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ABSTRACT 

 

 

My research activities during the PhD focused on the study of colloidal semiconductor 

nanocrystals (NCs) in the context of their application in light-emitting diodes (LED). In fact, their 

attractive optoelectronic properties make them particularly suitable for lighting and display 

technology. It is common knowledge that nanocrystals-based LEDs are now regarded as one of the 

most promising emitting materials in terms of light-emitting efficiency, wavelength tunability and 

cost. Indeed, future applications using NC-LEDs could range from wide colour gamut and large 

displays to virtual reality, or flexible and transparent screens requiring high performance.  

In particular, I focused on two types of colloidal NCs: green-emitting CsPbBr3 having a perovskite 

structure and blue-emitting core-crown CdSe/CdS nanoplatelets (NPLs).  

Regarding CsPbBr3 NCs, I studied different ligand-exchange processes: in solution state, but 

especially in the solid state, whose fewer literature studies are available. Solid-state ligand 

treatment was carried out after the fabrications of NC thin films: a relevant improvement of the 

photoluminescence quantum yield (PLQY) of the film itself has been reached, but also a change of 

solubility of its surface, allowing multiple deposition of nanocrystal layers. A greater thickness of 

the emitting film can indeed ensure an abundant recombination of injected charges. Afterwards, 

and precisely thanks to the change in solubility, I developed a layer-by-layer (LbL) assembly 

methodology that results in high quality films with finely controllable thickness.  

Concerning instead CdSe/CdS NPLs, I worked on 3,5 monolayer (ML) core synthesis in order to 

improve their PLQY and aspect ratio (length/width). To do this, I exploited Experimental Design 

techniques, which allowed me to study the variability of the system in greater depth. I then crowned 

CdSe core nanoplatelets with a layer of CdS to achieve better stability and luminescence efficiency. 

Specifically, I obtained a PLQY of 66±7% and with such NCs it was possible to fabricate LEDs, carefully 

studying different type of structures. With an External Quantum Efficiency (EQE) of 1.8%, I obtained 

the highest value ever reported for blue core/crown CdSe-based nanoplatelets in LEDs. 
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1 INTRODUCTION 
 

1.1 Colloidal Semiconductor Nanocrystals 
 

"Size matters" is one of the major themes in colloidal semiconductor nanoscience: from 

the definition of colloid, that is a mixture in which one very little dispersed substance (1 

nm - м ˃aύ ƛǎ ǎǳǎǇŜƴŘŜŘ ǘƘǊƻǳƎƘƻǳǘ ŀƴƻǘƘŜǊ ǎǳōǎǘŀƴŎŜΣ ǘƻ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ƴŀƴƻŎǊȅǎǘŀƭǎΣ 

which are particles having at least one dimension in the region 1-100 nm. Materials within 

this size span possess properties in between single molecules and their bulk counterparts, 

and they show size-dependent tunable optical features that appear when electronic wave 

functions (mathematical function that relates the location of an electron to its energy) are 

quantum-confined in dimensions of several nanometres.1,2  

Quantum confinement is an important phenomenon that happens when the size of the 

nanocrystals is close to the Bohr radius of the material: in such situation, the exciton is 

confined in the solid. The confinement of carriers results in the quantization of their 

energy levels, which depends on the respective dimensions. This enables the 

manipulation of emitted light energy by adjusting particle size while maintaining a 

consistent chemical composition.  

To better understand this concept, it is appropriate to give the definition of 

semiconductor: its typical characteristic, the conductivity, has a value that lie in between 

conductors and insulators. Conductors possess high conductivity, and are typically 

represented by metals while insulators, like glass and plastic, have high resistivity to the 

motion of charge carriers. In semiconductors, charge ŎŀǊǊƛŜǊǎΩ movement inside the solid 

has a value in between the two. In accordance with the principles of quantum mechanics, 

electrons within the solid lattice are constrained to occupy specific energy states. These 

energy states are closely spaced and are collectively termed "energy bands." The occupied 

and unoccupied energy states are respectively indicated as the valence band (VB) and the 

conduction band (CB). It is possible to classify materials based on the position of the Fermi 

level and the size of the band gap. The Fermi level is the highest energy level within a 

solid-state material occupied by electrons at 0 K. In metals, the Fermi level lies within the 

conduction band. This means that there are a significant number of unoccupied electron 

states available for electrons to move through. Metals have a very small or effectively zero 
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band gap. This means that there is no energy gap between the valence band and the 

conduction band, and electrons can easily move from one band to the other. In 

semiconductors, the Fermi energy is typically located in the band gap, close to the middle 

of the band gap. Semiconductors have a finite energy band gap, which is relatively small 

if compared to what happens in insulators. Minimum energy needed to transition 

electrons from the valence band to the conduction band is known as bandgap energy (Eg) 

and varies depending on the material. The promotion of electrons into the conduction 

band can be achieved through a sufficient amount of energy E (E > Eg). The typical Eg 

energy range in ǎŜƳƛŎƻƴŘǳŎǘƻǊǎ ƛǎ лΦн Җ 9g Җ о Ŝ±Φ3 

In semiconductor physics, it is crucial to understand the concept of direct and indirect 

band gaps, particularly in the context of electronic transitions and optoelectronic 

applications. These terms describe how electrons move within the energy bands of a 

semiconductor material. In a material with a direct band gap, the highest energy state in 

the valence band (where electrons normally reside at low temperatures) aligns perfectly 

with the lowest energy state in the conduction band (where electrons are excited to at 

higher temperatures or by external stimuli like photons). In other words, in a direct band 

gap semiconductor, electron transitions from the valence band to the conduction band 

involve minimal changes in momentum. These transitions are associated with the 

emission or absorption of photons with the same energy as the band gap, making them 

interesting for optoelectronic applications such as light-emitting diodes (LEDs) and laser 

diodes. Common examples of direct band gap semiconductors include gallium arsenide 

(GaAs) and indium phosphide (InP). On the other hand, in a material with an indirect band 

gap, the highest energy state in the valence band and the lowest energy state in the 

conduction band do not align in terms of energy and momentum. Instead, the electron's 

momentum must change for the transition to occur, typically involving a phonon (lattice 

vibration) to conserve momentum. Indirect band gap materials have less efficient electron 

transitions and are less effective at emitting or absorbing photons compared to direct 

band gap materials. Common examples of indirect band gap semiconductors include 

silicon (Si) and germanium (Ge). Indirect band gap materials are often used in electronic 

devices like transistors. Figure 1 illustrates the connection between the nano-

semiconductor's size and its bandgap value.  
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Since nanocrystals are solid entities, confinement can occur along one of three 

dimensions. As we increase the number of dimensions under confinement, we typically 

classify these systems as quantum wells (one dimension), quantum wires (two 

dimensions), or quantum dots (three dimensions).3 The electronic characteristics of these 

materials are subjected to alterations depending on the number of confined dimensions. 

In such small dimensions, another common theme is "the surface matters", emphasizing 

the influence of the structural and electronic properties of the surface, which can be 

further functionalized by surface chemistry.4ς7 Important participants of the surface 

ŎƘŜƳƛǎǘǊȅ ŀǊŜ ǘƘŜ άƭƛƎŀƴŘǎέΦ [ƛƎŀƴŘǎΣ ŀƭǎƻ ŎŀƭƭŜŘ ǎǳǊŦŀŎǘŀƴǘǎΣ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ ƛƻƴǎ ƻǊ 

molecules that bind to the atom donating, sharing, or receiving electrons from it. They 

usually end with an organic chain that allows to reach the electroneutrality of the 

nanocrystal through the dispersion in non-polar solvents: the polar head coordinates the 

dangling surface ions while the organic chain interact positively with the non-polar solvent 

(Figure 2). Binding of ligands to nanocrystals can be conveniently described by the 

Covalent Bond Classification (CBC) developed by Green8 in 1995 to classify metal-ligand 

interactions in complexes. Ligands are defined as L-, X- or Z- type depending on the 

number of electrons that they donate to the NC-ligand bond (L-type 2 electrons, X-type 1 

electron, Z-type 0 electrons). 

Figure 1: Representation of the relationship between the dimension of semiconductor and the Bang Gap (Eg) 
entity. 
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These unique properties characterize colloidal semiconductor nanocrystals (NCs) and 

allow them to be used for a wide range of optoelectronic applications,9ς11 even thanks to 

the production of monodisperse NCs with precise size control and different morphologies. 

 

1.1.1 Synthesis of nanocrystals 
 

To achieve precise control over size, shape, and optical characteristics of nanocrystals 

(NCs), significant attention has been focused on establishing reproducible and facile 

synthetic methods. These methods are categorized as either "top-down" or "bottom-up." 

Top-down strategies involve breaking down and shaping macroscopic solids, through 

mechanical means (e.g., all-milling)12 or chemical processes (e.g. chemical exfoliation, 

etc.).13  Conversely, bottom-up approaches start from molecules and ions, progressing 

through chemical reactions in vapor or liquid phase. It has been proven that, among all 

bottom-up approaches, liquid-phase one is the best for the fabrication of well-defined 

colloidal NCs.14,15 In this chemical approach, two primary stages are involved: nucleation 

and growth. Nucleation is the process by which initial nuclei of the final crystalline phase 

Figure 2: A nanocrystal with polar heads of ligands attached to its surface and non-polar chains elongated in 
non-polar solvent. 
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are formed, while growth represents how these initial nuclei of the crystalline phase are 

added further structural units to achieve their final size.16  

Figure 3 illustrates the nanocrystal nucleation and growth theory ς a primarily qualitative 

portrayal of the temporal changes in solute concentration during nanocrystal formation, 

as elucidated in the seminal work of LaMer and Dinegar.17 

 

The entire process can be splitted into three different steps: 

 

1. Supersaturation: Molecular precursors, which are monomers bound to long/short 

molecules, are introduced. The binding strength of such bond determines the rate at 

which monomers become available. Over time in this first stage, the concentration of 

monomers increases and finally a critical supersaturation is reached. 

2. Nucleation: Nuclei form and after that, a certain number of monomers are withdrawn 

from the pool of monomers. This eventually leads to a reduction of free monomers in the 

solution. Once the concentration of monomers has dropped below the critical 

supersaturation, the nucleation stops. 

3. Growth: Concentration of monomers decrease and thus the number of monomers that 

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

grow homogeneously but some individual crystals can dismantle to maintain a certain 

Figure 3: Nanocrystals formation through LaMer diagram: supersaturation, nucleation and growth stages. 
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concentration of free monomers and some macroscopic crystals can precipitate from the 

solution. 

There are different liquid phase preparation methods of colloidal semiconductor NCs:  

the main ones are described in the next subchapters. 

 

1.1.1.1 Aqueous Bottom-up synthesis 
 

Aqueous bottom-up synthesis method is generally used to prepare water-soluble NCs. 

One of the earliest method to prepare colloidal semiconductor NCs in aqueous solution 

was the preparation of CdS NCs in the 1983.18 Typically, the aqueous bottom-up synthesis 

is realized through a precipitation reaction exploiting cationic and anionic precursors in 

the presence of stabilizers under flow conditions in a solution with appropriate pH.19 

Through the modulation of stabilizers type,20 chemicals concentration,21 temperature 

reaction22 and time,23 the size of the NCs can be modified. This procedure relies on Lewis 

acid/base reactions. Based on the HSAB (Hard and Soft Acids and Bases) theory, hard acids 

react faster and form stronger bonds with hard bases, while soft acids react faster and 

form stronger bonds with soft bases.24 However, if the cation and anion are the main 

monomers, they can react very quickly after injection of the precursor solution, leading 

to fast consumption of the monomers. This can lead to increased particle growth.25 An 

interesting aspect of this method is the use of environmentally friendly reagents (mainly 

water) and experimental temperature usually lower26 than other methods described in 

this section.  
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1.1.1.2  Ligand Assisted reprecipitation method (LARP) 
 

The ligand-assisted reprecipitation (LARP) method is based on the supersaturated 

recrystallisation mechanism. It consists of spontaneous separation of ions from the 

solution and the formation of new crystals if ion concentration goes over saturation.  

