic structure. However, this leads to insufficient signal-to-
noise ratio at the top VB region, which keeps us from extracting the LHP NC valence
band onset on a logarithmic intensity scale of the photoelectron signal, as is known to
accurately infer the band edge position of perovskite films due to the low density of
states at the top of the valence band.?®*" However, the shift of the electronic levels is

not affected by this procedure.

Furthermore, XPS can serve as another proof for successful ligand exchange. Similar
to Liu et al., we find a fluorine peak (F 1s) in the XPS spectrum of the LiTFSI-treated

NC film (see Figure S5.6 d), which could not be observed in the native sample.™
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However, because of the low X-ray intensity used in our experiments, nitrogen and sul-
fur peaks could not be identified. Nevertheless, following the consideration of Liu et al.,

it can be concluded that TFSI is attached at the surface of the NCs.2™

The resulting energy level diagram of the PVK/CsPbBry NC stack is shown
in Figure 5.3 b. It can be clearly seen that the PVK/CsPbBrs—NC interface initially
exhibits a large energy barrier of ca. 0.31 eV for hole injection. Because of the p-doping
effect by addition of LiTFSI, such an energy barrier is reduced to 0.06 eV with CsP-
bBrs NC VB edge shifting closer to the HOMO level of PVK. With such reduction, the

hole injection can be significantly improved.

The reduced hole injection barrier is manifested in the electrical transport behavior
as well. As expected, a single carrier hole-only device (layer stack shown in the inset of
Figure 5.4) with 1% LiTFSI doping shows a significant increase, respectively doubles
the current density when operated at 4 V (see Figure 5.4). We note that this current
enhancement is not caused by a change in the layer morphology (including its thick-
ness). As shown in the Supporting Information (Figure S5.5), both native and LiTFSI-
treated CsPbBr;—NC films have similar morphology with a partially closed uppermost
NC monolayer on top of fully closed layer(s) underneath. If at all, the LiTFSI treat-
ment even slightly improves the film morphology so that the increase of current cannot
originate from insufficient NC coverage. Further, one can also expect to obtain differ-
ent electronic coupling among the CsPbBr; NCs by replacing (part of) the insulating
oleylamine/oleic acid ligands by LiTFSI so that an improved bulk charge transport
might also contribute to the observed current enhancement. We also note that electron
injection is apparently not affected by the energy level shift, as electron-only devices

(see Figure S5.7 d) show a negligible difference in current.
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Figure 5.4: Hole-only j-V curve with the schematic device stack as inset.

5.3.4  Density Functional Theory Modeling

Density functional theory (DFT) modeling of four slab models was performed (see

the Supplementary Information for computational details)

to understand the

structural changes upon LiTFSI treatment and its consequent impact on the electronic

structure of the CsPbBr; NCs. As shown in Figure 5.5 a, model A consists of pristine

CsPbBr;, whereas in model B, a Li" ion replaces a Cs* ion together with a TFSI

replacing a Br ion over the surface. Model C considers intercalation of a Li" ion,

with one TFSI placed over the CsBr-terminated surface, whereas model D is a system

analogous to model C, but with the two —CF; groups of the TFSI ion having been

replaced with two —CHj groups.
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Figure 5.5: (a) Slab models of orthorhombic CsPbBrs (1 x 2 x 3 supercell; 5 Pbl layers)
exposing the CsBr-terminated surfaces, (b) projected density of states plots for model A and C
(Er = Fermi energy), (c) planar average electrostatic potential for determining the vacuum
energy level, E.. In the diagram, E.. corresponds to the (near) vacuum level of the TFSI-
deposited surface and E'.,. represents the undoped (far) vacuum level.

Even though model D is not relevant experimentally, we explored this system com-
putationally to disentangle the effect of C—F bond polarity on work function (WF), by

closely comparing it with its C—H analogue.

We found that both pristine and LiTFSI-doped systems exhibit a very similar densi-
ty of states (Figure 5.5 b), and the orbital contributions from the TFSI ions are quite
deep-lying, appearing only near —2.0 eV. On the other hand, the TFSI ligands were
found to alter the surface dipole moment of the particle significantly, causing a sub-
stantial shift in the vacuum level (Figure 5.5 ¢). Consequently, the mere presence of a
surface TFSI ion in model B replacing a Br ion increased the work function of the
NC from 4.51 eV in pristine model A to 5.54 €V in model B. The vacuum level-shift is
even more prominent in model C, partly attributable to the fact that the dipoles

caused by the surface TFSI ions are now exclusively outside the inorganic core, as
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opposed to model B, where the O atom from TFSI binds to a Pb*" ion from the core
and hence, the dipole is partly compensated. In model D, we show that when the high-
ly polar C—F bonds in TFSI are replaced with C-H bonds, the vacuum level shift is
drastically reduced (En. = 4.23 eV and WF = 6.20 eV for —CF; groups in model C
VS FEye = 3.83 eV and WF = 5.69 eV for —CHs groups in model D). We recognize that
the computed change in the work function is rather substantial compared to the exper-
iment (UPS measured hole stabilization being around 0.25 eV, Figure 5.3 b). We at-
tribute this discrepancy to (i) a higher TFSI coverage in the model system compared
to the experiment and (ii) the fact that in the slab model only one surface is asymmet-

rically covered with organic ligand as opposed to all six-side coverage in an actual NC.

In addition to the change in work function, the topotactic intercalation of the
Li" ion, regardless of whether in a tetrahedral or octahedral site, has been demonstrat-
ed to increase interaction with neighboring halide ions (see Li-Br bonding in addition
to the usual Cs—Br bonds in model C and D in Figure 5.5 a),?™ and thus the activa-

¥ We anticipate a similar

tion barrier for halide ion migration is expected to increase.!
effect of the Li* ion on preventing ion migration and improving the structural integrity
of the LiTFSI-treated CsPbBr; particles. Finally, we speculate that the availability of
electronegative O atoms from the TFSI ligand, which is quite mobile over the surface,

would also coordinate to Pb atoms, as seen in model B, and contribute toward prevent-

ing detrimental Pb** to Ph’ reduction over the surface.?”

5.3.5 Perovskite Light-Emitting Diodes

Finally, we have employed native and LiTFSI-treated CsPbBrs NCs in PeLEDs,
where PVK is used as polymeric hole transport layer and B3PYMPM as electron
transport layer, followed by a LiF/Al cathode as depicted in the inset of Figure 5.6 a,
the corresponding current-voltage-luminance characteristics is also shown in Figure

5.6 a. The native CsPbBr; NCs show two onsets for the current, with the first
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occurring slightly above 1 V which can be assigned to electrons due to the n-type
position of the Fermi level; the second onset with a much steeper increase of current is
located at about 3.5 V and would accordingly correspond to the onset of hole injection.
This is supported by the fact that detectable luminance (>1 x 102 cd/m?) occurs not

before the applied voltage exceeds 4 V.
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Figure 5.6: j-V-L curves of (a) CsPbBr; and (b) CsPbBr,Cl PeLEDs with and without
LiTFSI-doping; (¢, d) corresponding EQE vs current density curves. The insets depict their
stack structures and their emission spectra.

For the 1 wt % LiTFSI-doped NCs, the double-step feature in the current disappears;

rather, there is a steep increase starting above 2 V and luminance is detected already
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at 3 V. With further increasing voltage, both current and luminance increase much
steeper in the LiTFSI-doped PeLED as compared to the untreated one. Finally, at 7 V
both devices reach the same current, but the luminance in the LiTFSI-doped PeLED
stays several times above the native one, indicating higher external quantum efficiency
(EQE). This is shown in Figure 5.6 ¢ where the maximum EQE increases by more
than a factor of 4 from 0.2% to above 0.8%. We also note that both, native and
LiTFSI-treated CsPbBrs;, PeLEDs have the same narrow green electroluminescence

spectrum shown in the inset of Figure 5.6 c.

Similar to the PLQY series, we have also fabricated PeLEDs with other LiTFSI dop-
ing concentrations (see Figure S5.7). We find that the highest EQE is reached for a
LiTFSI concentration of 5 wt %; however, this device (just like the 9 wt %) does not
reach the same level of luminance as the 1 wt % device, indicating some kind of
overdoping by LiTFSI that leads to irreversible device degradation at high current den-

sities, while lower concentrations lack sufficiently high PLQY.

As a proof of concept, we also applied LiTFSI doping to sky-blue emitting CsP-
bBr.Cl NCs (results shown in Figure 5.6 b, d). In this case, the reduction of the turn-
on voltages for current and luminance induced by LiTFSI doping is even bigger, as de-
tectable luminance sets in already below 3 V. The EQE is enhanced by a factor 7 from
0.1 to 0.7%, proving an even stronger effect of LiTFSI doping in the wider band gap,

sky-blue PeLEDs.

