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Abstract 
Within this cumulative dissertation the perspectives of all-inorganic caesium lead halide perovskites for 

novel applications in electroluminescent light emitting devices is investigated. The urge to increase the 

efficiency and stability of this material for devices is one of the most focused research topics in recent 

years. Especially the field of nanoscience offers completely novel approaches to functionalizing 

perovskites, and these will herein be exploited to optimize the system. The main focus will be on 

tailoring the ligand shell to control the properties of the nanocrystals. The underlying scientific 

phenomena will be investigated and utilized for more efficient light emitting devices. 

Firstly, the underestimated aspect of structure in a nanocrystalline assembly will be discussed. By 

X-ray nanodiffraction the structural coherence of nanocrystals inside a superlattice was investigated. 

The experiments revealed an increasing distortion upon approaching the edges of the superstructure, 

which could be correlated to a significant hypsochromic shift of the photoluminescence signal. An 

increasing strain, induced by disorder, could be held responsible for the shift in luminance. These 

findings emphasize the importance of structure for the application of perovskites in a device as the 

preparation of structurally sound emitter layers emerged as a determining factor for the emitted light. 

Subsequently, the ligand shell of the nanocrystals came into focus, because the dynamics on a 

particle surface are of uttermost importance when considering exchange reactions and solution 

processed fabrication of thin films. To reveal the dynamics, quasielastic neutron scattering and nuclear 

magnetic resonance experiments were conducted and combined. They revealed a highly dynamic 

surface equilibrium for nanocrystals functionalized with a zwitterionic surface ligand. Notably, the 

dynamics and morphology appeared to be tunable with the absolute ligand concentration. This could be 

explained by investigating the surface binding situation via small angle scattering methods. The 

zwitterionic character exhibited two possible scenarios, in which either one or both respective functional 

group(s) is tethered to the particle surface. This drastically affected the surface dynamics, in means of a 

tunable Fickian diffusion coefficient of the ligand. 

During the logical next step, the native ligand shell of perovskites was exchanged with an 

accordingly functionalized organic semiconductor. The novel ligand partially compensated the surface 

dipole of the nanocrystal, which effectively lowered the charging energy. This facilitated the charge 

carrier injection and resulted in a significantly lower electronic resistance. These coupled organic-

inorganic nanostructures could be successfully deployed in an electroluminescent light emitting device 

with increased efficiency. 

Lastly, the stability of this novel material was probed because perovskites are intrinsically rather 

unstable towards external influences. By X-ray photoelectron spectroscopy, the decomposition 

mechanism of the particles enclosed in the native and exchanged ligand shell was determined. In the 

native case, the decay into the respective halide salts could be observed. However, the exchanged system 



 

 

exhibited an increased stability, in terms of a slower decomposition, and a different decay mechanism, 

i.e., a disproportionation of Pb2+ into Pb0 and Pb3+. The underlying phenomenon was again the 

stabilization through the partially compensated surface dipole. Additionally, it was found that a lattice 

contraction, induced by halide segregation, preceded the decay and likely also initiated it.  

In summary, this thesis provides experimental evidence for novel approaches to functionalize 

perovskite nanocrystals for an optimized application in light emitting devices in terms of enhanced 

stability, electrical, and optical properties. 

Deutsche Zusammenfassung 
Im Zuge dieser kumulativen Dissertation werden die Möglichkeiten von anorganischen Cäsium Blei 

Halogenid Perowskiten für neuartige Anwendungen im Bereich von elektrolumineszenten Leuchtdioden 

untersucht. Der Wunsch verbesserte Effizienzen und Stabilitäten dieses Materials zu erreichen ist eines 

der am meisten fokussierten Forschungsfelder der letzten Jahre. Im Besonderen bieten die 

Nanowissenschaften vollständig neue Ansätze Perowskite zu funktionalisieren, diese sollen im Rahmen 

dieser Arbeit genutzt werden, um das System zu optimieren. Der Hauptfokus liegt auf der spezifischen 

Anpassung der Ligandenhülle um die Eigenschaften der Nanopartikel zu kontrollieren. Die 

grundlegenden wissenschaftlichen Phänomene werden untersucht und für die Herstellung effizienterer 

Leuchtdioden genutzt. 