This method is widely used for the preparation of metal-hybrid perovskite NCs12. Typically, 

a mixture of precursors is dissolved in a "good" (e.g. polar) solvent with ligands. The mixed 

solution is dropped into the nonǇƻƭŀǊ όάōŀŘέύ ǎƻƭǾŜƴǘ ǳƴŘŜǊ intense stirring (Figure 4).27 

This induces instantaneous supersaturation and lead to rapid nucleation and growth of 

NCs. The size of the resulting NCs can be varied by varying the precursorǎΩ28 and ligand 

concentrations.29 A scheme of the process is illustrated in Figure 4.  

 

1.1.1.3 Top-down liquid phase exfoliation  
 

The top-down liquid phase exfoliation method is commonly used to prepare bi-

dimensional quantum dots (2D-QDs). While the bottom-up synthesis of 2D-QDs uses 

small-molecule precursors, the top-down method mainly uses the bulk 2D layered 

materials. Instead of having small-molecule precursors aggregated into 2D-QDs in 

aqueous or non-aqueous solvents by hydrothermal/microwave or solvothermal routes as 

Figure 4: Scheme of LARP method for nanocrystals liquid phase synthesis.  



 

12 
 

in the bottom-up synthesis, in the top-down methods, 2D-QDs are usually exfoliated from 

their native 2D layered materials by physical or chemical ways, as for example 

ultrasonication, electrochemistry, pulsed laser ablation, 

hydrothermal/solvothermal/microwave and intercalation methods. In general, these 

routes initially create functional groups and defects on 2D nanosheets, resulting in the 

exfoliation of 2D layered materials into smaller 2D-QDs.30  By breaking the weak bonds, 

two-dimensional nanomaterials can be stripped off into individual flakes or multilayered 

sheets.  

 

1.1.1.4 Hot-injection synthesis  
 

 

The hot injection (HI) bottom-up methodology is one of the most widely used approaches 

for the synthesis of colloidal semiconductor NCs. HI method was first reported for the 

synthesis of CdM (M=S/Se/Te) NCs by Murray et al. in 1993.31 In this procedure, typically, 

a solution containing precursors is rapidly injected at high temperature into another 

solution containing additional precursors and surfactants, followed by rapid and complete 

mixture under vigorous stirring (Figure 5).32 HI is very efficient to obtain monodisperse 

colloidal semiconductor NCs with high crystallinity, narrow size distribution and with good 

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

Figure 5: Scheme of the Hot-Injection synthesis of perovskite NCs. Precursor A+ is injected in a MX2, ligands 
and solvents solution (inert atmosphere) to obtain nanoparticles. 
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for large-scale syntheses. NCs produced using the HI method are typically found in a 

dispersed state into an organic solvent. Indeed, it is feasible to enhance their dispersion 

within an organic solvent through additional modification steps, tailoring them for 

particular applications. 

The size of NCs produced exploiting this procedure can be controlled by altering 

concentrations (including precursors, ligands, and solvents), 33 adjusting reaction times, 

34,35 and varying reaction temperatures.36 As far as perovskites are concerned, rapid 

precursor injection and vigorous stirring would result in a short nucleation time:32 

nucleation and growth kinetics of NCs are very fast (usually few seconds) due to the ionic 

nature of the chemical bonds in this class of materials. Therefore, NCsΩ characteristics can 

be adjusted by changing the type and ratio of the added chemical37 and the reaction 

temperature.37,38 Reiss and colleagues introduced a diffusion model that elucidates the 

mechanism of size distribution control during the growth stage.39 In this model, when 

there is an abundance of monomers, smaller particles grow more rapidly than larger ones. 

If growth is stopped during this size-focusing regime, the resulting NCs will have a narrow 

size distribution.40 However, it is worth noting that other growth processes, such as 

Ostwald ripening, may also play a role in certain cases.25 

For chalcogenides, a number of experimental and theoretical studies have investigated 

the influence of monomer supply kinetics on nucleation and growth.41ς45 In these studies, 

the monomer supply rate controls the number of crystals produced during the nucleation 

phase and can be used to tune the nanocrystal diameter. The kinetics of monomer supply 

additionally impact the growth of nanocrystals by sustaining supersaturation levels 

following nucleation. Supersaturation is recognized for its role in shaping both the size 

distribution and morphological development of the resulting nanocrystals.46,47 According 

to models proposed by Rempel et al. and Clark et al.,48 when there is a sustained high level 

of supersaturation during nanocrystal growth due to a balance between monomer 

production and consumption, the result is a narrowing of the size distribution of 

nanocrystals. Conversely, when supersaturation is low, Ostwald ripening (gradual growth 

of larger particles at the expense of smaller ones) becomes a significant factor in the 

growth process.43,49 In addition, several studies have documented  a relationship between 

surfactant concentration and nanocrystal size, with higher concentrations of oleic 34,50,51 

phosphonic,45 and phosphinic acids51 producing lower concentrations of nanocrystals and 
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different sizes. Initial research indicated that surfactants hindered nucleation by 

coordinating with the initial cadmium ions and reducing their reactivity. However, 

subsequent findings demonstrated that phosphonic acids have a minimal impact on the 

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

 

1.1.2 Nanocrystals-LEDs 
 

When quantum confinement of semiconductor materials at the nanoscale dimension 

came to light,52,53 semiconductor nanocrystals (also known as quantum dots, QDs) started 

to gain interest from both academia and industries for their practical applications such as 

displays,54,55 biosensors,56 solar cells, photosensitive absorbing layers,57 and multilevel 

channel materials for semiconductor devices.58  

The advantages and value of QD emitters for display applications stem from their ability 

to flexibly engineer bandgaps, exhibit an excellent color gamut with narrow spectral 

width, minimize light scattering in the visible spectrum due to their small size, and 

seamlessly integrate into conventional device fabrication processes. Based on these 

merits, two types of QD displays have been developed: color-converting and direct 

electrical driving. QD Light Emitting Diodes (QD-LED) produce electroluminescence from 

QDs by injecting and recombining electrons and holes within the latter. High efficiency, 

perfect contrast ratio achieved by each pixel operation, extremely thin device structure 

(submicron scale, which is useful for slim design), and potential use of flexible substrates, 

in addition to the original advantages of QDs as light emitters made the QD-LED known as 

the potentially most efficient display. 

Nevertheless, the demands of commercial displays are stringent, requiring both high 

efficiency and exceptional durability even in challenging conditions. Additionally, process 

reproducibility is a crucial practical requirement. In the context of QD LEDs' External 

Quantum Efficiency (EQE), the photoluminescence Quantum Yield (QY) of the QD emitter 

and the balance of charge injection into the emitting layer are pivotal factors influencing 

device performance. 

To achieve a heightened photoluminescence QY in QDs, it is essential to carefully design 

critical parameters in the QD structure, such as elemental composition, size, shape, 

distribution, core-shell energy level alignment, and shell structure. Control over 



 

15 
 

parameters like thickness, surface/interface defects, and the choice of surface ligands is 

also necessary. To optimize the charge balance, improvements or synchronization in the 

charge mobility of each layer (including hole/electron transport layers and the emitting 

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

 

1.2 Outline and aim of the thesis  
 

This PhD thesis shows my contribution to the field of colloidal semiconductor nanocrystals 

and light sources. In this document, you will find the results of three years of research 

focused on nanocrystals synthesis and processing intended for their application in LEDs 

as emitting agents.  

The first part is focused on the study of perovskites nanocrystals: the aim was to 

synthetize metal halide perovskites (MHP) NCs and characterize their structure, 

morphology, and optical properties. NCs need to undergo various steps such as ligands 

replacement, exposure to polar solvents or relatively high temperature, before being 

suitable for device fabrication (final aim of my work) and their synthesis had to be carefully 

tailored. In order to increase the efficiency of as synthetized NCs for LED manufacturing, 

they have been treated with liquid phase ligand exchange.59 However, liquid-phase ligand 

exchange on perovskites NCs had already been widely studied, whereas literature lacked 

in ligand exchange studies performed directly on the film. The advantage of carrying out 

ligand exchange once the NCs are already deposited on the substrate is their change in 

polarity that can be induced and exploited for further NCs depositions. This point will be 

explained in detail in section 2.4. Solid state ligand exchange was later used for the 

realization of a facile and efficient method60 to build finely controllable thick films 

retaining the photoluminescence properties. This method exploits ǘƘŜ ά[ŀȅŜǊ-by-[ŀȅŜǊέ 

ŘŜǇƻǎƛǘƛƻƴΣ ǇǊŜǾƛƻǳǎƭȅ ǳǎŜŘ ŦƻǊ ƻǘƘŜǊ ǇǳǊǇƻǎŜǎ ƛƴ ƴŀƴƻŎǊȅǎǘŀƭǎΩ ŦƛŜƭŘΦ61ς63 

In the second part, a different type of colloidal semiconductor nanocrystals: CdSe/CdS 

core-crown blue-emitting nanoplatelets, colloidal equivalents of quantum wells, were 

studied. Also, in this case, interest in Light-emitting Diodes by the scientific community is 

strong, mainly because obtaining emission in the blue region of the electromagnetic 

spectrum is essential to produce white light. Indeed, the efficiency and stability of red and 

green QD based devices is close to standards for commercial applications, while blue 
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QLEDs (Quantum dots-LEDs) lag behind.64 In order to improve the efficiency and handling 

of CdSe/CdS nanocrystals for device fabrication, I first focused on the optimization of core 

reported synthesis by Di Giacomo et al.65 To do this, a careful step-by-step experimental 

design work was exploited. Through this study, nanoplatelets synthesis was improved in 

terms of Photoluminescence Quantum Yield, aspect ratio, undesired phases formation 

and trap states. Afterwards, a crowning of CdSe core with CdS has been carried out with 

slight modification to the literature reported procedure.66 Finally, Light Emitting Diodes 

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

2.1 Introduction (synthesis, optical properties) 
 

Perovskite nanocrystals (Figure 6) are semiconductor nanocrystals characterized by the 

formula AMX3, where A represents either an organic group or an inorganic cation, 

surrounded by twelve neighboring X halide anions and M denotes a metal cation bonded 

to six neighboring X via ionic interactions. "A" can be an organic molecule (e.g., MA+: 

CH3NH3
+ or FA+: CH(NH2)2

+) or an inorganic cation (e.g., Cs+).38,67 In the first case the 

compound  is called organic-inorganic hybrid perovskite while in the second case inorganic 

perovskites.68,69 The versatile ionic substitution capability within the perovskite family 

results in a vast array of members.70 These compounds have demonstrated a variety of 

attractive electronic and optical properties, such as tunable direct bandgaps, large 

absorption coefficients, long carrier diffusion lengths, long carrier lifetimes and high 

photoluminescence quantum yields.38,71ς78 Therefore, they found a wide range of 

applications in solar cells,79ς81 light-emitting diodes,82ς86 photodetectors75,87,88  and 

lasers.89,90 

 

2.2 Lead Halide Perovskites 
 

 

Figure 6: Crystal lattice of a cubic perovskite. 
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Lead Halide Perovskites (LHPs)Σ ƘŀǾŜ tō ŀǎ άaέ and crystallize in the cubic APbX3-type 

perovskite lattice or its octahedrally tilted variants. These structures are characterized by 

the three-dimensional (3D) interconnection of [PbX6]4 octahedra, with the A-site cation 

residing in the large interstices (Figure 6).91 In accordance with the Goldschmidt tolerance 

factor concept, which relates to the effective packing of ions, it is observed that only MA, 

FA, and Cs ions can effectively stabilize the 3D PbX6 framework.91 This effect on stability 

arises from their geometric compatibility within a twelve-coordinated A-site. When 

cations larger or smaller than these are introduced, they tend to encourage the formation 

of lower-dimensional polymorphs (0D, 1D, or 2D). In such cases, octahedra share edges 

or faces, leading to larger and often indirect energy band gaps.2 

Lead Halide Perovskites are usually synthetized with HI and LARP methods but some other 

of the procedures outlined in the introduction could be also used. Other routes for the 

synthesis of colloidal LHPs include microwave-assisted synthesis, sonication of precursors 

in a solvent/ligand mixture and ball milling.92ς94 

Ligand-assisted hot injection synthesis (RT-200 °C) is often used (initially by Protesescu et 

al.),38 but also the LARP method (see introduction).95 Both methodologies are applicable 

to the whole APbX3 family and the reaction conditions can be adjusted to obtain different 

shapes such as nanoplatelets, nanosheets and nanowires.96ς99  A distinctive characteristic 

of LHP NCs is their ability to emit light brightly without the need for electronic surface 

passivation.100 This observation implies that the electronic properties of LHPs display a 

remarkable tolerance towards material defects and surface imperfections.68 

 

The robust tolerance to defects in LHPs can be attributed to several factors. First, only 

vacancies, specifically A- and X- sites, possess low enough formation energies to be 

relevant. Conversely, interstitial and antisite defects are few due to the considerable 

energy required to displace ions within the perovskite lattice, while typically they 

introduce deep trap states in the electronic structure.101,102 Secondly, the shallow nature 

of states related to vacancies is a consequence of specific bonding characteristics in LHPs. 