Furthermore, a red methylammonium-PbBrls NC PeLED can also be improved by
LiTFSI, without an evident current-density increase (see Figure S5.8). In this case, the
red NC emitter does not face the same hole injection barriers as its blue and green
counterparts, such that an increase in hole-injection is not expected to play a major
role. Nevertheless, the device EQE is boosted by a similar factor through the LiTFSI

treatment.
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5.3.6 Discussion

The overall increase in PeLED performance with various LHP species implies a very
versatile mechanism. The increase in PLQY and exciton lifetime with the LiTFSI
concentration suggests a surface passivation mechanism. This has already been
reported with lithium halides, where the lithium ions as well as the halides have shown

209270295 However, the influence of Li* has not been completely

surface trap passivation.!
disentangled from that of the halide. Here we use the organic TFSI anion, proving
that a halide-free passivation is possible. As sulfonic moieties have been reported to fill
halide vacancies, a similar interaction from LiTFSI seems plausible and has already
been reported.?2?™24 In particular, TFSI" has been suggested to act as surface
passivation by coordinating with Pb and Cs cations on the NC surface. Additionally,
suppressed hysteresis of the j-V characteristics (see Figure S5.7 ¢) implies that ions
have been demobilized to some extent. Although neither a significant shrinkage of the
NCs nor a spectral blue-shift has been observed, as reported by Liu et al. upon
(H)TFSI treatment,?™ an analogous chemical reaction may still take place on the NC
surface: CsPbBrs + LiTFSI — CsPbBr,TFSI 4 LiBr. The main difference to the
(H)TFSI passivation is that the resulting lithium halide salt is not as volatile as the
corresponding halide acid (HBr in this case), effectively blocking a prolonged
decomposition of the NC surface, thus avoiding shrinkage. Br- having a higher affinity
to bind Li* than TFSI renders this process energetically favorable.?? This could
explain why the addition of LiTFSI passivates CsPbBrs NCs without degrading their
shape and size. Apart from that, an enhanced stability to polar solvents as reported by

Liu et al. is also exhibited by our LiTFSI-treated NCs. *™

Though, upon considering the PLQY and EQE depending on LiTFSI concentration
(Figure 5.2 b) it becomes evident, that apart from surface trap passivation another

beneficial consequence arises from the LiTFSI treatment. The different dependence on
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LiTFSI concentration between EQE and PLQY cannot fully be explained by a surface

trap passivation mechanism, because the EQE (nEQE) is proportional to the PLQY:

MEQE = Mout * drLQY ~ 7Y (5.1)

However, at small doping concentrations the drop in EQE is not as pronounced as it
is for the PLQY. Other factors only influencing the EQE are the outcoupling factor
(net) and the charge carrier balance (v).? So an emitter orientation change can en-
hance the EQE compared to the PLQY, by a limited amount. This change in radiation
pattern is observed as shown in Figure 5.2 d, but the change of orientation is simulat-
ed to result in an EQE increase factor of only 1.3. Considering the PeLED fabricated
with a 1 wt % LiTFSI doping, as compared to the one with native CsPbBr; NCs, the
PLQY does not change significantly but the EQE does from about 0.2 to 0.8% by a
factor of 4. The orientation alone cannot account for such large enhancement, but the
last factor, the charge carrier balance can. Consequently, the doping procedure modifies
the charge carrier balance in favor of EQE. Further investigations into that have been
made by designing a hole-only device. This device exhibits hole-currents up to a factor
6 higher for the doped sample (see Figure 5.4), implying an increased hole injection of
roughly the same factor. The leveraged hole-injection can be ascribed to an improved
VB alignment with the adjacent PVK’s HOMO level, as measured by UPS and XPS
(see Figure 5.3). The injection barrier is reduced from 0.31 to 0.06 eV, which is in ac-
cordance with the increased hole current in the devices. At that, not only the VB onset
is shifted but the entire density of states by 0.25 eV, raising the CB level by the same

amount and rendering the CsPbBrs—NC semiconducting thin film less n-type.

This energy-level shift is expected when considering the reports of using LiTFSI as a
p-dopant in organic semiconductors. In that case, oxygen plays a key role in enabling

the doping process, which is proven by lithium oxide residuals after successful

296,297

doping.?*7 Even though the LiTFSI treatment here is realized in the absence of oxy-
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gen, a comparable reaction may lead to p-doping of the NCs. However, direct signa-
tures of charge transfer could not be found in photoelectron spectroscopy, which is un-
derstandable, as these NC films have a very large surface area-to-volume ratio, making
the detection of new electronic states upon charge transfer hard. Nevertheless, the ob-
served rigid shift of all energy levels (including the core levels) clearly proves p-doping

upon LiTFSI treatment of the CsPbBrsNCs.

The significance of the VB alignment can be seen when comparing the differently
colored LEDs: For the blue CsPbBr.Cl, the enhancement of current and EQE is highest,
it decreases in green CsPbBr; to no significant current increase for the red MAPbBrl,.
The sky-blue CsPbBr»Cl has a VB onset reported to be even lower,”rendering a po-
tential p-doping even more beneficial as observed. The red device presumably does not

298

benefit by the energy level shift, because of its small bandgapP® the injection barrier

has not been the limiting factor, even though the EQE is still significantly increased.

When considering the higher doping concentrations, 5 wt %and more, a drop in lu-
minance at elevated currents can be observed (see Figure S5.7 a, b). Although the
currents are further increasing, the luminance does not exceed 20 c¢d/m? A drastic
EQE drop occurs at this critical luminance value. This drop is proven to be irreversible
by multiple measurement runs of the LEDs. Apparently, there is a degradation induced
by an excess of LiTFSI doping. Different interactions of lithium ions with the LHP
NCs ranging from residing on an interstitial position over cation exchange (Cs* for

210l Upon excess doping multiple

CsPbBrs) to filling lead vacancies have been explored.!
of these interactions may mix and change the LHP NCs properties toward lower stabil-
ity and quantum yields. Even though this drop in quantum yield is observed in PLQY
measurements at 50 wt % doping only, the drop in operational stability is already dom-
inant for the PeLEDs starting from 5 wt %. The degradation above a certain lumi-
nance together with the fact that CsPbBr; is optically stable even upon strong excita-

299.300

tions! I leads to the conclusion that the degradation has to originate from an inter-
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action between charge carriers and the excited state. Because of the revealed n-type
nature of the LHP NCs and the different current onsets observed in the j-V-L curves,
it is evident that there is an electron abundance in the device during light-emission.
Several reports suggest a chemical reduction reaction of lead as a major degradation
path in LHPs,?'3%? which may be facilitated by this surplus of electrons in PeLEDs
during operation. Finally the trion state, consisting of two electrons and one hole, may
be the main cause of degradation. LiTFSI seems to have no influence on this proposed
electron-induced degradation, because it plays only a minor role in the mitigation of
electrons, if at all. Its major contribution is ascribed to the easier hole injection into the
LHP NCs not necessarily caused by the slightly less n-type energy alignment but rather
by the reduced hole injection barrier. As a consequence, the degradation seems to affect
the EQE in PeLEDs significantly. With the red and blue device, the LiTFSI has prov-
en to be very versatile, increasing the performance of simple all-inorganic tribromide
LHP NCs as well as mixed halide or organic perovskite NCs. However, the degradation
of PeLEDs cannot be prevented by the use of LiTFSI, because its major influence is

related to hole injection and increased PL quantum efficiency.

5.4  Conclusion

Surface defect passivation has already been recognized as key to enhance the
performance of LHP NCs regarding its optoelectronic properties. Here we investigate
surface treatment with a p-dopant, viz. the organic lithium salt LiTFSI, and show that
the efficiency in PeLEDs is tremendously enhanced. We trace this enhancement back to
positive effects on three decisive properties considering their EQE: the emitter’s
quantum yield is proven to be brought close to unity. This is achieved by most surface
passivation techniques on LHP NCs. Additionally, the angular emission pattern is
changed in favor of better light outcoupling. Although these two effects contribute to
the increased efficiency to a certain extent, the most pronounced influence is identified

to be the simultaneous tuning of the charge carrier balance to promote hole injection.
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Enhancement in these three key factors is a remarkable feature that can be attributed
to the LiTFSI treatment. However, there are still challenges concerning stability, which
is a major issue for LHP NCs in LEDs in general. At the same time the interaction as
well as degradation of LHP NCs in conjunction with LiTFSI is not entirely understood.
Nevertheless, a 4-7 fold increase in EQE can be achieved for PeLEDs of various colors
and chemistry, rendering the LiTFSI treatment a very promising procedure to further

investigate.

5.9 Methods
5.5.1 Materials

ITO (indium tin oxide) substrates with dimensions 2 x 2 cm were purchased by
Kintec (Hong Kong) with and without a custom layer thickness pattern of 100 nm on a
23 nm SiO2 buffer on a 0.7 mm thick glass substrate. Fused silica (SiO2) substrates
with dimensions 2 x 2 c¢m with a thickness of 0.7 mm were bought from Nano Quarz
Wafer Germany GmbH. PEDOT:PSS in a low-conductive ratio of 1:20 was used, hav-
ing the descriptor CH8000, by Heraeus Germany GmbH & Co. KG. ZnO was synthe-
sized from zinc acetate using the sol-gel method.? CsPbBr; solution (¢ = 10 mg/mL
in toluene, product ID 900746) and LiTFSI (Lithium bis(trifluormethane)sulfonimide,
99.95% trace metal basis, product ID 544094) were ordered from Merck Germany
KGaA. PVK (Poly(9-vinylcarbazole), Mw > 1 x 105, product ID LT-N4078) was ob-

tained from Luminescence Technology Corp. (Lumtec, Taiwan).