Zuallererst wird der unterschätzte Aspekt der Struktur eines nanokristallinen Übergitters diskutiert. 

Mittels Röntgennanostreuung wurde die Kohärenz der Struktur in einem Übergitter untersucht. Die 

Experimente zeigten eine zunehmende Störung der Struktur je näher man der Kante des Übergitters 

kam, was mit einer deutlichen hypsochromen Verschiebung des Photolumineszenzspektrums korreliert 

werden konnte. Zunehmende Spannung, welche durch die Unordnung induziert wurde, konnte für die 

Verschiebung in der Lumineszenz verantwortlich gemacht werden. Diese Ergebnisse heben die 

Wichtigkeit der Struktur für die Anwendung von Perowskiten in Dioden hervor, da die Herstellung von 

strukturell hochwertigen Emitterfilmen als ein bestimmender Faktor für die Emission zutage trat. 

Nachfolgend rückte die Ligandenhülle der Nanokristalle in den Fokus, da die Dynamik auf einer 

Partikeloberfläche von höchster Wichtigkeit für Austauschreaktionen und nasschemisch prozessierte 

Dünnfilme ist. Um die Dynamik zu untersuchen wurden quasielastische Neutronenstreuung und 

Kernspinresonanzspektroskopie durchgeführt und kombiniert. Diese deckten ein hochdynamisches 

Oberflächengleichgewicht der zwitterionischen Liganden, welche die Nanokristalle funktionalisierten, 

auf. Bemerkenswerterweise schienen die Dynamik und Morphologie mit der Ligandenkonzentration 

anpassbar zu sein. Dies konnte mit der Untersuchung der Oberflächenbindungssituation mittels 

Kleinwinkelstreuung erklärt werden. Der zwitterionische Charakter ermöglichte zwei mögliche 

Szenarien, in welchen entweder eine oder beide funktionelle Gruppe(n) an die Partikeloberfläche 



 

 

gebunden sind. Hierdurch wird die Oberflächendynamik drastisch beeinflusst, und zwar in diesem 

Sinne, dass der Fick´sche Diffusionskoeffizient des Liganden veränderbar ist. 

Während des nächsten logischen Schrittes wurde die ursprüngliche Ligandenhülle der Perowskite 

durch einen entsprechend funktionalisierten organischen Halbleiter ausgetauscht. Der neue Ligand 

konnte den Oberflächendipol des Nanokristalls teilweise kompensieren, was effektiv die Coulomb-

Blockade verringerte. Das erleichtert die Ladungsträgerinjektion und resultiert in einem deutlich 

niedrigeren elektrischen Widerstand. Diese gekoppelten organisch-anorganischen Nanostrukturen 

konnten erfolgreich in einem elektrolumineszenten Bauteil mit erhöhter Effizienz eingebaut werden. 

Zuletzt wurde die Stabilität des neuen Materials untersucht da Perowskite von Natur aus instabil 

gegenüber externen Einflüssen sind. Mittels Röntgenphotoelektronenspektroskopie wurde der 

Zersetzungsmechanismus der Partikel, mit nativer und ausgetauschter Ligandenhülle, bestimmt. Im 

ursprünglichen Falle wurde der Zerfall in die zugehörigen Halogenidsalze beobachtet. Das 

ausgetauschte System dahingegen zeigte eine verbesserte Stabilität, im Sinne einer langsameren 

Zersetzung, sowie einen alternativen Zerfallsmechanismus, in Form einer Disproportionierung von Pb2+ 

zu Pb0 und Pb3+. Das zugrundeliegende Phänomen war abermals eine Stabilisierung durch den teilweise 

kompensierten Oberflächendipol. Zusätzlich wurde eine Gitterkontraktion beobachtet, welche durch 

Halogenidsegregation induziert wurde, die dem Zerfall vorausging und diesen möglicherweise auch 

initiiert.  