This includes the antibonding nature of the valence band maxima, which exhibits a 

combination of mixed halide 3/4/5p and Pb 6s character, and the presence of spin-orbit 

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

Essentially, the surfaces of LHP NCs can be conceptualized as layers of vacancies, and as 
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such, they exhibit similar behavior to vacancies. This property provides an explanation for 

the observed high photoluminescence (PL) quantum yields (QYs) in LHP NCs even in the 

absence of surface passivation.103 

When perovskites are photoexcited, the generation of two types of entities takes place: 

charge carriers and excitons. These entities recombine, emitting photons with energies 

determined by the bandgap of the perovskite materials.104 The composition of the NCs 

has a large impact on optical properties, as does the size of crystals once they are shrunk 

down to exhibit quantum confinement.97,104 Being in a range of 1-100 nanometers, metal 

halide perovskite NCs, including LHPs, exhibit intriguing optical properties such as high 

PLQYs and a narrow emission spectrum that can be tuned from the near UV to the near 

IR by varying their constituent elements, size or dimensions.  

 

2.2.1  Ligand Exchange in liquid phase 
 

The surface of a metal halide perovskite nanocrystal is terminated with ligands that bind 

to the QD surface as highly dynamic105 ion pairs with an equilibrium that could be 

dramatically affected by the HSAB chemistry of the solution.106 The highly ionic nature of 

the perovskites surface makes perovskites QDs surface manipulation a resource 

compared to highly covalent systems such as Si106 or Ge107 with X-type ligands, or the more 

extensively studied II-VI108,109 or IV-VI110 QDs, which typically bind ligands as Z-type Lewis 

acids or L-type Lewis bases. To date, there have been a number of reports on the surface 

modification of CsPbX3, where X = Br or I.111ς113 Native ligands have been exchanged for 

bifunctional molecules,112,113 and ion-pair ligand exchange has yielded high performance 

LEDs114 as well as improved environmental stability.115 The manipulation of the surface 

resulted into near-unity photoluminescence quantum yield (PLQY), eliminating the 

necessity for intricate passivation shells that are typically essential other QDss.103,114 

Usually, QDs are capped with relatively insulating long ligands that are required for the 

processing and stability of the QDs. Consequently, when, after the synthesis, the NCs are 

embedded in LEDs, they suffer from the isolation since these long chains impede carrier 

mobility. Replacing these long ligands (usually oleylamine and oleic acid represented in 

Figure 7) with shorter ligands without degrading or destabilizing the perovskite NCs film 
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could be useful to improve their stability, solubility, and compatibility for various 

applications, both in optoelectronics and photovoltaics.  

 

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

chemistry of perovskite nanocrystals and involves few steps: 

 

¶ The first step is to choose ligands with the desired properties for the intended 

application. These ligands should have chemical affinity for the perovskite 

nanocrystal surface and provide stability and dispersibility in the chosen solvent 

or matrix. 

¶ Then, selected ligands should be dissolved in an appropriate solvent to create a 

ligand solution. The concentration of ligands in the solution may vary depending 

on the desired ligand coverage on the nanocrystal surface. 

¶ Perovskite nanocrystals must be dissolved in a solvent which can be the same or 

different from the one used for the ligand solution. The choice of solvent should 

be compatible with both the original ligands on the nanocrystal's surface and the 

new ligands. 

¶ Exchange reactions are then performed under controlled conditions, such as 

temperature and time, to ensure complete ligand exchange. The exchange of 

ligands occurs at the nanocrystal surface, with the new ligands replacing the 

original ones through coordination chemistry.  

¶ After ligand exchange, it is essential to purify the nanocrystals to remove excess 

ligands and byproducts. This purification can involve centrifugation, precipitation, 

or other separation techniques. 
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Ligands like di-dodecyldimethylammonium bromide (DDAB+Br-) and ammonium 

thiocyanate (NH4SCN) in Figure 7, have been demonstrated to be an effective way to 

passivate the superficial bromine vacancies of CsPbBr3 NCs.116,117 

 

 

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

exchange 

 

2.3.1 Film fabrication 
 

Concurrently, with the advancements in chemical synthesis of nanocrystals (NCs), a range 

of integration and assembly techniques have been developed to craft nano- and 

microstructures tailored for applications in electronic and optoelectronic devices.118ς123 In 

addition to the distinctive size- and shape-dependent characteristics exhibited by 

individual NCs, purposeful assembly of these NCs offers a straightforward means of 

generating ensembles referred to as "NC solids." These NC solids possess unique 

properties that differ from those of discrete NCs or bulk materials.109 Diverse two-

dimensional (2D) and three-dimensional (3D) structures have been successfully 

constructed using assembled NC solids.124 

 

Subsequent chemical assembly processes and thin-film fabrication techniques can be 

employed to integrate NCs into desired configurations for a wide array of device 

applications, not feasible with epitaxially grown films. These nanoarchitectures, rooted in 

Figure 7: From left: oleylamine, oleic acid, didodecyldimethylammonium bromide and ammonium thiocyanate 
molecules.  
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assembled NC solids, have the potential to replace various components of conventional 

devices while introducing novel functions or performance enhancements based on the 

unique properties of the NCs. For instance, metal nanoparticles (NPs) have found utility 

as electrodes or photoamplification materials, while semiconductor quantum dots (QDs) 

have been employed as active materials in applications like light-emitting diodes (LEDs) 

or solar cells.109,120  

In the context of these device applications, nanocrystals (NCs) are typically arranged in a 

vertical stack within a range of organic and inorganic layers, taking the form of patterned 

films or layers. Consequently, it is crucial to achieve precise control over the creation and 

stacking of patterned NC films, ensuring they maintain uniform thickness and exhibit 

minimal roughness when applied to various materials or substrates. 

There are many ways to fabricate NC films and some of them are reported here below. 

Solution-based methods have gained extensive use in the fabrication of nanocrystal films. 

This is primarily because colloidal NCs, in their as-synthesized state, are dispersed in 

organic solvents, and the fabrication process often involves various polymeric and organic 

electronic materials. Additionally, these solution-based processes are typically more cost-

effective when compared to conventional vacuum techniques. 

 

2.3.1.1 Casting  
 

One of the most straightforward methods for film-formation is the casting of a colloidal 

nanocrystalǎΩ solution onto a target substrate. This casting process leads to the creation 

of closely packed NC films. The quality of the resulting NC film is determined by the 

kinetics of the deposition process. In this section, we will explore two commonly 

employed casting methods: drop casting and spin coating. 

 

Drop casting entails applying drops of the NC solution onto a target substrate and allowing 

the cast film to dry (as shown in Figure 8). This method is simple and does not require 

expensive equipment. However, achieving uniformity and precise thickness control for 

the films is challenging. In fact, the final morphology is predominantly influenced by the 

drying step and the solvent's evaporation at the liquid/vapor interface often resulting in 

non-uniform films.125 Typically, the thickness on the edges is greater than that at the 
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center, this significantly impacting device performances, being the homogeneity of the 

active materials is a critical factor. Nevertheless, it is not impossible to produce well-

ordered NC solids under strictly controlled material and processing conditions.125 This 

requires meticulous management of factors such as NCs concentration, surface ligands, 

solvent volatility, temperature, and substrate surface condition. 

 

 

For the attainment of highly uniform films, the spin-coating method is more commonly 

preferred126ς128 due to its high uniformity, reproducibility, and simplicity. The process 

involves applying the nanocrystal solution over a substrate that is set in motion by 

rotation (as illustrated in Figure 9). To facilitate this, a spin-coater is employed, enabling 

precise control over various process parameters, including the rotation speed. During this 

rotation, most of the solvent on the substrate is either expelled due to angular 

momentum or evaporated through spinning, leaving behind a thin NC film on the 

substrate. 

 

In contrast to drop casting, where the slow evaporation step primarily influences the final 

film's morphology, in spin-coating it is the rapid spinning step that exerts the dominant 

effect. Consequently, the film's thickness and surface roughness are determined by 

factors such as the rotational speed, the solvent's volatility and viscosity, and the 

concentration of NCs in the solution. The film thickness (µm), denoted as "d," in the spin-

coating process can be expressed using the empirical relationship presented in Equation 

1,129 where C0 is the initial NC concentration in the solution (kg mҍ3ύΣ ʹ ƛǎ ǘƘŜ ƛƴƛǘƛŀƭ ǎƻƭǳǘƛƻƴ 

Figure 8: Example of colloidal nanocrystal solution dropcast on a glass substrate. 
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viscosity (kg mҍ1 sҍ1 ), D is the solute diffusivity (m2 s ҍ1ύΣ ˖ ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ ǾŜƭƻŎƛǘȅ όǊŀŘ ǎ ҍ1), 

ŀƴŘ ʰ ŀƴŘ ʲ ŀǊŜ ŜƳǇƛǊƛŎŀƭ ŎƻƴǎǘŀƴǘǎΦ 

 

▀ᶿ╒ Ɫ╓♫ⱷ♪    ( 1 ) 

 

Generally, it is well-ŜǎǘŀōƭƛǎƘŜŘ ǘƘŀǘ ǘƘŜ Ŏƻƴǎǘŀƴǘǎ ʰ ŀƴŘ ʲ ǊŜƳŀƛƴ ǊŜƭŀǘƛǾŜƭȅ ǳƴŀŦŦŜŎǘŜŘ ōȅ 

the material systems,130 ǿƘƛƭŜ ʹ ŀƴŘ 5 ŜȄƘƛōƛǘ ŀƴ ƛƴŎǊŜŀǎŜ ǿƛǘƘ ǘƘŜ ƛƴƛǘƛŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

C0. Therefore, effective control of film thickness can be achieved by adjusting the 

solution's concentration and the rotation speed. Despite its usefulness, spin coating does 

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

wasted, and only a small portion of the nanocrystals (NCs) is effectively forming the film. 

Second, the process cannot produce predefined patterns unless additional lithographic 

procedures are incorporated.125 Hence, the development of advanced technologies is 

necessary for creating structured nanocrystal (NC) solids in two or three dimensions 

(2D/3D).  

 

2.3.1.2 Dip-coating  
 

Dip coating is a commonly employed and straightforward method for producing films with 

colloidal nanocrystals, as illustrated in Figure 10.110,131,132 It involves dipping the substrate 

into the nanocrystals solution and then carefully withdrawing it at a controlled rate. As 

the substrate is drawn out from the solution, a thin layer of NCs forms on its surface. Given 

that the film's thickness primarily hinges on the withdrawal speed, precise control of the 

retrieval rate is essential. The coating thickness (in meters), denoted as "h," can be 

theoretically expressed using the LandauςLevich equation (Equation 2):131 

Figure 9: Scheme of spin-coating technique to obtain a NC film on a rotating substrate.  
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     ( 2 ) 

 

ǿƘŜǊŜ Ŏ ƛǎ ŀ Ŏƻƴǎǘŀƴǘ όлΦфпп ŦƻǊ bŜǿǘƻƴƛŀƴ ƭƛǉǳƛŘǎύΣ ʹ ƛǎ ǘƘŜ ƭƛǉǳƛŘ ǾƛǎŎƻǎƛǘȅ όƪƎ Ƴҍ1 s ҍ1 ), 

U is the withdrawal speed (m sҍ1ύΣ ʴ ƛǎ ǘƘŜ ƭƛǉǳƛŘςvapor surface tension (kg sҍ2ύΣ ˊ ƛǎ ǘƘŜ 

density of the solution (kg mҍ3), and g is the gravitational acceleration (m sҍ2). The crucial 

factor influencing this process is the withdrawal speed, while the remaining terms in 

Equation 2 can be controlled by adjusting the environmental conditions, such as 

temperature, humidity, and vapor pressure, which are specific to the material in use. 