5.5.2 Nanoparticle Preparation
Preparation of Oleylammonium Halide (OLA-HX)
To prepare a 1.1 mmol/mL OLA-HX precursor solution, we placed 10 mL of oleyla-

mine (OAm) in a 25 mL three-neck flask and slowly added either 1 mL of concentrated

hydrochloric acid (HCl(aq.)) or 1.28 mL of concentrated hydrobromic acid (HBr(aq.)).
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Subsequently, the solidified reaction mixture was heated at 120 °C under nitrogen at-
mosphere for 2 h. The reaction temperature has then been increased to 150 °C for 30
min and afterward allowed to cool to room temperature. The mixture was kept in a

glovebox and heated to 80 °C before injection.

CsPbBr2Cl Nanocrystals

CsPbBr.Cl nanocrystals were prepared by a hot-injection synthesis using a modified
literature method.?* To synthesize 7 nm CsPbBr,Cl nanocrystals, 49 mg (0.15 mmol)
of Cs,COs, 67 mg (0.3 mmol) of PbO, and 1.5 mL of oleic acid (OA) were degassed in
15 mL of ODE in a 50 mL three-neck flask under reduced pressure at 120 °C for 1 h.
The temperature was increased to 240 °C under a nitrogen atmosphere, 1 mL of OLA-
HBr and 0.5 mL of OLA-HCI precursor were quickly injected, and after 1 min, the re-
action mixture was cooled to room temperature using an ice bath (below 180 °C). CsP-
bBr.Cl NCs were collected by centrifuging the suspension (7000 rpm, 10 min.), decant-
ing the supernatant, and collecting the precipitate. The precipitate was centrifuged
again without the addition of a solvent (7000 rpm, 5 min.), and the resulting superna-
tant was removed with a syringe to separate the traces of residual supernatant. The
precipitate was dissolved in 2 mL of hexane and centrifuged again (2500 rpm, 5 min) to
remove aggregates and larger particles. The resulting supernatant was filtered through
a 0.2 ym PTFE syringe filter and stored as stock solution inside of a glovebox with a

typical concentration of 25 mM following Maes et al.*!

LiTFSI Treatment

The LiTFSI solution was diluted from a stock that was created by dissolving 200 mg
of LiTFSI with 2 mL of dimethylformamide (DMF) and 18 mL of chlorobenzene (CB)
by stirring overnight, resulting in a volume concentration of 10 mg/mL. Dilution to 1,

0.1, and 0.01 mg/mL concentrations was done with CB only.
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Equal volumes of LHP NC solution and LiTFSI solutions were mixed to obtain a
LiTFSI-doped solution. Mixing equal volumes of 10 mg/mL LHP NC and 10 mg/mL
LiTFSI yielded a 5 mg/mL LHP NC solution with 50 wt % LiTFSI doping. Analogous-
ly, 9.09, 0.990, and 0.099 wt % doped solutions were obtained by using 1, 0.1, and 0.01
mg/mL concentrated LiTFSI solution and mixing with the 10 mg/mlL LHP NC solu-
tion in equal volumes. All LHP NC solutions were created within a nitrogen-filled

glovebox and exhibited stable luminescence for at least 3 months at room temperature.

5.5.3 Sample Preparation

Photoluminescence

Fused silica was used as a substrate for all PLL measurements, that is PLQY, TRPL,
and ADPL. The substrates were spin-coated in a nitrogen-filled glovebox by dropping
50 L (p.rm. LiTFSI-doped) of LHP NC solution before starting the rotation of the
spin-coater. After a settling time of 30 s, it was accelerated to 500 rpm and kept at
that speed for another 30 s. To remove residuals from the edges, spinning for 5 s at

2000 rpm was applied before the procedure was stopped.
UPS/XPS, SEM, LEDs, and Single-Carrier Devices

For UPS/XPS and SEM, unpatterned ITO substrates were used, and for the electri-
cal devices, patterned ITO substrates were used. For the electron-only device, a fused-
silica substrate was smoothed with a 0.8 g m thick PMMA layer before depositing 7.5
nm aluminum and 1 nm LiF as a bottom electrode. Initially, PEDOT:PSS was spin-
coated in the cleanroom, at 4000 rpm for 30 s, and heated on a hot plate at 130 °C for
15 min, resulting in a smooth approximately 40 nm thin film. The samples were trans-
ferred to a nitrogen-filled glovebox immediately. As a second layer, the approximately
20 nm thin PVK film was deposited by spin-coating a 3 mg/mL concentrated PVK-

chlorobenzene solution at 3000 rpm for 30 s and heating at 175 °C for 30 min. The
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LHP NC solutions are spin-coated as described for the PL samples, after cooling the
substrate to room temperature, resulting in a closed film of about 2-3 monolayers (ef-

fective thickness approximately 20 nm).

The sample in the current state, that is, the bottom-half LED, was used for
UPS/XPS and SEM investigations. For devices, the samples were transferred without
ambient exposure into a high vacuum chamber, with a pressure less than 1 x 10-6
mbar. For the hole-only device, 10 nm HATCN (rate: 50 pm/s) was evaporated, and
for LEDs and the electron-only device, 55 nm B3PYMPM (rate: 100 pm/s) followed by
0.5 nm LiF (rate: 10 pm/s) were evaporated. The devices were finished with a 60 nm

(rate: 100 pm/s) thick aluminum cathode, also deposited by thermal deposition.

5.5.4 Measurement Details

PLQY

The PLQY was determined by a two-step method of measurement featuring a Ba-

B The excitation source was a HeCd laser’s 442 nm

SOs-coated integrating sphere.
light. The excitation signal as well as the sample fluorescence was collected with a fiber
and guided into a Princeton Instruments Acton2300i spectrometer, which was connect-
ed to a nitrogen-cooled CCD camera (Princeton Instruments Pylon BRX100). An abso-
lute calibration of the integrating-sphere CCD system was performed with a lamp cali-
brated for spectral irradiance according to the NIST standard by GigaHertz Optik
GmbH Germany. With that system, spectra could be evaluated to its amount of pho-

tons and consequently a PLQY was calculated.
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ADPL

The ADPL measurement and analysis were performed as previously reported by our
group.'*”) The spectrum was recorded with the same CCD spectrometer system as ex-

plained for the PLQY.

TRPL

Transient photoluminescence was recorded by the C5680 streak camera system by
Hamamatsu, after being delayed by a Stanford Instruments DG535 while being spec-
trally analyzed by an Acton Spectra Pro 2300i. Excitation was done with the EKSPLA

PT400 diode pumped solid-state laser set to wavelength 355 nm.

UPS/XPS

Ultraviolet photoelectron spectroscopy (UPS) measurements have been conducted us-
ing a SPECS PHOIBOS 100 hemispherical electron analyzer equipped with a mono-
chromatized helium discharge lamp (21.22 eV). The UV flux was attenuated signifi-
cantly by the monochromator to avoid UV-induced sample degradation. A sample bias
of —10 V was applied to acquire the secondary electron cutoff spectra. The base pres-
sure of the analysis chamber has been kept below 1 x 10° mbar. X-ray photoelectron
spectroscopy (XPS) measurements were performed at a JEOL JPS-9030 ultrahigh vac-
uum system (base pressure of 1 x 10 ? mbar) using monochromatized Al Ko (1486.6 eV)
radiation. Anode power of 30 W was applied for XPS measurements, which has not

been found to induce noticeable sample degradation.

LEDs and Hole-Only Devices

ji-V(—=L) curves are recorded with a Keithley 2612B source meter unit (SMU). A
photodiode of known diameter at known distance is used for luminance detection. The

electroluminescent spectrum is taken with the Phelos system by Fluxim AG (Switzer-
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land). With that and a Lambertian approximation, the EQE was determined. The in-
tegrity of the Lambertian approximation was ensured by random sampling with a cali-
brated integrating sphere (same setup as for PLQY). The sampling revealed that the
photodiode’s and consequently in this manuscript reported EQE was about 10% under-
estimated, relatively. For instance, the EQE of the 9 wt % LiTFSI-doped sample in
Figure 5.2 b showed 1.1% EQE in the integrating sphere, whereas it was 1% in the

photodiode setup.
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Section S5.1 Photoluminescence Spectra
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Figure S5.1: Normalised photoluminescence spectra of native and LiTFSI-treated CsPbBrs NC
films. The spectra of LiTFSI-doped samples show a red-shift by about 2-3 nm.

Section S5.2 Transient Photoluminescence Spectroscopy

The normalized transient PL data has been fitted with a double exponential decay
function.
t t (S5
It =A, exp [——] + A, -exp [——}
with individual amplitudes A, and lifetimes 7,,. The reciprocal lifetimes yield the

respective decay rates:
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1 (S5
Tz .2)

Additionally, for comparison, an amplitude-weighted average lifetime 7, is defined

(with the amplitudes summed being one):

3

(S5

i=0 .3)

The data shown in Figure S5.2 and Figure S5.3 indicate a significant difference
between native and all the LiTFSI-treated films. In detail, though, the average PL
lifetimes do not vary with LiTFSI concentration, but there is a trend towards stronger

contribution of the slower decay type with increasing concentration.
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Figure S5.2: Transient PL of a CsPbBrs-NC film with a) no, b) 0.1 wt. %, ¢) 1 wt. % and d) 9
wt. % LiTFSI doping.
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Figure S5.3: Transient PL of a CsPbBr; NC film with a) 50 wt. % LiTFSI doping. b) average
decay rate, c) individual decay rates and d) relative amplitudes against LiTFSI doping
concentration.