Zusammenfassend liefert diese Dissertation experimentelle Belege für neue Ansätze der 

Funktionalisierung von Perowskitnanokristallen um diese in optimierten Leuchtdioden anzuwenden, 

genauer mit verbesserter Stabilität, elektrischen und optischen Eigenschaften. 
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be observed as an increased color intensity of the display. [14] Another significant problem of QD-

based systems, besides the colored pixels, is the depiction of true black. Currently only organic LEDs 

are capable of displaying these. [15] Additionally, LEDs on quantum dot (QDLED) basis currently 

require to be excited by an external light source, typically located behind the actual display 

(Figure 1.1 a + b). [16] The emission process in this setup is therefore a two-step process, which 

obviously must consider efficiencies during each step. State-of-the-art QLED TVs currently reach 

external quantum efficiencies of 20.5 %, 21 % and 19.8 % for red, green, and blue pixels, 

respectively. [17] A highly desired approach is to prepare electroluminescent quantum dot (0-

dimensional nanomaterial) LEDs (ELQLED), because of several advantages over their already 

existing analogue. [16,18] Such ELQLEDs would no longer require the backlight LED to excite the QD 

emission layer and thus the efficiency might be increased to higher magnitudes, as the charge injection 

can be shifted onto the QD layer itself (cf. Figure 1.1 b).  

 

Figure 1.1: a) Working principle of a QDLED with the backlight LED on the right (blue) used to 
excite the emission layer, containing the QDs. Light is emitted to excite the nanomaterial inside the 
emission layer, which in turn is responsible for the emission from the display. For generality, all 
required colors are shown, i.e., red, blue, and green. b) Working principle of an ELQLED, the setup 
consists of a hole transmitting layer (HTL), electron transmitting layer (ETL), and a QD-containing 
emission layer. The holes and electrons are injected from the HTL and ETL, respectively. The 
recombination inside the QDs results in the emission of the display. c) Commission Internationale de 
l´Éclairage color scheme for different light emitting devices. A conventional liquid crystal TV (white 
dashed line), and the color gamut of perovskite QDs (black dots). The standard given by the National 
Television Systems Committee (NTSC) is shown as a white solid line. d) Images of perovskites 
nanoparticles in solution with emissions ranging over the complete visible spectrum, tunable by the 
stoichiometry. The top image is taken under ambient light and the bottom picture under UV light 
illumination. c) Reprinted with permission from Protesescu et al. [19] 
(https://pubs.acs.org/doi/10.1021/nl5048779) and partly edited, further permissions related to the 
material excerpted should be directed to the ACS. 
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Figure 1.2: a) Field effect transistor measurements with varying gate voltage for investigated COIN 
systems based on InP/ZnS core-shell particles, functionalized with different ligands. The structures of 
the corresponding ligands are depicted as well. The voltage dependence for the two systems is 
different due to the majority carrier nature. In the case of Ni4APc holes and for tZnTPP electrons. The 
mobility of the respective carriers can be deduced from the slope of the current. [20,30] b) Differential 
pulse voltammetry (DPV) of InP/ZnS core-shell nanoparticles with their native ligand shell, i.e., oleic 
acid. A feature at -2.5 V vs. a Silver reference electrode can be observed. The measurement is 
conducted in the reductive regime and thus the signal can be referred to the position of the conduction 
state. c) Absolute energy levels of InP, and ZnS against vacuum energy, all values are given in eV. 
The experimentally determined position by cyclic voltammetry (Figure 1.2 b) of the charge injection 
is given as well (Exp). d) Electron transfer rates for InP and CdSe nanoparticles. Two rates are given, 
where ket is the electron transfer from the nanoparticle, i.e., oxidation, and kbet is the transfer into the 
particle, i.e., reduction. The reduction rate for CdSe is drastically larger than for InP. [23] b) Cyclic 
voltammetry measurements conducted by Kai Wurst at the Institut für physikalische und theoretische 
Chemie (IPTC), Eberhard Karls University, Tübingen. d) Reprinted and edited with permission from 
Thomas et al. [23] Copyright 2018 American Chemical Society. 