Consequently, in practical applications, the film's thickness can be finely tuned, ranging 

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

speed. However, it is worth noting that dip-coated films often exhibit interruptions due 

to edge effects related to the process. For example, the Marangoni effect133 can lead to 

irregular transitions at the upper margin during the immersion step, caused by variations 

in surface tension. Despite these challenges, one significant advantage of the dip-coating 

process is its adaptability for continuous roll-to-roll production, making it well-suited for 

large-scale, continuous manufacturing processes.  

 

Figure 10: Illustration of the dip-coating techinque. A substrate is immersed in a NC solution and carefully 
withdrawn at controlled rate. 
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2.3.1.3 Langmuir Blodgett deposition  
 

The LangmuirςBlodgett (LB) deposition method, originally developed for amphiphilic 

organic molecules,133 serves as a potent technique for generating self-assembled 

monolayers of nanocrystals. Films are constructed by successively depositing individual 

nanocrystals LB layers onto a designated substrate. The presence of organic ligands on 

the surface of colloidal NCs makes them suitable for the LB process.134ς138 

The LB deposition process for NCs (see Figure 11) closely resembles that used for organic 

materials. Initially, a layer of NCs is formed by spreading them across a liquid surface. One 

of the key parameters for controlling the final film's morphology is the surface pressure, 

which can be adjusted by moving one or two sliding barriers on the liquid surface. Initially, 

the NCs are loosely packed. As the surface pressure gradually rises, phase transition 

occurs and creation of a complete monolayer. Further compression leads to a small 

pressure increase, leading the collapse of the monolayer and the formation of a double 

layer. Once the NC layers reach the desired packing density and thickness, they can be 

transferred to a target substrate via a vertical dippingςpulling process. Alternatively, the 

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

LangmuirςSchaefer technique.139 

However, the LB technique comes with several limitations. Firstly, during this procedure 

both the NCs and substrates typically encounter water since the assembly process usually 

occurs at the water/air interface. Many materials, such as conductive polymers and 

organic molecules used in NC-based devices, as well as the NCs themselves, are 

Figure 11: Scheme of Langmuir Blodgett deposition. 
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susceptible to damage from water exposure.140 Another limitation lies in the difficulty of 

large-scale production due to the narrow and delicate processing conditions associated 

with ultrathin LB films floating on liquids. 

 

 

2.3.1.4  Doctor blading 
 

Doctor blading serves as a prominent technique for fabricating nanocrystal (NC) films, 

particularly in the context of relatively thicker films, as shown in Figure 12. This method 

involves the movement of a sharp plate or blade across the NC solution atop a substrate, 

resulting in the creation of a uniformly thick NC film. The film's ultimate thickness is 

determined by the gap between the blade and the substrate. Also, the shape of the 

meniscus formed between the blade and the coating solution influences the film's overall 

morphology. 

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

calculated using Equation 3:138 

 

        d =  Ὣ
╬

ⱬ
          ( 3 ) 

 

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

in µm), "c" denotes the concentration of NCs in the solution (measured in kg/m3ύΣ ŀƴŘ ϦˊϦ 

is the material's density (measured in kg/m3). Consequently, the film's thickness primarily 

hinges on both the gap between the blade and the substrate, and the concentration of 

the NC solution. 

One limitation of the doctor blading method is its inability to produce ultrathin NC films 

composed of only a few layers, i.e., films with an ultrathin thickness. This is because the 

thickness of the film is contingent upon the physical gap between the blade and the 

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

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

evaporates following the blading procedure. 
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2.3.2 Method developed 
 

The enhanced performance achieved through liquid phase ligand exchange is also 

reflected in optoelectronic devices. For instance, Zheng et al. showcased an external 

quantum efficiency (EQE) of 13.4% for CsPbBr3 nanocrystal light-emitting diodes treated 

with didodecyldimethylammonium bromide,141 while in 2019, Chen et al. fabricated a 

device based on CsPbBr3 nanocrystals treated with ammonium thiocyanate.142 All these 

treatments were executed in the liquid phase, employing straightforward and rapid 

methods involving the mixing of nanocrystal solutions with an excess of the new ligands. 

Nevertheless, it is of significant interest to explore analogue ligand exchange processes 

carried out directly on solid-state films. In fact, ligand exchange in the solid state can 

enhance photoluminescence quantum yield (PLQY) and stability, as well as enable film 

fabrication using a layer-by-layer (LbL) assembly technique, commonly employed for PbS 

nanocrystals. 143,144 

The LbL assembly approach has been refined over recent years and adapted for various 

applications, such as catalysis, optics, energy, membranes, and biomedicine145  In a typical 

process for nanocrystal films, an initial layer of nanocrystals is deposited from a colloidal 

solution, and therefore the surface's polarity is altered through ligand exchange. This 

technique permits the deposition and processing of each successive nanocrystal layer 

without interfering with the previously deposited ones.146ς148 Gradually constructing films 

with thin nanocrystal layers allows precise control over the overall emissive material 

Figure 12: Scheme of Doctor Blading film deposition: the blade moves across the NC solution atop a 
substrate creating a thick NC film. 
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thickness while introducing different functionalities.144,149 To the best of our knowledge, 

such approach has not been successfully demonstrated for metal halide perovskite (MHP) 

nanocrystals, mainly because they are susceptible to photoluminescence quenching and 

damage when exposed to polar solvents.150 

In our study, we have developed a layer-by-layer approach based on solid-state ligand 

exchange for CsPbBr3 nanocrystal films. Employing this method, we managed to increase 

the film thickness while maintaining uniformity, nanocrystal shape, and crystal structure, 

resulting in a near-perfect photoluminescence quantum yield (PLQY) within the film. In 

this investigation, our focus was on two widely recognized exchange ligands: DDAB114 and 

NH4SCN,151 both known for promoting high PLQY and enhanced stability. We meticulously 

optimized the processing of these ligands to prevent any damage to the nanocrystals or 

disruptions in the film's homogeneity. Subsequently, we gently cast the ligand solutions 

onto the perovskite layer, resulting in CsPbBr3 nanocrystal films with a thickness of up to 

385 nm, emitting at 511 nm, and boasting a PLQY approaching 100%. 

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

metal halide perovskite nanocrystals, such as CsPbI3. 

 

2.3.2.1 Synthesis of perovskite nanoparticles  
 

We prepared CsPbBr3 nanocrystals (NCs) stabilized by oleic acid (OA) and oleylamine 

(OLA) ligands using a modified version of the hot-injection synthesis method initially 
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Figure 13: Normalized optical absorption and PL of pristine CsPbBr3 nanocrystals in solution (solid line) and in 
the film (dashed line). 
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described by Baranov et al.152 The NC solution produced in this synthesis exhibited an 

absorption peak and a photoluminescence (PL) peak at 504 nm and 511 nm, respectively 

(as shown in Figure 13). The PL full-width-at-half-maximum (FWHM) was 18 nm. The 

resulting NCs displayed a cubic morphology with a lateral size of 8 ± 2 nm (Figure 13). 

 

2.3.2.2 Film fabrication  
 

We employed CsPbBr3 nanocrystals to produce films via spin coating onto an ITO (indium 

tin oxide)/glass substrate. The CsPbBr3 NC solutions used for film fabrication had a Pb 

concentration of 1.30 ± 0.03 mg·mlҍ1. In their pristine state, CsPbBr3 NC films exhibit only 

a minor alteration in optical absorption compared to the initial solution, while the 

photoluminescence (PL) peak shifts towards longer wavelengths, specifically to 515 nm 

(as shown in Figure 13). This 4 nm PL redshift is attributed to the close packing of NCs in 

the film, resulting in energy transfer from smaller to larger NCs and in an increase in self-

absorption. As shown in the scanning electron microscope (SEM) image in Figure 14, the 

film derived from pristine CsPbBr3 NCs displays a compact and uniform structure. Lastly, 

CsPbBr3 NCs exhibit a photoluminescence quantum yield (PLQY) of 62 ± 6% in solution and 

36 ± 3% in the film. The decrease in PLQY on transition from solution to film is in good 

agreement with findings in the literature: energy transfer from smaller to larger particles 

and self-absorption in densely packed particle assemblies.153  

 

Figure 14: a) Representative TEM micrograph of CsPbBr3 nanocrystals. (b) Representative SEM micrograph 
of CsPbBr3 nanocrystal layer on ITO substrate.  

a) b) 
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2.3.2.3  Solid phase ligand exchange and solvent study  
 

The pristine CsPbBr3 nanocrystal films were used to investigate the impact of ligand 

exchange on the film and to develop the layer-by-layer (LbL) assembly. We selected two 

ligands, known to enhance the performance of metal halide perovskite (MHP) NCs, 

namely DDAB114 and NH4SCN.151 The standard ligand treatment for the film was entirely 

conducted on a spin-coater in ambient conditions Figure 15). The static mode process 

involved the deposition of a concentrated CsPbBr3 NCs followed by rotation (1500 rpm for 

40 seconds). Subsequently, the ligand treatment was carried out in dynamic mode (1500 

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

kept in motion for an extended duration. 

In most instances, ligand exchange in solution involves the simple addition of the new 

ligands dissolved in the solvent used for the synthesis itself to the NC solution. However, 

when conducting the process on a film, besides avoiding polar solvents that could harm 

the NCs, it is crucial to consider the fact that the non-polar solvents might dissolve the 

previously deposited film. Therefore, adjusting the polarity of the solvent used for ligand 

exchange in the film plays a critical role in preventing both the dissolution of the already 

deposited NC film (given by non-polar solvent) and damage to the NCs (given by polar 

solvents). Furthermore, the solvent must also be able to dissolve the new ligand, and it is 

essential to carefully tailor the ligand concentration in the solution, aligning it with the 

amount of NCs deposited on the substrate. Excessive ligand concentration in the 

Figure 15: Scheme of solid-state ligand exchange performed through spin-coating. 
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exchange solution can damage the NCs and lead to photoluminescence quenching. 

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

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

 

These considerations prompted us to conduct a comprehensive study (Table 1) in which 

we explored the effects of various solvents with different ligandǎΩ concentration. For each 

solvent, we conducted three separate tests via spin-casting: first, we spin-casted the 

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

variation in photoluminescence quantum yield. For solvents that yielded positive results 

in the first trial, we proceeded with two additional tests using DDAB and NH4SCN solutions 

based on the same solvent. The correct ligand concentration, capable of maintaining film 

Solvent 
Relative 
polarity Solvent only Solvent + DDAB  Solvent + SCN 

Water 1 Damaged film - - 

2-Dichloropropan 1 Damaged film - - 

Ethylene glycol 0.79 Damaged film - - 

Methanol 0.762 Damaged film - - 

Acetic acid 0.648 Damaged film - - 

1-Propanol 0.617 Damaged film - - 

Isopropanol  0.546 Damaged film - - 

1,2-Dichloroethane 0.327 Damaged film - - 

2-Butanone 0.327 
Preserved film 
Ҩол҈ t[v¸  

Preserved film 
ҧмо҈ t[v¸ - 

Dichloromethane 0.309 Preserved film Damaged film 
NH4SCN not 

dissolved 

Chloroform 0.259 Damaged film - - 

Methyl acetate 0.253 
Preserved film 
Ҩрп҈ t[v¸  

Preserved film 
ҧнсо҈ t[v¸ 

Preserved film 
ҧпл҈ t[v¸ 

Diglyme 0.244 Damaged film - - 

Ethyl acetate 0.228 
Preserved film 
Ҩнп҈ t[v¸  Damaged film 

Preserved film 
ҧу҈ t[v¸ 

Ethyl benzoate 0.228 
Preserved film 
Ҩрл҈ t[v¸  - 

Preserved film 
Ҩнм҈ t[v¸  

Anisole 0.198 Preserved film 
Preserved film 
ҧоп҈ t[v¸ - 

m-Xylene 0.178 Damaged film - - 
1,4-Dioxane 0.164 Damaged film - - 

Table 1: Solvent tested (column 1), relative polarity (column 2) of solvents tested for solid-state ligand 
treatment; film response in terms of PLQY for spin-casting of solvent only (column 3); film response in terms 
of PLQY for spin-casting of DDAB solution (column 4) and NH4SCN solution (column 5). 
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homogeneity, was determined, and the success of the ligand exchange procedure was 

evaluated through PLQY measurements. 