Section S5.3 Angular Dependent Photoluminesence Spectroscopy

Angular Dependent Photoluminesence Spectroscopy (ADPL) data is recorded in two
steps: the orthogonal (s-pol.) and the parallel (p-pol.) part of the PL signal is recorded
sequentially. The p-pol. part contains contributions from transition dipole moments
(TDM) that are perpendicular (p,) as well as parallel (p;) to the substrate surface, and
thus provides the relevant information about the TDM orientation. Therefore it is used

for determining the orientation parameter according to equation:
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p?

= -5 S5.4
pt +pf (55.4)

O can take values between 0 and 1, while the former denotes fully horizontal
orientation and the latter fully vertical orientation. Isotropic orientation is obtained if
one third of the TDMs is perpendicular, that is © = % The fits result in TDM values

of © = 0.51 (vertical) and Op;ppg; = 0.32 (isotropic) see Figure S5.4 ¢, d. More

native
details on this method can be found in the publication of Jurow et al.,?*¢3% as well as
in the original publication for organic semiconductors by Frischeisen et al.?* The s-pol.
part, however, contains only contributions of the TDMs that are parallel to the
substrate; it is thus only used for tting the layer thickness and verifying the refractive
index of the LHP NC layers, Figure S5.4 a, b: duuive = 31 nm and nuaive (A = 510 nm)
= 1.75, respectively durrst = 10 nm and ngrest (A = 510 nm) = 1.75. The thickness

difference can be explained by a deviating film coverage on fused silica compared to on

PVK (as shown in Figure S5.5).
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a) native, s-pol. b) LiTFSL s-pol.
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Figure S5.4: s-polarised ADPL spectrum taken at 510 nm with a matrix-transfer fit of a)
native b) 1 wt. % LiTFSI doped CsPbBr; thin-film on glass (fused silica); the corresponding
curves for p-polarised ADPL are shown in ¢) and d).

Section S5.4 Scanning Electron Microscopy (SEM)
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Figure S5.5: SEM image of CsPbBr; NCs spin-coated on PVK a) without and b) with 1 wt. %
LiTFSI doping. The dark areas have been verified to be another layer of LHP NCs by EDX.
Nevertheless the LiTFSI doped sample shows slightly better yet comparable film coverage
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Section S5.5 XPS

a) b)
~——CsPbBr Pb 4f Cs3d 52 —— CsPbBr
—— CsPbBr+LIiTFSI| Jy —— LITFSI+CsPbBr
z i)
= g
s £
s 8
Z 2z
= =
T T T T T T T T T T T 1
148 146 144 142 140 138 136 134 732 730 728 726 724 722 720
binding energy (eV) binding energy (ev)
<) d)
— Goptr B —cemepretitrs] F1s
—— CsPbBr+LiTFSI
z )
= =
=} 3
£ £
B 5
= =
2 g
] [
E E
74 72 70 68 66 694 692 690 688 686 684
binding energy (eV) binding energy (eV)

Figure S5.6: XPS spectra considering the core levels of CsPbBr; at a) Pb 4f, b) Cs 3d 5/2, ¢)
Br 3d and d) F 1s. All the core levels are shifted by the same amount as the VB onset shown
in the main publication of around 0.25 eV. Note that for native CsPbBr; NCs no F 1s signal
could be detected, as expected in the absence of LiTFSI.
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Section S5.6 Density Functional Theory Calculations

Slab models are constructed from orthorhombic CsPbBr; structure considering a
1 x 2 x 3 supercell having 5 Pb-Br layers and exposing the Cs—Br terminated surface.
Consecutive slabs in the c-direction have been separated by a vacuum of approximately
20 Ato ensure decoupling with its periodic image. Periodic calculations are performed
using a plane wave basis set implementation of density functional theory within the
Vienna Ab initio Simulation Package (VASP, version 6.1)* employing the PBE
exchange-correlation functional,® and van der Waals interactions have been
incorporated employing Grimme's D3 method.?® The valence-core interactions are
described with the projected augmented wave (PAW) method.B?3% Valence electrons
of each type of atom considered during calculations are: N (5), S (6), O (6), C (4), F
(7), Li (3), Cs (9), Pb (14), and Br (7). A plane-wave energy cutoff of 520 eV is used
in all calculations. Forces of each atom smaller than 0.02 eV/A are used during
geometry relaxation. The structural relaxation has been done by sampling the Brillouin
zone over a 3 x 3 x 1 k-point grid centered at the I'-point. Structure visualisation and
the projected density of states plots are performed using the VESTAPFY and Sumol*'!

packages. VASPKITP? is used for plotting planar average electrostatic potentials and

obtain vacuum level energy.

Table S5.1: Calculated Energy levels for the models elaborated in the main article.

Vacuum-Level (eV) Eromi (eV) Workfunction (eV)
model A 2.87 -1.64 4.51
model B 3.71 -1.83 5.54
model C 4.23 -1.97 6.20
model D 3.83 -1.87 5.69
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Section S5.7 PeLEDS
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Figure S5.7: a): j-V-L curves of CsPbBr; NC-LEDs with and without various LiTFSI doping,
with b) its corresponding EQE vs current density curves. ¢) The 5 wt. % sample's sweepback j-
V curves (dark symbols measured before brighter ones). d) CsPbBrs NC electron-only device,
as shown in the inset.

a) b)
10° 10° 10
® MAPbBM> Current Density ® MAPbEA> EQE
A MAPbBrl? + 1 wt. % LiTFSi Current Density A MAPbErl? + 1 wt. % LITFSi EQE
10] 4 O MAPBBrlz Luminance 105 Energy (v
A MAPBBrI2 + 1 wt. % LiTFSi Luminance 2.48 2.06 177
1 8 1o
— o ] 4
z 10 . - 10 g oen
S 51 ur . oo
< 9714 = e 108 E H
ERREI m AR R
= RS T B b g Adtans, 5o
T 1072 o M “aiemem 102 O o A,
< PEDOTPSS c &
2 a K] o
5 wo 0w £ 44
21073 epen (nm) 10t E
g 3
3
C 107 10°
2
-5 -1
10773 10
\ é
A
10°¢ 2, o 102 o
10 1 2 3 4 5 6 7 1072 1071
Voltage (V) Current Density (mA/cm?)

Figure S5.8: a): j-V-L curves of MAPbBrl, NC LEDs with and without LiTFSI doping, with b)
its corresponding EQE vs current density curves. The insets depict their stack structures and
their partly degraded emission spectra, respectively.
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Section S5.8 Additional Details

Substrate cleaning procedure

All substrates are cleaned in a cleanroom by the same procedure: 4 sequential
ultrasonic baths in different liquids for 5 minutes each is the initial cleaning step. The
sequence of solvents is: Aloconox (detergent) enriched rinsing water, de-ionised water
followed by UV-grade acetone and UV-grade isopropanol. After drying completely, the

substrates are put in an UV-Ozone cleaner, for 15 minutes.

Additional materials

HATCN  (Dipyrazino[2,3-f:2",3'-h] = quinoxaline-2,3,6,7,10,11-  hexacarbonitrile,
sublimed > 99 %, ProductID: LT-N221), B3PYMPM (4,6-Bis(3,5-di(pyridin3-
yl)phenyl)-2-methylpyrimidine, sublimed > 99 %, ProductID: LT-N876) and LiF
(Lithium Fluoride, > 99,99 %, ProductID: LT-E001) have been obtained from
Luminescence Technology Corp. (Lumtec, Taiwan). 1-Octadecene (ODE), technical
grade, 90 %, Sigma Aldrich; Oleic acid (OA), 97 %, Acros Organics; Oleylamine
(OAm), 80 - 90 %, Acros Organics; Caesium carbonate (Cs.COs), 99.99 % (trace metal
basis), Acros Organics; Lead(Il) oxide (PbO), 99.999 % (trace metal basis), Sigma
Aldrich; Toluene, 99.8 %, extra dry, AcroSeal, Acros; Acetonitrile (ACN) ; 99.9 %,
extra dry, AcroSeal, Acros; Lead(II) iodide (Pbly), 99 %, Acros Organics;
Methylammonium bromide (MABr), 98 %, Sigma Aldrich; Methylamine (MA) solution,
33 wt. % in absolute Ethanol, Sigma Aldrich; Disodium ethylenediaminetetraacetic acid

dihydrate (Na,EDTA), Sigma Aldrich; All chemicals were used as purchased.