 

1.2. Aim and Outline of this Work 
 

Within this work, the aforementioned all-inorganic perovskites are utilized to prepare nanoparticles for 

optimizing ELQLEDs. Within the framework of this thesis, the potential of nanoscale perovskites for 

the application in ELQLEDs will be focused. By utilizing nanomaterials many open challenges in the 

field of LED can be addressed in a unique and novel way. Precisely, the underlying principles of this 

material class are investigated and their impact on the optoelectronics analyzed. The findings can then 

provide an approach for improvement in the efficiency of devices. 
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2. Theoretical Foundation and Methodology 
2.1. Introduction to Perovskites 

 

The widespread research interest on semiconducting materials recently extended to perovskites, a class 

of materials which excels in optoelectronic properties and is herein shortly introduced. The name 

perovskite comes from the mineral calcium titanate (CaTiO3), which was first discovered by Gustav 

Rose in 1839 in the Ural Mountains and named after the Russian mineralogist Lew Perowski. [40,41] 

CaTiO3 naturally occurs as simple cubic crystals (Figure 2.1 a + b), which defined the nomenclature 

for a whole class of materials with the same crystal structure. [25] The structure in detail is composed of 

[TiO6] octahedra with a Ca atom located inside the octahedral gap (Figure 2.1 a), which was revealed 

by Tom Barth in 1925 after the Debye-Scherrer procedure, i.e., X-ray diffraction, was discovered. [42] 

From geometrical considerations Viktor Goldschmidt formulated the so-called tolerance factor to 

estimate the crystal structure of ABX3-type minerals. [43] The factor is calculated from the ratio of the 

corresponding ionic radii of the components (see Equation (2.12)), thus defining a mathematical 

approach to the definition of perovskites. The formula and implications will be discussed later (chapter 

2.3). For a long time, perovskites were nothing more than a mere mineral, however in the 1940s the 

outstanding optoelectronic properties of perovskite materials initiated an enormous increase in 

research interest. [44] The focus already extended from oxygen containing materials to other classes, 

like metal halide-based perovskites (LHP), which will be the focus in this work. [45] An interesting 

particularity of LHPs is the high defect tolerance: they are very insensitive towards grain boundaries, 

vacancies, and dangling bonds. [46] This is rationalized by investigation of the electronic structure and 

taking molecular orbital (MO) theory considerations into account. The frontier states, i.e., the valence 

and conduction bands or states, are composed of MOs provided by Pb and the halogenides. 

Universally, the lead 6p orbital interacts with the 3/4/5p-orbital of chloride, bromide, and iodide, 

respectively. From Figure 2.1 c, one can see that the atomic orbitals (AO) are located at energies 

outside the band gap of crystalline perovskite. This effectively means imperfections, in the form of 

vacancies or dangling bonds, which are due to AOs that are not coordinated with a respective partner, 

resulting in trap states not significantly interfering with the optoelectronic properties. [46] Nevertheless, 

if an antisite or interstitial defect is present, the formation of the bands is distorted due to the breaking 

of the periodicity, which even in LHPs results in the formation of deep traps. [46,47] However, this 

requires large energies of formation and thus these states are almost absent. [47] Upon comparing the 

perovskites with other semiconducting materials, it becomes obvious that many other materials have 