 

We found out that it is not possible to entirely preserve PLQY when solely solvents 

(without dissolved ligands) are spun onto the surface of pre-deposited films. This is due 

to a localized field generated by the solvent (particularly polar solvents) dropped onto the 

film, as discussed by Choi et al.154 However, in some cases, we observed an increase in 

PLQY after spin-casting solutions containing the new ligands.155 Through our 

comprehensive investigation, we determined that the most effective solvent for 

treatment is methyl acetate for CsPbBr3 NCs (with a relative polarity of 0.253 on a scale 

where water polarity is 1).  

Indeed, films treated with DDAB dissolved in methyl acetate exhibited a substantial 

improvement in PLQY of 263%. In comparison, the second-best solvent, ethyl benzoate, 

led to a PLQY improvement of only 34% with DDAB. Another good performing solvent is 

anisole, which resulted in a 31% improvement in PLQY with DDAB. As previously reported 

for ligand exchange conducted in solution for both SCN151 and DDAB,114 the enhanced 

a) 

b) 

Figure 16: (a) normalized optical absorption and PL of DDAB solid state treated film (solid line) and of pristine 
film (dashed line); (b) normalized optical absorption and PL of NH4SCN solid state treated film (solid line) and 
of pristine film (dashed line). 



 

34 
 

PLQY can be attributed to improved passivation of the NC surface, consequently reducing 

the defect density capable of quenching photoluminescence. A similar effect occurs 

during solid-state ligand exchange. Beyond methyl acetate, our data confirms the 

existence of a polarity range (0.327ς0.198) with a reduced probability of damaging the 

NCs. This range includes solvents such as 2-butanone, dichloromethane, and ethyl 

acetate. 

The superior performances of methyl acetate can be attributed to its hydrolysis process 

occurring in the presence of air.146,148 Hydrolysis of esters (e.g., methyl acetate, ethyl 

acetate, and ethyl benzoate) is more favored compared to that of ketones (e.g., 2-

butanone) and dichloromethane due to the presence of electron-attracting groups 

stabilizing the electrophilic carbon. Therefore, methyl acetate is more likely to react with 

atmospheric water, which results in the removal of greater number of ligands among the 

considered solvents (a hypothesis supported by the stronger decrease in PLQY when 

methyl acetate is used alone, without dissolved ligands). Thus, it allows for more new 

ligands to attach to the NC surface, leading to a greater increase in PLQY. CsPbX3 is known 

to have a more ionic nature compared to other types of NCs (e.g., IIςIV and IIIςV NCs);157,158 

thus, interactions between NCs and capping ligands also have a more ionic nature and can 

be displaced by polar solvents. In the previously mentioned polarity range (0.327ς0.198), 

this effect is minimized (Table 1). 

In Figure 16, I present the optical and morphological characterization of films treated with 

DDAB and NH4SCN solutions via methyl acetate, respectively. As previously mentioned, 

both ligand-exchanged films exhibited a significant increase in PLQY, from 36 ± 3% for 

pristine films to >95% for DDAB-treated films and 60 ± 6% for NH4SCN-treated films. The 

difference in PLQY enhancement between the two ligands can be attributed to the 

Figure 17: a) SEM micrograph of a DDAB solid state treated film on ITO/glass substrate. b) SEM micrograph 
of a NH4SCN solid state treated film on ITO/glass substrate. 

a) b) 
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different concentrations used. SCN polarity can degrade the NCs if an excessive amount 

is used during the ligand-exchange process, thus limiting the concentration of SCN 

compared to DDAB during the exchange. This could imply a reduced number of exchanged 

molecules and, consequently, a moderate increase in PLQY. 
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Figure 18: (a) FTIR spectra of DDAB bare molecule, DDAB treated NCs in solution and treated film; (b) FTIR spectra 
of pristine NC film, oleylamine and oleic acid bare molecules; (c) FTIR spectra of NH4SCN bare molecule, NH4SCN 
treated NCs in solution and treated film. 
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We did not observe any significant PL shift in the solid-state treated films (Figure 16) 

compared to the pristine film. Similarly, the full width at half maximum (FWHM) and 

optical absorption were not markedly affected. The absence of changes in the PL spectra 

indicates that the NCs did not alter their size following the ligand exchange procedure. 

This observation is further supported by SEM analyses of both films (see Figure 17a and b 

for DDAB and NH4SCN, respectively), where the films remained uniform, and the NC 

morphology remained unchanged. As a comparison, we conducted ligand exchange with 

the two molecules in solution and measured the resulting films' (fabricated after the 

exchange) PLQY. In this case, we measured a PLQY of 92 ± 8% and 40 ± 4% for spin-coated 

films obtained from CsPbBr3 NCs ligand-exchanged in solution with DDAB and NH4SCN, 

respectively. Surprisingly, these findings suggest that the ligand exchange procedures 

carried out directly on the film were even more impactful than those conducted in 

solution. 

To gain insight into the nature of the ligand exchange process, we conducted Fourier-

transform infrared spectroscopy (FTIR) measurements on both pristine and exchanged 

samples, examining them in both solution and film states. In the samples treated with 

DDAB (as seen in Figure 17a), its presence is not clear due to the overlap between the 

peaks of DDAB and oleylamine (depicted in Figure 18b) at 1465 cmҍ1. This overlap arises 

from their highly similar molecular structures. However, a comparable modification of the 

peak located at 1480 cmҍ1 (associated with CH2 bending) is evident in both the samples 

treated in liquid form and those treated in the solid state. 

In the samples treated with NH4SCN, as illustrated in Figure 17c, the presence of 

thiocyanate is indicated by the peak at 2082 cmҍ1, present also in the spectrum of the 

NH4SCN molecule used for the treatment. The presence of peaks in the spectral region 

around this frequency is commonly linked to the presence of -SCN. Notably, peaks at 2048 

cmҍ1 and 1400 cmҍ1 appear with a slight shift (40 cmҍ1) compared to the NH4SCN free 

molecules. This shift can be attributed to differences in the atom surroundings, resulting 

from the binding of the ligand to the NC surface. Additionally, a peak at 1704 cmҍ1 

corresponding to oleic acid molecules is observed (as shown in Figure 18b), indicating that 

traces of native ligands are still present, albeit at varying intensities, both in the solution 

and the film. Furthermore, in the NH4SCN-treated film, peaks exhibit a closer resemblance 
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in intensity to those attributed to C-H bonds (2926 cmҍ1 and 2856 cmҍ1) compared to the 

liquid-treated sample.  

From these observations, we can infer that the ligand exchange procedures do not involve 

the complete replacement of all the original ligands but rather only of a certain amount 

that is sufficient to enhance the optical properties of the material. This explanation is 

further supported by the photoluminescence (PL) spectra of the treated films (as seen in 

Figure 16a and b), where only minor alterations are detected. When comparing exchange 

in solution with exchange in the film, we can conclude that for DDAB treatment in 

solution, new peaks are more prominent, which is expected considering the larger surface 

area exposed to the new ligands. Conversely, for NH4SCN treatment, we observed more 

intense peaks related to the new ligand in the solid-phase treatment, likely due to the 

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

Following the thorough investigation and optimization of solid-state ligand treatment, we 

proceeded to perform layer-by-layer assembly using spin-coating, also known as "spin 

Figure 19: (a) Optical density of CsPbBr3 nanocrystal films treated with DDAB, NH4SCN and deposited via layer-
by-layer method and thicknesses (lines are a guide to the eye) with increasing number of layers. (b) SEM picture 
of the second layer built by the LbL method (DDAB) (c) SEM picture of the second layer built by the LbL method 
(NH4SCN). (d) AFM topography of the second layer built by the LbL method, using DDAB and (e) NH4SCN, the 
RMS roughness reads 9 and 21 nm respectively; (f) optical density of CsPbI3 nanocrystal films treated with 
DDAB, NH4SCN and deposited via the layer-by-layer method and thicknesses (lines are a guide to the eye) with 
increasing number of layers. 
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assembly", exploiting the same rotational speed employed for film fabrication. Among the 

various methods available for multilayer film production,62 we opted for spin-coating due 

to its convenience and rapid processing capabilities. Indeed, when compared to 

immersion-based multilayer deposition techniques, spin-coating significantly accelerates 

the assembly process, enabling the deposition of layers in approximately 30 to 40 

seconds. This accelerated rate is attributed to various governing forces, such as 

electrostatic interactions and centrifugal force, making spin assembly much faster than 

immersive procedures. Moreover, spin assembly typically yields more uniform films.145 

The solid-state ligand treatment alters the solubility of the deposited NC layer, facilitating 

the subsequent layer deposition. However, the solubility of the new ligands must be 

considered when determining the appropriate solvent for depositing additional NC layers. 

For instance, DDAB is soluble in toluene, making it counterproductive to use toluene for 

the second NC layer. Conversely, DDAB is not soluble in octane at room temperature; 

therefore, we employed octane for the LbL assembly. On the other hand, NH4SCN is 

insoluble in toluene. The deposition of additional layers can be repeated multiple times 

until the desired film thickness is achieved. The resulting CsPbBr3 NC films exhibit an 

increase in optical absorption with the increased number of layers for both DDAB and 

NH4SCN, indicating uniform surface morphologies. 

Optical density (OD) values of the absorption peak and the relative thickness of each layer 

in the emissive film, constructed via LbL assembly following the exchange with NH4SCN 

and DDAB, are presented in Figure 19a. Similarly, the film thickness increases with the 

deposition of subsequent layers, as confirmed by atomic force microscopy (AFM) 

thickness analysis (Figure 19a). SEM images of CsPbBr3 NC films after LbL assembly are 

presented in Figure 19b and c (for DDAB and NH4SCN, respectively), revealing that the 

uniformity, shape, and size of nanocrystals are well-preserved. With the deposition of 

three layers, we were able to achieve an average film thickness of up to 385 nm for DDAB-

treated samples and 220 nm for NH4SCN treated samples (as indicated by atomic force 

microscopy data reported in Table 2, Figure 19d). The greater thickness of DDAB film 

compared to the SCN- in this case is probably due to the polarity of SCN- that can slightly 

degrade the deposited particles. Importantly, the increased thickness is accompanied by 

high photoluminescence quantum yield induced by the ligand exchange process (>95% 

for DDAB and 60 ± 6% for NH4SCN, respectively) and a limited root mean square (RMS) 
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roughness of the resulting thick film, measuring 28 nm for DDAB-treated samples and 11 

nm for NH4SCN treated samples (see Table 2).  

 

 

Table 2: Average values of RMS roughness and film thickness as a function of number of layers for DDAB and 
NH4SCN treated films. 

 

2.3.2.5 Versatility of the method  
 

Finally, we showcased the versatility of the LbL assembly method we have developed by 

applying it to other metal halide perovskite nanocrystals while adjusting the polarity of 

the solvent used. Specifically, we extended our LbL assembly approach to CsPbI3 NCs 

dispersed in hexane or octane, using analogous (to CsPbBr3) ligand solutions of DDAB and 

NH4SCN. However, in this scenario, we opted for ethyl acetate as the solvent for the solid-

state ligand exchange, as the use of methyl acetate was found to induce the 

decomposition of CsPbI3 into lead-depleted phases159 (relative polarity of 0.228 for ethyl 

acetate vs. 0.253 for methyl acetate). 