MAPDBrl; nanocystals preparation

The perovskite precursor solution has been prepared exactly as mentioned by Hassan
et. al..’" In order to obtain 12 nm CH;NH;PbBrl, perovskite nanoparticles emitting at
650 nm, 5 ml of anhydrous toluene has been mixed with 4 ml of oleic acid and 0.4 ml of

oleylamine in a three-neck ask under nitrogen atmosphere at 70 °C. At this
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temperature 0.4 ml of the previously made ACN/MA perovskite precursor solution has
been swiftly injected into the toluene/ligand mixture under vigorous stirring. After one
minute, the reaction vessel has been cooled to room temperature using an ice-bath.
MAPDBrl, NCs have been collected by centrifuging the suspension without addition of
an antisolvent (7000 rpm, 10 min.), decanting the supernatant, and collecting the
precipitate. The precipitate has been centrifuged again without addition of a solvent
(7000 rpm, 5 min), and the resulting supernatant has been removed with a syringe, to
separate the traces of residual supernatant. The precipitate has been dissolved in 5 ml
anhydrous toluene and centrifuged again (7000 rpm, 5 min) to remove aggregates and
larger particles. The resulting supernatant has been filtered through a 0.2 pm PTFE
syringe filter and stored as stock solution inside of a glovebox. The as obtained
MAPDBrl, solutions have been subsequently treated with Na,ETDA. The solid EDTA
salt has been added to the toluene solution of NCs and stirred for 24 hours. In a typical

214

exchange reaction 10 times the amount of salt was used.? Afterwards, the samples

have been filtered with a 0.2 pm syringe filter.
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6.1 Abstract

We show that the decomposition of caesium lead halide perovskite nanocrystals un-
der continuous X- ray illumination depends on the surface ligand. For oleic ac-
id /oleylamine, we observe a fast decay accompanied by the formation of elemental lead
and halogen. Upon surface functionalization with a metal porphyrin derivate, the decay
is markedly slower and involves the disproportionation of lead to Pb® and Pb*". In both
cases, the decomposition is preceded by a contraction of the atomic lattice, which ap-
pears to initiate the decay. We find that the metal porphyrin derivative induces a
strong surface dipole on the nanocrystals, which we hold responsible for the altered and
slower decomposition pathway. These results are important for application of lead hal-

ide perovskite nanocrystals in X-ray scintillators.

6.2  Introduction

Lead halide perovskites are an important class of materials for use in light harvesting

and light emitting devices.?"*3" Another promising application of perovskites are scin-

tillators, where they have already shown good performance in X-ray detection.?31

However, the instability of perovskite- based materials is a significant drawback for the

87.148,317,319-322

application in optoelectronic and scintillating devices.! | To address this issue,

the photodegradation of methylammonium lead iodide (MAPbDIs) thin films has been
thoroughly investigated, including the postulation of a decay mechanism.* 3% Recent-
ly, these photodegradation studies have been extended to caesium mixed- halide perov-
skites (CsPbX;)B% 3% in view of their improved stability against long-term light expo-
sure.’ However, even the most stable mixed halide perovskites, such as CsPbBrls,

32632 The aim of this work is to

undergo slow photodegradation in intense visible light.!
use the tunable surface chemistry of nanocrystals (NCs) to further mitigate this insta-
bility with a particular focus on photodegradation with X-ray photons to aid the appli-

cation in scintillators.®’*» To this end, we introduce zinc-(5-monocarboxyphenyl-
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10,15,20-triphenylporphyrin) (mZnTPP) as surface ligand and investigate its effect on
the decomposition of the NCs under X-ray illumination. As NCs, we use two model
systems, namely CsPbBrl. and CsPbBr:Cl, based on their light emitting properties
hereafter referred to as red and blue perovskites, respectively. If not explicitly stated
otherwise, these NCs are surface-functionalized with oleic acid/oleylamine, referred here
to as the “native ligand”. As previously reported, perovskites experience drastic chang-
es under continuous X-ray exposure.l'3% One analytical method that utilizes X-ray
irradiation is X-ray photoelectron spectroscopy (XPS). Here, a sample is continuously
irradiated with X-rays, and electrons, released from the sample due to the external
photoelectric effect, are detected based on their kinetic energy. The core-level binding
energy of an emitted electron is directly related to the detected kinetic energy. Previous

XPS experiments on

perovskites reported a shift of the binding energies to higher values with ongoing
measurement time. This was mostly attributed to either surface, substrate or charging
effects.® In this work, we observe a similar shift for the red and blue perovskite NCs.
However, we demonstrate by a combination of XPS and wide-angle X-ray scattering
(WAXS) that the core-level energy shift originates from a contraction of the atomic
lattice. For the red and blue perovskite NCs with native ligands, we find a similar de-

[326

cay mechanism as recently postulated for thin films.*> While morphology and chemical
composition are maintained in the red perovskites, the blue perovskites exhibit a loss of
chlorine and undergo recrystallization. Most importantly, we observe a greatly altered

and slower decay mechanism after surface functionalization with the porphyrin deriva-

tive mZnTPP.
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6.3

Figure 6.1: Pb 4f core level XPS spectra of CsPbBrl; a) at the start (0 min) and b) after 1160
min of X-ray exposure. Fit components are shown in orange, the overall fit is depicted in red.
All spectra were fitted by applying a Shirley-type background (blue). ¢) I 3d spectra at differ-
ent times during the illumination with the evolution of a shoulder at higher binding energy
(621 eV). d) Relative stoichiometric content and linear regression (dotted lines) during the
exposure for CsPbBrl,. Pb 4f spectra of CsPbBr.Cl e) at the start (0 min) and f) after 1128
min of exposure. g) Cl 2p spectra (~ 200 eV) exhibit a decrease over time without the for-
mation of a novel peak. h) Relative stoichiometric content for CsPbBr.Cl during the experi-

ment.
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The decomposition of both perovskite systems was analyzed under continuous X-ray
illumination for at least 20 h by XPS and ultraviolet photoelectron spectroscopy (UPS).
Core level and valence spectra were recorded at regular time intervals. Exemplarily,
spectra of Pb 4f doublet peaks recorded at the beginning and end of the illumination
are shown in Figure 6.1 a + b. The Pb 4f main peak at a binding energy of 138.25 eV
in Figure 6.1 a corresponds to Pb*" in the red perovskites. Over the course of this in-
vestigation, all samples, independent of stoichiometry and ligand shell, developed an
additional Pb species visible in the corresponding Pb 4f-core level spectra of Figure 6.1
a + b. The signal occurred at lower binding energies (~137 eV), which indicates a low-
ering of the oxidation state. Therefore, and in agreement with literature, we attribute
this peak to the formation of elemental lead (PbV).148324331 The formation of the Pb’
component is detected after illuminating the sample for few hours. The intensity of the
Pb’ peak increases continuously with time, the relative Pb’/Pb*" content as a function
of the illumination time is summarized in Figure S6.3 for the red perovskites. Corre-
sponding peak fits are shown for the first and last measurement of the experiment in
Figure 6.1 a + b, respectively. Additionally, we tracked the lead content over the
course of the experiment, as shown in Figure S6.3. After 20 h, we observe the for-
mation of 13.2 % Pb0 for the red perovskites (Figure S6.3). As a source of electrons for
the reduction of Pb2+, we consider the halides in the NCs. While the bromide peak in
all samples experienced no significant change (see Figure S6.1), we find strong changes
in the core level spectra of the other halides, i.e., I- for the red perovskites (Figure 6.1
¢ + g. We observe the formation of a distinct shoulder at high binding energy in the I
3d region for the red perovskites, suggesting that I- is indeed oxidized during the re-
duction of Pb*" (Figure 6.1 c). By tracking the stoichiometric composition, we find the
iodide content to stay constant throughout the experiment (Figure 6.1 d), suggesting
that the new iodine/iodide species remains in the sample during the decomposition
even in ultra-high vacuum. To calculate the amount of newly formed species, we first

determined the percentages of such from the detail spectra fits. However, the intensities
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therein are not directly comparable, therefore we multiplied the percentage with the
survey spectrum intensities, i.e., peak areas, to calculate a comparable value for the
amount of all newly formed species. The ratio of the novel iodine (621 eV) to Pb® (137
eV) species is 1.61 + 0.23, i.e., close to 2:1, supporting our hypothesis of a redox reac-
tion between I- and Pb*". For a more detailed derivation of the ratio, see supporting

information section S6.2.

We observed similar changes in the XPS core level spectra for the blue perovskites,
e.g., the formation of Pb’ (Figure 6.1 e + f), however to a lesser extent compared to
the red perovskites. After 20 h of irradiation, a total of 10.2 % Pb° was observed for
the blue perovskites (Figure S6.3). Additionally, we measured a drastic decrease by
~20-25 % (Figure 6.1 h) in the Cl 2p peak intensity, suggesting chloride as the redox
partner for Pb*" since this is roughly twice the amount of Ph’ formed. Finally, the Cs
4d orbital was monitored and no formation of novel peaks could be observed (Figure

6.1 d + h), suggesting that Cs remains in a relatively stable environment in both cases.

We probed the morphology of both NC samples after X-ray exposure by scanning
electron microscopy (SEM). While the red perovskites maintained the cubic, nanocrys-
talline morphology, the blue perovskites recrystallized to larger agglomerates (see
Figure S6.4). Therefore, we determine the structure before (Figure 6.2 a) and after X-
ray exposure by WAXS. (Note that the flux and exposure times during synchrotron-
based WAXS are vastly different from those during XPS, and the cross- section is sub-
stantially higher for the XPS experiments with their lower photon energies, such that a
quantitative comparison is not possible. We believe, however, that qualitative consider-
ations may still be made.) We index the WAXS patterns observed here according to
the cubic perovskite phase, although previous scattering experiments have shown a

2332 However, the limited g¢-range and

pseudocubic annotation to be more appropriate.!
the broad reflections, which are typical for NCs, prevent such a refinement. From

Figure 6.2 b one can see that one of the 200 peaks shifted to higher g values, while
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another remains at the same position. This indicates a contraction of this part of the
sample. For further analysis, we integrate the diffraction maps over all angular coordi-
nates to obtain an azimuthally-independent scattering pattern. In Figure 6.2 ¢, we dis-
play the differential intensity, obtained by subtracting the azimuthally integrated dif-
fraction pattern after X-ray exposure from the first pattern. In this Figure, positive
differential intensities refer to reflections which weakened during X-ray exposure, while
negative differential intensities indicate newly evolved reflections. From the differential
pattern, a change of the lattice constant from 6.11 A to 5.67 A could be obtained (see

Figure 6.2 ¢) and Supporting information, S6.5, for more details).