AOs located in the band gap, which results in trap states being located there. These traps states induce 

a recombination center for excitons, which drastically affects optoelectronics. Another unique property 

of LHPs is their nature as a crystalline liquid, which means a long-ranged order is present in the 

crystal but locally the ions are very mobile. [46,48] The high mobility can be used to exchange ions in 
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the material, resulting in a highly tunable stoichiometry, readily accessible by simple addition of 

halide salts. [49] The composition in turn affects the band gap, because the splitting of the MOs can be 

tuned by the usage of different halides. [46] The band gap is largest for chloride (~ 3 eV) and smallest 

for iodide (~ 1.8 eV) containing LHPs, which enables the tunability via stoichiometry of all values in 

between these boundaries. [50] Macroscopically, the high local mobility of ions can be observed in the 

form of ionic conductivity (LHPs are hybrid conductors), and the formation of large polarons, 

resulting in a highly effective screening of charge carriers and excitons. [48] The formation of polarons 

results in less scattering of the charge carriers on defect sites and optical phonons, which in turn 

increases the mobility and leads to a superior conductivity. [48] 

The high charge carrier mobilities paired with a high defect tolerance are very interesting for a 

potential application in solar-cells and light emitting devices (LED). [51] Especially in solar-cells LHPs 

are expected to exhibit a remarkably high maximum photon energy utilization, which is defined by the 

ratio of open-circuit potential and the band gap. This value describes the efficiency of the energy 

conversion from light to electricity and reaches up to 70 % for LHPs. Other solar cells can have losses 

of up to 50 %. [52] On the other hand the high defect tolerance and high carrier mobilities appear to be 

very desirable properties for LEDs, as the external quantum efficiency can be drastically increased (cf. 

chapter 1.1).  

 

Figure 2.1: a) Crystal structure of perovskites, [BX6] octahedra in grey. b) Screening in perovskite 
materials, the formation of a large polaron is indicated by the circle. c) MO Scheme of the electronic 
structure for a classical semiconductor material (left) and lead halide perovskites (right). Reprinted by 
permission from Akkerman et al.: Springer Nature, Nature Materials, Genesis, challenges, and 
opportunities for colloidal lead halide perovskite nanocrystals, Akkerman et al. [46], Nature materials 
(2018). Partly edited. 

Besides the numerous advantages of LHPs, there are also downsides associated with the 

material. Most strikingly, the stability of perovskites against environmental influences, like oxygen, 

humidity, and radiation, is comparably low. [38,39] Additionally, as the material contains lead, the 

intrinsic toxicity can be considered an issue, depending on the desired application. [53] 

The decomposition can be understood in different ways. On the one hand, the material can 

decay into the corresponding halide salts when exposed to water, heat, or extensive radiation (extrinsic 
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Figure 2.4: a) Relative surface energy profile for the PbSe [100] and [111] surface, dependent on the 
ligand coverage of oleic acid. Indicated as lines are the ratios given in Equation (2.6) and the 
corresponding morphologies of the nanoparticles. (Left) A birdseye view of the same potential, with 
isotherms given for the varying the ligand concentration at two temperature (T = 300 K in red and T = 
450 K in yellow) depicting which morphologies are accessible. (Right) b) Temperature and ligand 
type dependence of the morphology of CsPbBr3 perovskites. The temperature dependence is due to the 
time spent in the nucleation regime (phase I) and the available material for the growth. At higher 
temperatures, the supersaturation is lowered due to a higher solubility of the product and therefore the 
time for the nucleation is prolonged. Less material for the growth is available and the anisotropic 
growth cannot take place, resulting in cubic NPs. The ligand type influences the morphology through 
the surface energy. The nature of the acid only affects the size of the NPs, whereas the amine can 
drastically alter the shape. a) Reprinted with permission from Bealing et al. [78]. Copyright 2012 
American Chemical Society. b) Reprinted with permission from Pan et al. [80]. Copyright 2016 
American Chemical Society. 
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which affects the interaction strength of Pb and halide. If the distance is increased, the interaction is 

lowered and vice versa. This results in a broadening / narrowing of the band gap (not to be confused 

with thermal expansion), which is known as bandgap renormalization. An outstanding feature of LO 

phonon coupling is the detection of phase transitions because different phases also differ in phonon 

frequency which in turn changes the coupling strength and thus the temperature dependence of the 

phonon broadening. [161] 