Through this adaptation, we successfully generated a final CsPbI3 NC film with a thickness 

of up to 200 nm for a sample treated with DDAB (as depicted in Figure 19f). It is 

noteworthy that the increase in optical density with the number of layers aligns with the 

thickening of the emissive material. In the case of NH4SCN ligand treatment, the optical 

density decreases after the third layer, possibly suggesting degradation of the film. It is 

crucial to emphasize that future extensive experimentation involving various ligands and 

ligand concentrations holds the potential to further enhance the LbL processing of CsPbI3 

films, bringing it to a level comparable with CsPbBr3. In this context, our primary objective 

was to demonstrate that our approach had the capability to be applied to other perovskite 

NC compositions, underscoring its flexibility and broad utility.  

 

Layer 1 
thickness  

(nm) 

Layer 2 
thickness   

(nm) 

Layer 3 
thickness  

(nm) 

Layer 1  
RMS 
(nm) 

Layer 2  
RMS 
(nm) 

Layer 3  
RMS 
(nm) 

CsPbBr3  (DDAB) 126 157 358 7 9 11 

CsPbBr3  (NH4SCN) 130 160 220 25 21 28 

CsPbI3 (DDAB) 76 131 202 8 7 11 

CsPbI3  (NH4SCN) 40 78 127 7 10 16 
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The method developed and explained in detail in section 2.4 has been used also in another 

work,160 where solution-processed DBRs (Distributed Bragg Reflectors) are employed to 

build an optical microcavity embedding a green-emitting CsPbBr3 perovskite colloidal 

nanocrystal film. In this study, after depositing each layer of CsPbBr3,60 a few microliters 

of methyl acetate were dropped under dynamic conditions before depositing the 

following layer using the same method. This step has a positive impact on both film 

formation and optical characteristics by removing the original ligand molecules (oleate 

and oleylamonium) from the surface of the film. Consequently, this prevents the loss of 

emitting material during subsequent deposition steps.146,148 This approach in constructing 

a multilayer structure enables the casting of substantial quantities of emitters. These 

emitters are highly sought after for their applicability in various fields where the 

production of a significant amount of light is often necessary, such as in lasing 

applications,161,162 all while maintaining the exceptional optical properties typically 

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

3.1 Introduction - synthesis, optical properties 
 

In 2006, 163 CdSe nanoplatelets (NPLs) with a large lateral size an only a few molecular 

layers thick were initially reported. Compared with QDs, NPLs not only possess the 

properties typically found in semiconductor nanocrystals but also exhibit other interesting 

and attractive optical properties, including narrow emission, a large exciton binding 

energy, a giant oscillator strength, a substantial absorption cross-section, a fast 

fluorescence lifetime, and large optical gains.164ς166 Due to their highly pure emission 

color, NPLs have been considered as excellent light-emitting materials in displays and 

LEDs.167,168 

The predominant criterion for categorizing NPLs, which are constrained in only one 

dimension, is their thickness. This parameter is quantified by the number of crystalline 

planes, often referred to as monolayers (ML). Examining the structure of the particles 

obtained in the zinc-blende crystal structure, it is evident that the broad upper and lower 

facets oriented along <100> are capped with cadmium atoms.169 Number of ML are 

defined by the formula:  where n is the number of Se crystalline planes and n+1 in 

the number of Cd crystalline planes. The classification of NPL thicknesses as non-integer 

values (e.g. 2,5, 3,5, 4,5 ML, etc.) results from considering the presence of cadmium 

termination. Increasing the number of ML leads to a reduction in exciton confinement, 

resulting in a gradual (discrete) redshift of the emission. Figure 20 provides a crystalline 

projection and shows a zinc-blende platelet of CdSe with a thickness of 4.5 ML. 

Cadmium chalcogenides are direct-band semiconductors. In their electronic band 

structure, the composition is defined by the px, py, and pz orbitals of the chalcogenide, 

representing the valence band (VB), and by the 4s orbital of cadmium, which defines the 

conduction band (CB). Due to the electron spin, there are degenerate states in both the 

Cd 
Se 

Figure 20: Crystalline projection and illustrates a zinc-blende platelet of CdSe with a thickness of 4.5 ML. 
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valence (with a six-fold degeneracy) and the conduction bands (with a two-fold 

degeneracy). The angular momentum of the p orbitals and the influence of spin-orbit 

coupling, which is the interaction between the electron's spin momentum and the 

electrostatic field of the nucleus, partially break the degeneracy of these states. 

Consequently, different bands can be discerned in the band structure of zb-CdSe. Near 

the band edge, one can observe the light hole (lh) band with higher curvature, the heavy 

hole (hh) band with lower curvature, and the split-off (so) band, separated by an energy 

ƎŀǇ ŘŜƴƻǘŜŘ ŀǎ ҟ{hΦ A schematic representation of this concept is presented in Figure 21. 

Notably, the transition with the lowest energy corresponds to the electron-heavy hole (e-

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

these particles. 

Upon the absorption of a photon with a specific energy and the creation of a bound 

exciton, the return to thermodynamic equilibrium can be accomplished through various 

processes. The most desirable process from a technological standpoint is band-edge 

radiative recombination, wherein a photon with energy equal to the tuned bandgap (Eg) 

is emitted as carriers relax to their ground states. However, there are alternative 

mechanisms, some radiative and others non-radiative, that can compete with band-edge 

recombination, leading to a reduction in photoluminescence quantum yield (PLQY). Apart 

Figure 21: From the left: diagram illustrating the band structure of zinc-blende (zb) CdSe, providing clarification 
on the heavy-hole (hh, red), light-hole (lh, red), and split-off (so, black) bands. Absorption (Abs, solid line) and 
photoluminescence (PL, dashed line) spectra of 3,5 monolayers (ML) of CdSe nanoplatelets (NPLs), along with 
their associated excitonic characteristics. 
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from the Auger processes,170 where the energy of recombination is used in generating hot 

carriers, and interactions with lattice vibrations, the presence of surface states 

characterized by dangling bonds or missing atoms within the bandgap stands out as one 

of the most significant competing recombination pathways. These surface defects, 

depending on their relative position to the conduction band (CB) and valence band (VB), 

serve as traps for electrons or holes and are typically referred to as trap states. 

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

thermal excitation, represented as kBT (where kB is Boltzmann's constant), trapping can 

be reversibly recovered, leading to what is known as shallow traps.171 Conversely, when 

the energy of the trap state is positioned near the center of the bandgap, it is generally 

classified as a deep trap. 

Typically, there are multiple in-gap states that are closely aligned in energy, resulting in 

broad signals in the photoluminescence (PL) spectrum, often referred to as the trap band. 

It has been shown that the presence of un-passivated selenium atoms, acting as hole traps 

Figure 22: Schematic representation of the main recombination processes and states occurring after the 
absorption of a photon of adequate energy. 
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mainly localized at the edge sites, is a significant factor contributing to the trap emissions 

and the reduction of the photoluminescence quantum yield at the band edge in CdSe 

nanoplatelets NPLs. These concepts are visually illustrated in Figure 22. 

To further confine the exciton within the core, effective passivation can be achieved by 

the synthesis of appropriate heterostructures. Their growth involves the epitaxial growth 

of an inorganic material with a different bandgap around the core particle, thereby 

increasing the radiative recombination rates via passivation of the surface defects.172 As 

expected, a core with well-defined edges and reduced defect density is more likely to 

produce heterostructured materials with increased PLQYs.173 Such heterostructures are 

intriguing because they provide a useful method to tune the charge carrier position using 

band edge engineering174 but also they help to enhance the the photostability of core-

only particles.175 Heterostructures have mainly been developed for spherical-, rod-, or 

tetrapod-shaped structures.176ς180 For nanoplatelets, the first core/shell structures have 

only been introduced by Mahler et al.167,181 and Ithurria et al.181  In 2013, the synthesis and 

optical properties of a new type of colloidal heterostructures has been presented: 

core/crown nanoplatelets.182 These are atomically flat colloidal heterostructures with an 

anisotropic nature, featuring a CdSe NPLs core at their center, enclosed in the lateral 

dimensions by a CdS crown. Their two-dimensional configuration resembles colloidal 

NPLs, with a thickness in the nanometer range and lateral dimensions that can extend to 

hundreds of nanometers. In essence, a core/crown system consists of a CdSe NPL nestled 

within a CdS NPL. Notably, both the CdSe core NPLs and the CdS crown have an identical 

number of atomic layers. 

 

Among the various thickness that CdSe can assume, I chose to study blue-emitting 3,5 ML 

CdSe because of their potential as blue-emitters. In fact, application of CdSe NPLs in the 

ultraviolet/blue region remains an open challenge due to charge trapping leading to 

limited (PLQY) and sub-bandgap emission in core-only NPLs.183 Furthermore, for LEDs 

based on II-VI semiconductor quantum dots (QDs), the efficiency and stability of red and 

green QD based devices is close to standards for commercial applications, while blue 

Quantum dots-LEDs lags behind in terms of device efficiency and stability.184 

To synthesize CdSe/CdS core/crown NPLs, we used a hot-injection procedure: a n-hexane 

dispersion of previously synthesized 3,5 ML CdSe NPLs185 is added to 1-octadecene (ODE) 
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and cadmium octanoate (Cd(oct)2). Hexane is removed under vacuum and, at 190 °C, the 

crown growth mixture (a solution of sulfur, ODE, and propionic acid) is continuously 

injected into the NPL suspension via a syringe pump. The volume of the CdS layer can be 

adjusted by tuning the number of precursors. 

 

3.2 Design of Experiments  
 

Design of Experiments (DOE) involves methods used to guide the selection of experiments 

in an efficient manner. Experiments involves a series of tests where input variables are 

systematically varied to identify the underlying causes of changes in the output response, 

but they often involve data that are susceptible to experimental errors (noise for 

example), and such errors can significantly impact the results. It is therefore advisable to 

analyze the data using appropriate statistical techniques. For these reasons, there key 

principles for experimental design whose meaning will be explained in the next paragraph: 

replication, randomization, and blocking.  

Replication involves repeating the experiment to enhance the precision of the results (the 

sample mean value) and to estimate experimental errors (sample standard deviation). 

Randomization refers to the order in which experiments are conducted that has to be 

randomic to ensure that the conditions in one run are independent from previous or 

subsequent. Blocking is a technique that divides the experiments into subgroups (or 

blocks) so that each subgroup is homogeneous with respect to a particular confounding 

factor. It is employed to isolate and mitigate known systematic biases, preventing them 

from overshadowing the main effects.186 

To perform a Design of Experiments, first task is to define the problem and select the 

variables (factors or parameters). The region of interest (the experimental range to 

explore), must be established according to previous knowledge of the problem. In DOE, 

ǾŀǊƛŀōƭŜǎ ǘȅǇƛŎŀƭƭȅ ŀǎǎǳƳŜ ƻƴƭȅ ŀ ǎƳŀƭƭ ǎŜǘ ƻŦ ǾŀƭǳŜǎ όŎŀƭƭŜŘ άƭŜǾŜƭǎέύΦ ¢Ƙƛǎ Řƻes not mean 

that points in between these values could not be known but it is the future model that 

will help us to understand possible trends in those values. As a matter of facts DOE allows 

to build a mathematical model based on experiments performed that gives information 

in the whole range investigated and not only in the points where trials have been 

effectively carried out. Input factors (parameters used) can be qualitative, or quantitative 
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and discrete. Quantitative continuous variables are discretized within their range. The 

selection of the DOE technique and the number of levels should be based on the available 

resources and the number of experiments that can be conducted.  