Upon exposing the red perovskites to X-rays during XPS, we observed a shift of all
sample peaks to higher binding energies (Figure 6.3). We argue that this shift is not
primarily caused by electric charging since 1) the Au 4f substrate peaks remain at con-
stant energies throughout the experiment (Figure 6.3 a + b), 2) the perovskite films
were rather thin to enable the release of a large number of secondary electrons from the
Au substrate underneath to suppress charging,**%4 and 3) the magnitude of the shift
of the sample peaks was different for different elements (Pb 4f: 40.63 eV, Cs 4d: 4+0.71
eV). The shifts remained constant after illumination for approximately 7 h (Figure 6.3

c+ d).

We probed the influence of X-ray irradiation on the work function by measuring
UPS before and after 20 h exposure (Figure S6.5). We find a shift of the high binding
cutoff by 0.12 eV to higher energies, indicating a decrease of the work function. At the
same time, the energy of the valence state maximum (1Sh) referenced to the Fermi
level remains constant (see Figure S6.8). These findings suggest that the energy levels

of the nanocrystal are shifted by 0.12 eV toward the vacuum level.
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Motivated by the previous finding that ligand exchange with mZnTPP can enhance
the stability of red perovskites in light emitting devices,? we studied the effect of this
ligand on the decomposition of the red perovskites under X-ray illumination. (Note: the
loss of structural integrity of the blue perovskites due to chlorine evaporation did not
allow for an analogous analysis.) With the mZnTPP ligand shell, we again found the
formation of Pb’, but its formation is slower and yields only 8.1 % compared to 13.2 %
after 20 h for the native ligand. An additional lead species occurred at higher binding
energy for this ligand at ~140.9 eV, indicating a higher oxidation state than Pb**
(Figure 6.4 a + b). The intensity ratio between this new peak and the evolving Ph’
peak in the Pb 4f spectrum is roughly 2:1 for all irradiation times, implying that their
formation is correlated (Figure 6.4 e). In contrast to the sample stabilized with the
native ligand (cf. Figure 6.1), we did not find a similar shoulder in the iodide signal
(Supporting information section S6.7), suggesting a different decomposition mechanism
as a result of the ligand exchange. Before investigating this mechanism in more detail,
we verify by SEM the structural integrity of the mZnTPP-stabilized red perovskites
after X-ray exposure (Figure 6.4 c¢) and note that the stoichiometric composition re-
mained roughly constant (Figure 6.4 d). We found the same shift in binding energies
for all core-level peaks of the sample as already described for the red perovskites with
the native ligand, suggesting that the shift is independent of the ligand shell and relat-
ed to the NCs itself. UPS measurements before X-ray exposure revealed a shift to lower
cutoff binding energies by ~0.5 eV compared to the NCs with native ligand stabiliza-
tion (Figure S6.7). After X-ray exposure, the cutoff binding energies increase by 0.1 eV

(Figure S6.5), reproducing the same effect as observed with the native ligand.
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Figure 6.4: XPS of the Pb 4f orbital for CsPbBrl, with an mZnTPP ligand shell at the a) start

and b) end of the experiment. Two new lead species occurred, at lower and higher binding
energies. ¢) SEM micrograph of the mZnTPP exchanged sample after X-ray exposure for
approximately 20 h. Scale bar corresponds to 500 nm. d) Relative stoichiometric content and
linear regression (dotted lines) of the exchanged CsPbBrl, sample over time. e) Temporal
evolution of the observed lead species, the novel formed peaks are attributed to Pb” (~ 137 eV)
and Pb*" (~ 141 eV).

6.4 Discussion

Based on the XPS and WAXS results, we now propose a mechanism for the X-ray
radiation-related degradation of the red and blue perovskite NCs with their native lig-
ands. Our findings suggest a redox reaction during which Pb’ and molecular iodine
(CsPbBrly) or chlorine (CsPbBr,Cl) are formed. While iodine resides within the sample
after 20 h in ultra-high vacuum, chlorine is removed. This suggests the following de-

composition reaction for the red perovskites:

CsPbBrl,(x1) = CsBr(s) + Pbl,(s)

(6.1)
PbL,(s) — Pb%(s) + I,(s)

where (x1) refers to the crystalline and (s) to the solid state. Similar mechanisms are
postulated for MAPbI; and CsPbBrl, thin films, where a comparable Pb peak was
found. 19326 328.330) The first reaction is facilitated by the low enthalpy of formation for
CsPbBrl, as shown by calorimetry.? We believe that the second reaction is enabled

by the high energy radiation. In view of the high volatility of I,, particular in ultra-high
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vacuum, we note that the formation of polyiodides, such as I3, is possible under these

conditions which greatly reduces its volatility.26:33

We suggest a similar decay mechanism for the blue perovskites based on the analo-
gous formation of a Pb’ signal (Figure 6.1 f). We interpret the absence of a novel chlo-
rine peak (Figure 6.1 g) and the strong decrease in chlorine content (Figure 6.1 h) as
indirect evidence for the oxidation of chloride, since Cls is highly volatile and polychlo-
rides are less stable than polyiodides. In this scenario, chlorine would immediately
evaporate and remain undetected by XPS. The crystal decomposition expected from
such a loss in material is consistent with the greatly altered morphology found by SEM
(Figure S6.4). Our finding that, in the red and blue perovskites alike, bromide is nei-
ther oxidized nor removed from the sample, can be rationalized in terms of the oxida-
tion potentials and enthalpies of decomposition for all three halides. Firstly, the oxida-
tion potential of bromide (E® = —1.087 V) is larger than that of iodide (E” = ~0.5355 V)
and triiodide (E° = -0.536 V), favoring the oxidation of the latter. In contrast, the oxi-
dation potential of chloride (E® = —1.396 V) is higher than for bromide. However, the
enthalpy of decomposition is roughly 0.22 eV larger for CsPbBr; than for CsPbCls,
which we hold responsible for the observed overall oxidation and removal of chloride."
We now discuss the shift of the core-levels in XPS upon X-ray illumination, for which
we focus on the red-emitting perovskites since the decomposition of the blue perov-
skites prevents a similar analysis. A core-level shift in XPS is generally attributed to a
variety of origins, such as changes in the chemical environment of specific atoms, an
altered electrostatic or Madelung potential, surface effects at the sample substrate in-

148325525 Rirstly, we rule out any surface effects due to the

terface or charging effects.!
very prominent gold substrate signal (Figure 6.3) which remains unaltered throughout
the entire experiment. Secondly, charging effects are unlikely due to several reasons:

The gold substrate signal is clearly visible, indicating a very thin perovskite film that

can be assumed to be grounded. Closely
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related is the high secondary electron count, originating from the substrate that we
correlate to a suppression of sample charging. Lastly, the conductivities of the native as
well as the mZnTPP exchanged sample are known.?* The electric resistance in the
porphyrin-containing sample is lower and should result in a smaller shift. However, we
find the same shifts independent of the ligand shell and can thus assume that the shift
does not originate from charging. Therefore, only two possible explanations remain:
changes in either the electrostatic potential or the chemical environment. We argue
that a change of the electrostatic potential in the sample is the origin of the peak shifts,

which is justified in the following. The electrostatic potential in an ionic solid for an ion

11is given as

2

e Zj e?

= 6.2
dmegry i rig/To  AmEgTy (6:2)

with the elementary charge e, vacuum permittivity €, equilibrium lattice constant r,
effective charge z; of the j-th atom, the distance between the respective atoms r;; and
the Madelung constant A,. To quantify the change in V, for Pb and Cs according to
(6.2)), we calculate the changes of the radii during the contraction of the unit cell by
0.44 A as determined from WAXS (Figure 6.2 a) and compare the results to the core-
level shifts in XPS. The excellent agreement suggests that the lattice contraction is the
reason for the measured core-level shift. We attribute the remaining small discrepancies
to the inhomogeneous composition of the mixed halide system, as well as the simulta-

neously occurring decomposition mechanisms.
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Table 6.1: Influence of irradiation by X-rays on the lattice constants and resulting distances
for the CsPbBrI2 NCs. The calculated electrostatic potential for Pb and Cs as well as the

difference are given, experimental value in brackets.