Another important influence on the PL signal and QY of quantum confined semiconductors 

occurs when the shell (both inorganic in core-shell systems and organic in case of the ligand) is 

considered in addition. Firstly, only the inorganic core-shell system shall be considered, especially the 

electronic structure and absolute energy levels of both materials. By appropriately aligning the energy 

levels of core and shell the wavefunction for the electron or hole can be delocalized if the energy 

difference is small enough. [94,163] A similar effect, however due to different reasons, occurs for the 

ligand shell (cf. Figure 2.13 a). [164] Depending on the electronic structure and energetic composition, 

the delocalization of the exciton can be increased, which means a significant probability of observing 

the electron or hole on the ligand shell can be induced. [164] Both effects are summarized under the 

term exciton leakage and can experimentally be observed as a bathochromic (red-) shift in the PL 

signal. Additionally, the delocalization, i.e., dislocation of the charge carriers induced by e.g., exciton 

leakage has dramatic influences on the efficiency of the material. [163] The dislocation of the charge 

carriers can result in the separation of the exciton if an external field is applied (voltage). As the 

exciton is in spatial partition the recombination is far less likely, which results in a lowering of the QY 

because non-radiative relaxation becomes more likely (Figure 2.13 b). [163] On the other hand, the 

dislocation can also be beneficial as it can reduce Auger recombination in the NC. If one of the 

respective wavefunctions is more delocalized than the other, the probability for Auger recombination 

(Figure 2.13 c + d) decreases drastically. This is due to the spatial separation and therefore the 

absence of energy transfer between two neighboring excitons. [163] The last non-radiative process is 

trap state recombination, which was already discussed above. Most of these traps are located at the NC 

surface, mostly in the form of dangling bonds, and can be saturated very effectively by the synthesis of 

a shell. These effects emphasize how complex the shell design for NCs is and that a broad variety of 

effects affects the outcome. 
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Figure 2.13: a) Interaction of NC and ligand electronic structures resulting in exciton leakage. The NC 
is depicted by a continuum of states as a grey bar on the left and the ligand frontier states are on the 
right. The orbitals created upon binding are in the middle. Upon achieving resonant alignment of the 
frontier states, the excitonic wavefunction can extend onto the organic ligand shell (red and green 
box). If the frontier states of the ligand are not located near the valence band edge and resonance 
cannot be achieved, the localization of the wavefunction is maintained (grey box). b) Field induced 
quenching for two systems. For the top case of CdSe/ZnS the stronger electric field does not result in 
field induced quenching because the energy difference between core and shell is large enough. 
Therefore, the excitonic wavefunction (blue and red for electron and hole, respectively) is not 
separated. The lower case shows a splitting of the exciton where the electron is dislocated onto the 
shell. c) Auger assisted quenching which requires the formation of a biexciton. The first exciton 
recombines non-radiatively whilst the second absorbs the energy and is thus elevated in energy. After 
thermal equilibration (relaxation) the second exciton recombines radiatively, resulting in a loss of half 
of the excitons. d) Prerequisites for Auger quenching, if the wavefunctions are in proximity this 
process becomes less likely, as the radiative combination is much more likely (top). Whereas if the 
functions are separated Auger processes are more likely (bottom). a) Reprinted with permission from 
Frederick et al. [164] Copyright 2013 American Chemical Society. b) + d) Reprinted by permission 
from Bozyigit and Wood: Springer Nature, MRS Bulletin, Challenges and solutions for high-
efficiency quantum dot-based LEDs, Bozyigit & Wood, MRS Bulletin (2013). Partly edited. 