The obtained model is fitted to the data and is then tested to assess its goodness of fit 

and predictive accuracy. Metrics like R-squared, p-values, or cross-validation are often 

used to evaluate model performance. R-squared is a statistical measure of the proportion 

of the variance in the dependent variable that is explained by the independent variables 

in a regression model. It ranges from 0 to 1, where 0 indicates that the model does not 

explain any variance, and 1 indicates a perfect fit. A higher R-squared value suggests that 

a larger proportion of the variability in the dependent variable has been accounted for by 

the independent variables. However, a high R-squared does not guarantee that the model 

is accurate or unbiased. A p-value is the probability of obtaining results randomly. A small 

p-value (usually less than a significance level, often 0.05) suggests that there is enough 

evidence to reject the null hypothesis. However, it is important to interpret p-values 

cautiously and consider them alongside effect sizes and other relevant information. 

Finally, the Cross-validation is a technique used to assess the performance of a predictive 

model by splitting the dataset into training and testing sets. It provides a more robust 

assessment of model generalizability compared to assessing performance on a single 

training-test split. Model building is an iterative process: if the initial model is inadequate, 

it is possible to refine the design, collect more data, or adjust the model to improve its 

accuracy and predictive power. Once a reliable model is established, it can be generalized 

and applied to predict outcomes or understand the relationships in a broader context.187 

ά5ŜǎƛƎƴ ƻŦ 9ȄǇŜǊƛƳŜƴǘǎ ƛǎ ŀ ǎƛƳǇƭŜ ǘƻƻƭ ǘƻ ǎǘǳŘȅ ŎƻƳǇƭƛŎŀǘŜŘ ǇǊƻōƭŜƳǎέ said A. Fisher.188 

As a matter of facts, if it is known what lies behind the mechanism of DOE, for the easiest 

designs, there is no need for a software. However, for some type of designs, calculations 

can be difficult, or it is necessary to draw a graph. In this case a software is needed, and, 

in this thesis, I used a R-based software called CAT (Chemometric Agile Tool).189 
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3.3 Definitive Screening Design on CdSe core nanoplatelets 

 

Starting from the interesting results obtained by Di Giacomo et al.172, which showed the 

possibility of tuning the width and aspect ratio of 3,5 ML CdSe NPLs using cadmium 

carboxylate precursors with different chain lengths, I followed a path of designs starting 

from one in particular: Definitive Screening Design (DSD).173 DSD is a screening statistical 

experimental design technique used to efficiently explore multiple factors or variables 

that may affect a process or system. It is particularly useful when there are multiple 

factors to be considered and the aim is to identify the most significant factors and their 

interactions. DSD includes three levels for each factor (low, medium, and high). This allows 

for the detection of potential curvature in the response surface and the separation of the 

main effects from two-factor interactions. The goal is to achieve an optimal design with a 

minimum number of experimental runs. Absorption and Photoluminescence spectra and 

TEM image of initial sample of 3,5 ML NPLs are shown in Figure 23. Absorption peak is 

centered at 457 nm whereas PL peak is at 460 nm, indicating pure blue emission. 

We chose six synthesisΩ variables listed in Table 1. Levels chosen were three: -1, 0, 1 

(except for X1 for which we used 16 and not 15 as number of C for the 0-level for reasons 

of laboratory availability). These variables were found to have an impact on the results of 

Figure 23: Absorption and Photoluminescence spectra of initial sample of 3,5 ML NPLs with a TEM image 
inserted.  

Aspect Ratio=8.12 
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the synthesis conducted in previous works in the field.185 More specifically, it is 

demonstrated a dependence of the chemical yield of the reaction on the length of the 

cadmium carboxylate (Chain length, see reaction 1), with shorter ligands having higher 

yields due to a suppression of QD side product formation.174 Different chain lengths, 

presumably due to the different packing order, enable also to control the width and the 

aspect ratio of the resulting NPLs. This allowed to finely tune their lateral dimensions, 

without resulting in shorter growth times or reduced T (both Injection and Growth 

temperatures). Nevertheless, reaction time and temperature can influence length and 

width of the nanoplatelets. Propionic acid indicates the use of the homonymous 

compound that, in kinetic conditions, has been demonstrated to give more homogeneous 

results with a decreased number of byproducts.174 

 

 

 

 

 

 

 

 

 

 

Table 1: list of input factors (synthesis parameters) chosen for Definitive Screening Design and respective 
level limits. 

I exploited a Definitive screening design constructed using conference matrices.190 A 

conference matrix is an m x m matrix C where m is even. The matrix C has 0s on the 

diagonal, off-diagonal entries equal to 1 or ς1. 

If the number of input factors, denoted as k, is five or more: 

¶ when k is an even number, a k x k conference matrix is employed to define k runs 

for the design. A central point is introduced to ensure the estimability of a model 

including an intercept, main effects, and quadratic effects. Consequently, for even 

values of k, the minimum number of runs is 2k + 1. 

  
LEVELS 

VAR.No. VARIABLE NAME -1 1 

x1 Chain length [C no.] 12 18 

x2 Chain amount [mmol] 0.8 1.2 

x3 Prop. Acid [uL] 15 133 

x4 Reaction t [min] 8 20 

x5 Injection T [°C] 185 205 

x6 Growth T [°C] 210 225 
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¶ when k is an odd number, a (k+1) x (k+1) conference matrix is used, and its last 

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

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

 

 

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

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

2), 0 degrees of freedom. 

Responses (output variables) measured are 7 and the aim for each of them was the 

following: 

1. Photoluminescence Quantum Yield value [%]: to maximize 

2. Length and width of NPLs [nm]: to keep track 

Exp. 
Chain 
length  

Chain 
amount 

Prop 
acid 

Reaction 
t 

Inj. 
T 

Growth 
T 

n° C mmol uL min °C °C 

1 16 0.8 133 8 185 225 

2 12 1.2 74 8 205 225 

3 18 1 133 20 205 225 

4 12 1.2 133 20 185 217.5 

5 18 1.2 133 8 195 210 

6 18 0.8 74 20 185 210 

7 16 1 74 14 195 217.5 

8 12 1 15 8 185 210 

9 18 0.8 15 8 205 217.5 

10 12 0.8 15 20 195 225 

11 18 1.2 15 14 185 225 

12 16 1.2 15 20 205 210 

13 12 0.8 133 14 205 210 

Table 2: Varying parameters of the 13 experiments performed to build the model of the Definitive Screening 
Design. 
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3. Optical absorption and Photoluminescence peak position [nm]: to keep track 

4. Aspect ratio (length/width): to minimize 

5. Dots (unwanted extra phase) [%]: to minimize 

6. Traps (trap band intensity) [%]: to minimize 

 

The equation of the model is the following:  

ώ  ὦ  ὦὼ  ὦὼ ὦὼ ὦὼ ὦὼ ὦὼ ὦ ὼ 

ὦ ὼ ὦ ὼ ὦ ὼ ὦ ὼ ὦ ὼ  

 

It is composed by a constant b0 that is the intercept term, representing the expected value 

of the response when all factors are at their reference levels; six linear terms xibi, where 

bi represent the coefficients associated with the main effect of the xi factors (they indicate 

the change in the response variable for a one-unit change in the xi factor when all other 

factors are held constant); and six quadratic terms biixii where bii indicate the quadratic 

effect of the xii factor, it captures the curvature in the relationship between the xii factor 

and the response variable.  

Model coefficients obtained with the software CAT through a multi-linear regression for 

each response are summarized in  Table 3. For the output parameter Traps, model is not 

estimable because explained variance is negative. Explained variance refers to the 

proportion of variability in the response variable that can be attributed to the factors or 

variables being studied in the experiment. 

 

  aim b0 b1 b2 b3 b4 b5 b6 

PLQE max -0.14 1.41 0.54 1.91 -0.40 0.29 -1.46 

AR min 6.47 -0.90 0.37 0.69 0.55 0.96 -1.62 

Dots min 17.72 17.39 8.07 -33.41 0.8 5.92 6.95 

 b11 b22 b33 b44 b55 b66   

PLQE 3.31 0.77 -0.93 0.12 -2.77 3.27   

AR -1.04 1.70 0.65 -0.08 0.05 -0.44   

Dots -20.91 30.01 32.71 -24.44 17.06 -16.69   
                                                   

 Table 3: Model coefficients obtained with the software CAT through a multi-linear regression for each 
response. 
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To understand the language of coefficients, it is useful to consider that if the aim is to 

maximize a response, a positive coefficient of an input variable will help to increase that 

response and vice versa. 

From these 13 coefficients, an interesting result that came out is a specific relationship 

between trap band intensity and PLQY value, clearly visible in Figure 24: Relationship 

between trap band intensity and PLQY value, side-result from the first 13 experiments. 

As it is noticeable, in order to have a PLQY higher than 1%, the surface trap band intensity 

should be very low. This phenomenon can be explained as follows: a low trap band 

intensity may indicate that the non-radiative recombination pathways associated with 

trap states are minimized, allowing for a higher proportion of radiative recombination and 

a higher PLQY. The trap density, even if low, can still influence the non-radiative 

recombination rate. A lower trap density may reduce the probability of charge carriers 

being captured by trap states, leading to more radiative recombination events and a 

higher PLQY. 

Nevertheless, the variety of results observed with low trap density might be related to the 

distribution of trap states and their specific energy levels, influencing the emission 

Figure 24: Relationship between trap band intensity and PLQY value, side-result from the first 13 
experiments. 
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characteristics. The dynamics of excitons (bound electron-hole pairs) in the material, 

which we do not know exactly, may also play a role. 

To gain a more comprehensive understanding, additional characterizations such as time-

resolved spectroscopy, temperature-dependent measurements, or structural analyses 

can be performed. They can provide insights into the dynamics and nature of trap states, 

shedding light on the observed variations in PLQY.  

Summarizing, with this design, we wanted to study the effect of input factors on synthesis 

responses. We could exploit some information from the model built and we noticed two 

variables with a substantial effect on the responses (giving priority to PLQY value response 

and to the linear terms of the DSD model) that are the chain length and propionic acid 

amount. Based on this new information, we proceeded with only one experiment that 

resulted in 15% of PLQY, very low trap band ratio and negligible dots formation (Figure 

25).  

 

 

Figure 25: Absorption and Photoluminescence (PL) spectra of experiment after the first design:  3,5 ML NPLs 
with a TEM image inserted.  

 

Aspect Ratio=6.06 
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3.4 Central Composite Design on selected variables 
 

 

A useful habit in experimental design is not to stop at the first one, especially if it is a 

screening design: results can improve a lot by continuing with an in-depth study of the 

experimental conditions once the initial results are displayed. 

Indeed, the first experimental design may provide initial insights into the system, but it 

might not capture all the complexity or interactions. By conducting additional 

experiments, it is possible to refine the model and gain a more accurate understanding of 

the factors influencing the response. Moreover, sequential experimental designs allow for 

the enhancement of resolution that allows a better discrimination between main effects 

and interactions, reducing the likelihood of confounding. One can also decide to include 

additional runs, improving the precision of their estimates and make more reliable 

predictions about the behavior of the system. For this reason, I proceeded with a Central 

Composite Design (CCD), exploring the range around the values found in the last 

experiment. CCD includes a factorial design component where factors are set at high and 

low levels, covering a range of combinations. In addition to the factorial points, CCD 

includes axial points located at a fixed distance from the center along the axis of each 

factor. These points are used to estimate the curvature effects of the response surface. 

This design also includes a central point having the central values for the input factors.  

I decided to better study some of the parameters that showed curvature in resulting 

mathematic model: chain amount (mmol of Cd-precursor) and propionic acid volume 

(Table 4).  Other input factors were kept fixed. 

 

 

 

 

 

  
LEVELS 

VAR.No. VARIABLE NAME -1 1 

x1 Chain amount [C no.] 1.4 1.5 

x2 Prop. acid [uL] 110 140 

Table 4: Input factors (synthesis parameters) chosen for the Central Composite Design.  
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One of the advantages of DOE with a limited (Җ 3) number of factors is that it possible to 

build a graphical representation of the experiments. In Figure 26, the 9 experiments 

planned are spatially distributed. 

 

In this design, aspect ratio is not assessable because explained variance is negative. 