CsPbBrl.
a0=6.11A a1=5.67A Difference ap=6.11A a1=5.67 Difference
[eV] A V]

Atom Pb Cs
desa [A] 5.2395 4.8497 n.a. n.a.
dax [A] 3.025 2.8 4.2780 3.9598
dppa [A] n.a. n.a. 5.2395 4.8497
Va [eV] 7.5 8.1 0.6 (0.630) 8.9 9.6 0.7 (0.711)
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Figure 6.5: a) Energy level scheme obtained from UPS measurements for the native shell (left)
and mZnTPP functionalized nanocrystals (right), all energies are referenced against the Fermi
level of the instrument. The conduction state minimum (1S.) and valence state maximum (1Sy)
are indicated, respectively. The character of the states is depicted as red and blue for
antibonding and bonding orbitals, respectively. The contraction of the crystal lattice resulted in
a shift to higher energies by 0.1 eV for the native ligand as well as for mZnTPP. In addition,
mZnTPP functionalization lowered the binding energy by 0.5 eV compared to the native
functionalization. b) Temporal evolution of the XPS shift induced by the lattice contraction

(red) and the formation of elemental lead (blue).
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We now discuss the effect of ligand exchange with mZnTPP on the stability of the
red perovskites under X-ray irradiation. Based on our XPS results, which involve the
occurrence of two novel lead species (Figure 6.4 b), supposedly Pb’ and Pb*', and a
constant Pb%:Pb** ratio of 1:2 during the experiment (Figure 6.4 e), we suggest the

following disproportionation reaction:

3CsPbBrl, » Cs;Pb,Br,I; + PbY (6.3)

This disproportionation is consistent with our finding that no other iodide species oc-
curred (Figure S6.9) under these conditions, that is, this degradation pathway does not
involve halide oxidation. Despite the low stability of Pb3", this oxidation state has pre-
viously been postulated for perovskites.F>3# In addition, the specialized experimental
conditions (continuous X-ray radiation in ultra-high vacuum) may facilitate its detec-
tion. Most notably, this new degradation pathway is substantially slower than the deg-
radation with native ligand functionalization (compare Figure S6.3 with Figure 6.4 ¢)
and proceeds solely via the reaction of lead. To rationalize this surprising effect of the
mZnTPP ligand, we note a recent work on the stabilizing effect of ligands with strong
(surface) dipoles on CdSe NCs against irreversible reduction during charging.®* During
XPS, the NCs are subject to substantial charging and, while not all considerations for
the reduction of Cd in CdSe may be transferable to Pb in CsPbBrl,, we argue that the
general rational outlined by du Fossé et al. is of central importance also in the present
case: mZnTPP invokes a 0.5 eV increase in work function (Figure 6.5 a) and provides
better dielectric screening (a higher permittivity)®? compared to the native ligand. As
du Fossé et al. have shown, a reduced work function affects primarily the overall crys-
tal and only to a lesser extent a localized state, such as Pb’. B3 This stabilizes the NCs
during charging and inhibits the irreversible reduction of lead. Thus, a promising strat-

egy to further enhance the stability of perovskite NCs is the search for ligands that

induce even larger work functions.
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We note that both degradation pathways — with and without mZnTPP — are preced-
ed by the same core level energy shifts of Pb and Cs (Figure 6.3 ¢ + d), which we
were able to correlate with a lattice contraction (Figure 6.2 a and Table 6.1). A likely
scenario for such a contraction could be either a phase transition or halide

328

segregation.’” The latter is a well-known phenomenon in CsPbl:Br, leading to bro-

mine-enriched crystal domains (of smaller lattice constant) with iodine-rich segrega-
328

tions at the boundaries.?™ Figure 6.5 b suggests that this transformation is a prerequi-

site for the redox reaction of Pb* to occur according to either Equation (6.1) or ((6.3).

Upon comparing the decomposition of our samples with the response of mixed-halide
perovskites under UV radiation some similarities were found. The phase segregation /
lattice contraction and iodine evaporation were found for superlattices of CsPb(Brlix)s

152 However, we did not ob-

NCs and could be reproduced under X-ray illumination.!
serve the formation of distinct CsPbBrs; nanocrystals under the presented conditions,
which we rationalize by the possibility of forming triiodide under the extreme environ-

ment of XPS.B%3%6 Mainly this can be seen in the reduction of the photoluminescence

signal and absence of bright green emission (Figure S6.10).

In conclusion, we have shown that the mechanism of photodegradation under X-ray
radiation of all-inorganic mixed lead halide perovskite nanocrystals depends on the lig-
and shell. With the ligands oleic acid/oleylamine, we found a fast decomposition into
elemental lead and halogen, similar to previous studies on bulk thin films. After ligand
exchange with a metal porphyrin derivative, photodegradation was significantly slower
and progressed via a disproportionation of Pb** to Pb” and Pb*". We hold an increase
in work function of the nanocrystal film by 0.5 eV responsible for the altered photodeg-
radation behavior, which was induced by the metal porphyrin derivative. This work
highlights the advantageous tunability of the ligand shell of lead halide perovskite

nanocrystals as an additional means to improve their photostability and suggests sur-
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face ligands that introduce strong dipoles as a general paradigm toward mitigating

photodegradation.
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Materials and methods Materials

1-Octadecene (ODE), technical grade, 90%, Sigma Aldrich; Oleic acid (OA), 97%,
Acros Organics; Oleylamine (OAm), 80-90%, Acros Organics; Caesium carbonate
(Cs,CO3), 99.99% (trace metal basis), Acros Organics; Lead(II)iodide (Pbl,), 99.999%
(trace metal basis), Sigma Aldrich; Lead(II)bromide (PbBr2), 298%, Sigma Aldrich;
Lead(II)chloride (PbCI2), Puratronic™, 99.999% (metal trace), Crystalline, Alfa Aesar;
Toluene, HPLC grade, 99.8%; Toluene, 99.8%, extra dry, AcroSeal, Acros Organics;
zinc-(5-monocarboxyphenyl-10,15,20-triphenylporphyrin) (mZnTPP), TriPorTech; Tet-
rachloroethylene (TCE), 299%, Acros Organics; Kapton® polyimide membranes (125

pm thickness), DuPont
CsPbX; nanocrystal synthesis

The used nanocrystals were synthesized with two different stoichiometries, namely
CsPbBrl, and CsPbBr,Cl, following the published synthesis route by Protesescu et al.®
with slight adjustments. For CsPbBrl, a 20ml glass reaction vial was used which could
be heated to the reaction temperature of 160°C in a custom-made aluminum heating
block. Generally, the syntheses were carried out with twice the concentration of precur-

sors compared to literature.
Ligand exchange and thin film preparation

Following the purification, the nanocrystals (NC) were either used as obtained or
post- synthetically modified by ligand exchange with zinc-(5-monocarboxyphenyl-
10,15,20- triphenylporphyrin) (mZnTPP). The exchange was effectively carried out in
solution by adding 0.25 stoichiometric equivalents of mZnTPP to the NC solution. An
immediate color change was observed upon addition. The ligand exchange procedure

and corresponding analysis is given in more detail in another paper.??*’
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The as-synthesized and exchanged NCs were subsequently spin-coated onto custom-
made gold substrates under nitrogen atmosphere to prepare thin films. The coating

parameters were chosen to be 10 rps for 30 s with a 3 s ramp.

The used substrates were custom made at the LISA* center Tiibingen. A commer-
cially available four-inch silicon wafer with native oxide layer was coated with 10 nm

chromium in an evaporation chamber, followed by deposition of a 50 nm gold layer.
Self-assembly into superlattices

To prepare superlattices for the X-ray scattering measurements, the perovskite sam-

ples were prepared as 1-3 mM solutions in toluene (CsPbBrl,) or tetrachloroethylene

(CsPbBr,Cl) and drop- casted onto Kapton® substrates under inert atmosphere. The
substrates were placed inside a petri dish with an additional reservoir of solvent (1-2
ml) to slow down the evaporation process and covered with a lid. The samples were
allowed to dry for 24 h before the lid was removed and an additional drying process for

5-6 h was allowed.
Scanning electron microscopy (SEM)

SEM was carried out at a HITACHI SU8030 electron microscope, utilizing an accel-

eration voltage of 30 kV. SEM micrographs were taken of thin film samples.
X-ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy

The thin film samples were analyzed inside an ultrahigh vacuum chamber (base pres-
sure: 2 x 107 mbar) with a XR-50M X-ray source from SPECS utilizing monochro-
matic Al Ko radiation (hv = 1486.7 V) with a flux of 2.3 - 10" photons/s. For photoe-
lectron detection a Phoibos 150 DLD hemispherical photoelectron energy analyzer
(SPECS) was used. The spectrometer was calibrated to reproduce the binding energy

of Au 4f;, (84.0 V) and Cu 2p;s (932.6 ¢V) signals, with photoionization cross sections
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of 0.2511 and 0.3438, respectively.?” Measurements were performed under fixed ana-
lyzer transmission mode, with an energy resolution of 400 meV and 150 meV for XPS
and Ultraviolet photoelectron spectroscopy (UPS), respectively. Custom written scripts
were used to measure overview and detailed spectra at specified times during the exper-

3] Peaks are expected

iment. Peak fitting was done using the Unifit software package.!
to show Voigt profile, meaning a convolution of Lorentzian and Gaussian peaks. The

background was modeled with an iterative algorithm to apply Shirley background.

UPS was carried out with similar conditions as XPS measurements. A helium ultra-
violet source with an energy of 21.22 eV was used in combination with a Phoibos 150

DLD electron analyzer.

XPS and UPS experiments were conducted on thin film samples.