One outstanding property of perovskites is superfluorescence. [139] Main characteristics of 

superfluorescence are a hypsochromic (blue-) shift of the emission combined with a decrease in 
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Figure 2.19: a) Schematic of coupled organic-inorganic nanostructures (COIN) with the QDs coupled 
electronically and structurally via the organic semiconductor (OSC). b) Working scheme of COINs 
used as photodiodes. The electron is injected through an electron conducting COIN system (indicated 
by e-OSC) and the hole through a hole conducting system (h-OSC). As the charge carriers are injected 
into a QD they are able to recombine (QD in the middle). Notably, by suitable ligand choice both 
HOMO and LUMO can be aligned simultaneously as the charge carriers are injected from different 
sides. c) COINs used as solar cells, the exciton is created on a QD with the ligand acting as a hole and 
the QDs as an electron transport material. This results in a separation of the charge carriers. The 
movement of electrons and holes is depicted in blue and red, respectively.  

When COINs are realized they can be used in optoelectronic devices as solar cells or LEDs 

and by carefully tuning the properties via suitable ligand choices they can be optimized for the 

application in such devices. [22] Exemplarily, by using a OSC which has a HOMO energetically higher 

than the 1Sh of the NC and a LUMO higher than the 1Se it is possible to separate excitons which are 

created on a NC (Figure 2.19 c). [226] Therefore, the charge separation, as it is required in solar cells, 

can already be intrinsically induced to the absorption layer which can increase the efficiency. A 

requirement for this principle is the possibility of charge carrier propagation in the OSC ligand shell as 

one of the respective charge carriers needs to propagate via the OSC. Luckily, charge carriers can 

propagate either by Förster resonance energy transfer (FRET, singlets) or Dexter energy transfer 

(triplets). [227] Generally, the charge carrier propagation follows Fermi´s golden rule (Equation (2.49) 

a), however the coupling integral HDA must be adjusted for singlets and triplets as it originates from 

different potentials (Equation (2.49) b + c). [134,227,228] Additionally, to calculate transfer rate constants 

it must be differentiated between a transfer of energy (FRET) and an actual charge carrier (Dexter), for 
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Section S1. Optical absorption and fluorescence of CsPbBr2Cl and CsPbBr3 nanocrystals in 

solution 

 

Figure S3.1: a) Absorption and emission spectrum of CsPbBr2Cl NPs dispersed in Toluene. b) 
Absorption and emission spectrum of CsPbBr3 NPs dispersed in Hexane. 

Optical measurements were performed on a UV-vis-NIR spectrometer (Agilent Technologies, 

Cary 5000) and a fluorescence spectrometer (PerkinElmer FL8500). All spectra 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 scanning the 

excitation laser over an area of interest while recording the time-resolved fluorescence 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 employing the IRF in an n-exponential 

reconvolution with a maximum likelihood estimation 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 CsPbBr2Cl 

NCs and CsPbBr3 NCs are depicted in Fig. S3.2 and Fig. 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 CsPbBr2Cl supercrystal and b) the corresponding fitted FLIM image 
obtained through a pixel-by-pixel monoexponential reconvolution. c) The experimentally 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 CsPbBr3 supercrystal and b) the corresponding fitted FLIM image obtained 
through a pixel-by-pixel monoexponential reconvolution. c) The experimentally 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 S3.5. For each of the 200x200 pixels the fluorescence lifetime a) as well as the fluorescence 
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 S3.3. Electron microscopy of CsPbBr2Cl supercrystals 

 

Figure S3.6: a) SEM micrograph of self-assembled supercrystals of CsPbBr2Cl NCs. The NC 
diameter is rather uniform over the whole crystal (7.3±0.4 nm), as indicated by the high-resolution 
micrograph of an edge b) and a corner c). The inset of c) corresponds to the FFT of the corresponding 
micrograph, indicating a homogeneous four-fold symmetry of the NC arrangement. 
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even smaller than the size LSEM = 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. 

 
Figure S3.9: 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 Fig. 3.3 c in the main text. Examples of the 

single patterns are shown in Fig. S3.10. Clearly, the Bragg peaks do not maintain their positions in 

both radial and azimuthal directions and change their shape from point to point.  

 

Figure S3.10: 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). 














































































































































































































































