Small- and wide-angle X-ray scattering

The small- and wide-angle X-ray scattering (SAXS and WAXS) were carried out at
the Coherence Applications beamline P10 of the PETRA III synchrotron source at the
Deutsche Elektronen-Synchrotron (DESY). The X-ray source provided a beam with a
wavelength of A=0.0898nm or an energy of 13.8 keV, the beam was focused on a spot
size of roughly 400x400 nm? with a focal depth of 0.5 mm. A two-dimensional EIGER
X4M (Dectris) detector with 2070x2167 pixels of size 75x75 pm? was used, it was locat-
ed 412 mm away from the sample plane. The detector was positioned in a way to allow
simultaneous measurements of SAXS and WAXS. The exposure time of the samples
was 0.5 s. The obtained diffraction patterns were analyzed by Bragg peak assignment
and radial profiles could be achieved by averaging over the angular coordinates. For

SAXS and WAXS measurements superlattice samples were used.
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S56.1: Low Binding energy survey from XPS
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Figure S6.1: Survey spectra at different times during the X-ray illumination. A shift in peak
position for all elements associated with the perovskites can be observed. As the perovskites
were deposited on a gold substrate, the Au 4f core level peak serves as a reference for the bind-
ing energies. Another interesting feature is the occurrence of an additional novel peak in the Pb
4f region, visible at lower binding energies after illumination, indicating the decomposition of
the nanocrystals (cf. Figure 6.1 of the manuscript). Beside of the energetic shift of the Br 3d
peak no further change could be observed, i.e., it was not possible to detect an additional spe-
cies for this element arising from the degradation.

S56.2: Calculation of the I:Pb ratio and temporal evolution of novel lead species

As detail XPS spectra are generally not comparable, the ratio of formed elemental
lead and iodine was calculated as follows. The percentages were taken from the ratio of
the areas fitted to the detail spectra as shown in Figure S6.2. Subsequently, the areas
from the survey spectra were fitted as described in the methods section. The as ob-
tained areas were then multiplied with the percentages from the detail spectra, result-

ing in areas that are quantitatively comparable.
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Figure S6.2: Percentages of the novel formed species after illuminating the native sample for
~20h for a) lead and b) iodide. The amount of newly formed species is given as a percentage of

the overall peak area in both cases.
Generally, an error of 10% per fitted peak area is assumed.?? Additionally, a Gauss-
ian error propagation was carried out since multiple calculations were done with the

measured values. The precise error calculation is given by:

L\ ., |[{OR > ([ OR 2 (S6.
A (P—b“> — AR-= \/ (fMIZ .AA12> + (aA—p,,o . AApbo> Y

With the ratio of formed iodine to elemental lead R, the Area of iodine A; and ele-
mental lead Ap 0 as well as the corresponding uncertainties denoted by A. The error

calculation resulted in an error of the ratio of 0.23.
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Figure S6.3: Temporal evolution of elemental lead (Pb") for a) CsPbBrl, and b) CsPbBr,Cl
obtained by fitting the Pb 4f XPS spectra in Figure 6.1 of the manuscript.

S6.3: Structural integrity probed by SEM for CsPbBrl; and CsPbBr,Cl

Figure S6.4: SEM of CsPbBrl: (top) and CsPbBr,Cl (bottom) before (left) and after (right) X-
ray exposure.
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56.4: UPS of native and exchanged CsPbBrl; before and after X-ray illumination
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Figure S6.5: UPS cut-off energies of a) native and b) exchanged CsPbBrl.. The shift in the

cut-off energy of ~0.1 eV in both cases is found from a linear extrapolation, the shift indicates a
reduction of the work function by the same amount. The fits are indicated as dotted lines.

The shifts of the UPS onset were found to be Anative = 0.12333 eV and ATPP =
0.0947 eV from fitting. However, as UPS has a resolution limit of one decimal, the val-

ue for both shifts was taken to be ~ 0.1 eV.

S6.5: Further example of the lattice contraction
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Figure S6.6: More examples of the isotropic lattice contraction for a) CsPbBrl, and b) CsP-
bBI‘QC]
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S6.6: UPS overview spectra and onset
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Figure S6.7: UPS overview spectra of the native CsPbBrI2 sample (top) and the mZnTPP
exchanges sample (bottom). The cutoff energies are shifted by ~0.5 eV.
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Figure S6.8: The onset remained constant at ~1 eV, shown by the derivative of the UPS spec-
trum for a) native and b) mZnTPP functionalized CsPbBrl,. The constant onset refers to the
Fermi level being located in the middle of the band gap before and after the illumination.
Therefore, a shift of the energy states in their entirety is at hand.
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S6.7: Iodide preservation for CsPbBrl; functionalized with mZnTPP
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Figure S6.9: : 1 3d (a + b) and Pb 4f (¢ + d) XPS detail spectra for the mZnTPP exchanged
sample. The decomposition of the NCs started as indicated by the formation of elemental lead.
However, there are no novel peaks for the iodide signal.

S6.8: Photoluminescence loss after X-ray illumination

Figure S6.10: CsPbBrl, sample after exposure to X-ray radiation for ~21 h. The middle of the
sample was illuminated, the area exhibits a darker spot corresponding to a loss of PL response.
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7. Conclusion & Outlook

This chapter summarizes the main results of this work, which aims to optimize the
efficiency of light-emitting diodes by improving the structure, optoelectronic properties,

and stability of blue-emitting perovskite nanoparticles.

Initially, spatially resolved fluorescence (lifetime) measurements and high-precision
X-ray nanodiffraction were performed to correlate the influence of structural
misalignment and fluorescence (lifetime) properties of inorganic CsPbXs (X- = Br-, Cl-)
perovskites. The nanoparticles self-assembled from colloidal solution into superlattices
exhibited strong differences in their emission properties at the edges compared to the
core of the superlattice. When approaching an edge of the supercrystal, a blue shift as
strong as 20 meV and an approximately 20 % reduction in lifetime were observed. In
collaboration with the group of Prof. Ivan A. Vartanyants, a comprehensive structural
investigation of these regions was performed at DESY by X-ray nanodiffraction
measurements. This allowed us to detect a reduction in the distance between the
nanoparticles, a loss of structural coherence and orientation order, and a compressive
strain near the surfaces of the supercrystal. These structural distortions correlated
strongly with the blue-shifted fluorescence and reduced radiation lifetimes. This
correlation highlights the importance of structure on the emission properties of

perovskites for application in optoelectronic devices, such as LEDs.

Subsequently, the focus was on optimizing the nanoparticles themselves, with em-
phasis on the ligand shell of the nanocrystals. Due to the synthesis, native ligands in
perovskite nanocrystals consist of oleic acid and oleylamine, which not only bind weak-
ly to the surface, but also have an insulating effect due to their long alkyl chains.
Therefore, a new ligand was designed and prepared by Yamaguchi esterification. This
showed more stable binding to the particle surface due to its zwitterionic nature and

bidentate binding ability. In addition, this ligand possesses the advantageous electronic
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properties of the carbazole- 7 system. In LEDs, the exchanged NCs showed a 15-fold
longer lifetime, a 1.6-fold higher external quantum efficiency, and a 25% reduction in
turn-on voltage to 3 V compared to the same NCs stabilized with oleic acid/oleylamine.
Thus, this work highlights the relevance of the ligand shell on the optoelectric proper-

ties of the nanoparticle.

In continuation, the effect of doping the nanoparticles with the organic lithium salt
LiTFSI on the efficiency of the LEDs was investigated. Using time-resolved and paral-
lel-polarized angle-dependent photoluminescence spectroscopy, it was shown that the
doping increases the quantum efficiency and improves the light outcoupling compared
to the native nanoparticle system. Further investigations by X-ray photoelectron spec-
troscopy revealed that p-doping is induced by the addition of LiTFSI. This lowered the
energy barrier for hole injection from 0.31 eV to 0.06 eV, which improved the charge
carrier balance. Ultimately, the efficiency of blue LEDs was 7 times higher than that of

untreated nanoparticles.

Finally, the stability under continuous X-ray irradiation of all inorganic mixed lead
halide perovskite nanocrystals was investigated. It was found that surface functionali-
zation with a porphyrin derivative called mZnTPP as a ligand resulted in an altered
and slower decay mechanism. The addition of the ligand increased the work function
by 0.5 eV compared to the native system. This significantly slowed down the reduction

of Pb** to Pb” and thus the photoinduced decay of the perovskites.

In summary, this work has developed suitable methods to improve the efficiency and
stability of blue electroluminescent LEDs based on perovskite nanoparticles. The
knowledge gained from this work will guide future work to further optimize optoelec-
tronic devices. Surface ligands have been shown to significantly influence the structure,
stability, and optoelectronic properties of perovskite nanoparticles and thus optoelec-

tronic devices.
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It should be noted, however, that both the intrinsic and extrinsic stability of perov-
skites can only be partially improved by ligands. Although the work in Chapters 4 and
6 has made the particles more stable against external influences, degradation still oc-
curs over time. In addition, the efficiencies of less than 2 % achieved so far are not yet
sufficient for an industrial application of this illumination technology. In this respect,

further improvements are needed.

A possible further improvement in efficiency could be to further optimize the ligand
system developed in Chapter 4. The synthesis used in this chapter offers the possibility
of replacing the carbazole backbone with an even more suitable organic semiconductor.
Theoretical calculations could identify a ligand system that, in addition to the previous
improvements similar to Chapter 5, raises the energy levels of the valence band to-

wards the hole transport layer to enable more efficient hole injection.

In addition to the aforementioned optimization options, the backbone of the ligand
could be modified to activate a possible cycloaddition that leads to coupled structures
by UV light during the spin coating process, as outlined in Figure 7.1. This would not
only allow better coupling between the particles, but also significantly increase the sta-

bility of the films.
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Figure 7.1: Schematic of a potential light-triggered cycloaddition process for synthesizing
interconnected nanocrystal films.

In conclusion, the field of lead halide perovskite nanocrystals is gaining increasing
significance, and our understanding of their physical and chemical properties is gradu-

ally developing.
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