Figure 27: shows contour plots, response surfaces and model coefficient plots obtained 

from our results through the CAT software.189 Contour plots typically consist of two-

dimensional grids representing the levels of two of the independent variables, and 

contour lines representing the values of the response variables. By examining the contour 

plot, it is possible to see how changes in the factor levels affect the response variable. 

Contour lines that are closer together indicate a steeper slope or a stronger effect of the 

factors on the response. The contour plot can help to identify optimal factor combinations 

that maximize or minimize the response variable. Response surfaces are the 3D graphical 

representation of the mathematical model associated with a particular response based 

on input parameters, and model coefficient plots represent the entity of each coefficient 

(linear, interactions and quadratic terms) of the model with an asterisk (*) indicating its 

significance. The significance of the coefficients refers to the statistical evaluation of the 

importance of the factors in the mathematical model describing the relationship between 

the independent variables and the dependent variable. A significant coefficient indicates 

that the factor associated with that coefficient has a statistically significant effect on the 

Figure 26: 9 experiments planned for Central Composite Design spatially distributed. 
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dependent variable. In other words, variations in the values of that factor have a 

significant effect on the response. Conversely, a non-significant coefficient for a factor 

indicates that it does not have a significant effect on the response in the context of the 

model under consideration. 

In this case, the PLQY graph (Figure 27 a,b,c) shows that, to increase the response, the 

amount of chain should be kept low (in the range used for this design) while propionic 

acid should be used at an intermediate level due to the curvature of the response. In terms 

Figure 27: Contour plots, response surfaces and model coefficient plots of three responses of CCD design 
obtained thanks to CAT software. 
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of traps, the graph also suggests keeping the amount of chain low and the amount of 

propionic acid medium low. These two answers are not contradictory. Regarding the dots, 

the linear term of the amount of propionic acid is significant, but also the interaction 

between the amount of propionic acid and the amount of chain. This means that when 

working with low amount of chain, low amounts of propionic acid leads to a worsening of 

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

acid lead to an improvement of the response (low dots). Furthermore, the effect of 

propionic acid is almost null at high chain counts, whereas chain count only has an effect 

at low propionic acid. This can be due to the similar role that precursor chain and 

propionate play: passivation of the surface preventing the aggregation. 

In the light of these results, a compromise must be found. The Pareto Front191 is a very 

useful tool in this situation. It represents a set of solutions that are considered optimal or 

efficient because they cannot be improved on one criterion without sacrificing 

performance on another. In multi-objective optimization problems, it is often challenging 

to find a single "best" solution because optimizing one objective might compromise 

another. Instead, the goal is to find a range of solutions along the Pareto front that 

represents trade-offs between the conflicting objectives. These solutions are visually 

represented as points or a curve in a multi-dimensional space, with each dimension 

corresponding to one of the objectives. 

I used Pareto Front to explore the experimental design space (experiments performed in 

CCD design) iteratively. The algorithm suggested new sets of factor settings for each 

iteration, aiming to improve the performance with respect to the multiple objectives. As 

the optimization algorithm progresses, it identifies solutions that are Pareto optimal. 

These are the points on the Pareto front where improving one objective would result in 

the degradation of another. The set of Pareto optimal solutions collectively forms the 

Pareto front. Through Pareto front of PLQY, Traps and Dots, I found some non-dominated 

points, a trade-off between conflicting objectives, shown in Figure 28, from which I 

identified one experiment, which was repeated three times to evaluate its experimental 

variability. In fact, validate the Pareto front points through additional experiments or 

simulations to confirm the robustness and reliability of the optimized factor settings is 

very important. 
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From the results of three replicates of 27th point (Figure 28), I verified that the 

experimental variability was consistent with the variance of the model (CCD) for the 

responses PLQY and Traps.  

To do this I performed an F test (a statistical test that compares the variances of two 

samples to assess if the means are significantly different) by comparing critical F, which 

depends on the significance level and which represents the probability rejecting a true 

null hypothesis, and calculated F that is the value of residuals variance divided for 

experimental variance for each response (if their explained variance is positive). If the 

calculated F is significantly greater than the critical F, there is the evidence in favour of 

the alternative hypothesis, which indicates that the variances of the groups are different. 

If the calculated F is less than or equal to the critical F, there is no sufficient evidence to 

reject the null hypothesis of equality of variances. 

All the values used for F test are reported in Table 5. 

 

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

only shown by the model, but also from an experimental point of view. 
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Figure 28: Non-dominated points found with Pareto Front algorithm of PLQY, Traps and Dots responses of 
CCD design.  
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In conclusion, with the second design, we wanted to study two variables keeping fixed all 

the others. The model has been enlightening because it demonstrated the effect of 

quadratic terms previously found and allowed us to make predictions.  

Comparing the initial sample of 3,5 ML CdSe/CdS core crown NPLs and the final one I got 

some improvements: PLQY is raised up of 3 times, trap state band has been flattened and 

the aspect ratio of NPLs has been reduced. This result could be improved even more with 

the synthesis of a heterostructure, as explained in the next subchapter. 

 

 

 

 

 

 

 

3.5 Crowning of 3,5 ML CdSe NPLs with CdS 
 

As previously mentioned, recently, the synthesis of a new type of colloidal 

heterostructure has been presented: core/crown nanoplatelets.192 

The core-crown structure refers to a layered conformation of colloidal nanoplatelets with 

a flat and plate-like morphology, resembling a thin disk. The core is the central region of 

the plate-like structure, which I reported on in the paragraphs above. Differently, the 

crown refers to the outer layers of the nanoplatelet, which surround the core. These 

layers typically consist of molecules or atoms that may have different properties than 

those in the core. The crown can include surface ligands to be stable in organic solvents, 

functional groups, or other components that modify the surface properties of the 

nanoplatelet. 

The core-crown structure contributes to the anisotropic (direction-dependent) properties 

of nanoplatelets. Optical, electronic, and mechanical properties can vary along different 

directions within the nanoplatelet, being influenced by the layered structure. The 

structure of core-crown CdSe/CdS nanoplatelets is considered a heterostructure.  

 
Residuals s.dev Experimental s.dev Critical F Calculated F 

PLQY 1.993 1.509 19.1642921 1.742126754 

Traps 0.246  0.1  19.1642921 6.066369 

Dots 3.835 0.1 19.1642921 1470.7225 

Table 5: Values used to perform F-test (evaluation the overall significance of a model.)  
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In heterostructures, the chemical composition varies within the material. They are 

achieved through the epitaxial-like growth of an inorganic material around preformed 

core particles, mentioned above. The second layer serves also as a protective barrier, 

shielding the emitting core from changes in surface chemistry and enhancing the 

passivation of surface trap states, reducing photo-oxidation processes. Heterostructuring 

is often employed to enhance photoluminescence quantum yield and photostability and 

it involves considering the band alignment of the architecture. Three main cases, referred 

to as type-I, reverse type-I, and type-II, are distinguished based on the bandgap energies 

of the core and overgrown material. 

In type-I heterostructures, a narrower band gap core is covered with a wider band gap 

material, confining electrons and holes inside the core, enhancing excitonic 

recombination. Reverse type-I heterostructures involve a wider band gap core, where 

recombination occurs on the outer surface, reinstating passivation issues. Type-II 

architectures exhibit staggered band alignment, separating carriers in different regions, 

resulting in emission with an energy smaller than that of each component. Quasi-type II 

situations, like CdSe/CdS, lie between type-I and type-II architectures. The core has a 

narrower band gap than the outer material, but band-edge levels are close, allowing one 

carrier to remain confined in the core, while the other can spread over the overgrown 

material, producing an indirect exciton with emission properties depending on the offset 

between involved band edges. To obtain good heterostructures, it is crucial that the core 

and overgrown material possess compatible crystal structures and a small lattice 

mismatch. Good lattice mismatches values should be lower 10%: a greater amplitude can 

result in strained heterostructures, with formation of interfacial (or outer) defects states 

that can act as carrier traps, thus lowering the band-edge radiative recombination rate.193 

CdS is commonly used to passivate CdSe due to its wider band gap, zinc-blend structure 

and relatively small lattice mismatch (CdSe= 0.61 nm, aCdS = 0.58 nm). The unique shape 

of nanoplatelets allows for anisotropic passivation with the potential for growing a shell 

or a crown. 

A recent investigation, incorporating experimental and theoretical aspects of ligand 

stripping, indicates that the least stable binding sites for Cd salts are located near the 

edges of the nanoplatelets.194 In fact, it has been confirmed that Cd salts readily detach 

from sites at or near the edges. Therefore, a straightforward edge passivation is sufficient 
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to produce a highly photoluminescent material that is resilient to ligand stripping. This 

underscores the intriguing nature of the core-crown structure, where the design of the 

crown needs to be carefully tailored to suit the specific characteristics of the 

nanoplatelets. 

In order to build the crown of CdS on 3,5 ML NPLs, I employed an established crowning 

procedure with slight modifications: 

A n-hexane dispersion of 3,5 ML CdSe NPLs is added to 1-octadecene (ODE) and cadmium 

octanoate (Cd(oct)2). Hexane is removed under vacuum and, at a temperature of 185 °C, 

the crown growth mixture (a solution of sulfur, ODE, and propionic acid) is continuously 

injected into the NPL suspension via a syringe pump. I finally obtained core-crown blue-

emitting NPLs with a 66% value of PLQY Figure 29b (initial core: length 36.6 nm ± 3.8 nm, 

width 4.4 nm ± 0.7 nm; initial core-crown: length 37.5 nm ± 5.6 nm, width 4.5 nm ± 1.0 

nm ; final core: length 33.1 nm ± 3,5 nm; width 5.1 nm ± 0.7 nm; final core-crown: length 

43.3 nm ± 5.3 nm,  width 7.0 nm ± 1.1 nm). This was a significant improved result 

compared with the crowning of initial sample of NPLs (Figure 29a), where the PLQY 

measurement gave 17%. Sulfur peak is located at about 380 nm. As it is noticeable from 

TEM images is that, in the case a, S is accumulated at the edges of NPLs, and this can 

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

efficiency. Differently, more squared NPLs like those in Figure 29b, are more appropriate 

for a homogenous arrangement of the CdS crown. The height of the Sulfur peak is greater 

Figure 29: Crowning of initial sample compared with the crowning of the final sample (after DSD and CCD 
designs). 
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in case a with respect to case b and this can be explained with the amount of sulfur that 

constitutes the crown. 

Thanks to Dr. Mirko Prato, I performed XPS (X-ray Photoelectron Spectroscopy) and UPS 

(ultraviolet Photoelectron spectroscopy) on resulting 3,5 ML CdSe/CdS NPLs. Figure 30 

shows a low-resolution XPS spectrum, where peaks for Cd, Se, C, O are evident. Figure 31 

instead, in order from left to right show high-resolution XPS spectrum of the carbon, high-

resolution XPS spectrum of the valence band and the UPS spectrum.  

Carbon was used to calibrate the energy scale, then the position of the valence band 

maximum (VBM) was extracted from the valence band XPS spectrum, and the value 

obtained (1.67 eV) was used to calibrate the energy scale of the UPS spectrum, imposing 

the VBM energy position VBM (low BE onset in the figure) as the same. 

From the position of the other onset (high BE onset in the figure), the work function value 

was obtained, as the difference between the photon energy used (21.22 eV) and the value 

of the onset itself (16.09 eV). 

In summary, the data suggests that: WF (Work Function) = 5.13 eV; VBM to Fermi = 1.67 

eV; VBM to vacuum = 5.13+1.67 = 6.8 eV 

 

Figure 30: Low-resolution XPS spectrum, where peaks for Cd, Se, C, O are evident. 
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Figure 31: From a to c high-resolution XPS spectrum of the carbon, high-resolution XPS spectrum of the valence 
band, UPS. 

a) b) 

c) 
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3.6 Blue-emitting Light-emitting diodes based on CdSe/CdS NPLs 
 

 

Currently, with the help of my colleague Dr. Hossein Roshan, we are working on exploiting 

the prepared NPLs in Light-Emitting Diodes (LEDs). LEDs are semiconductor devices that 

emit light when electrons recombine with holes, releasing energy in the form of photons. 

In the context of quantum dot LEDs (QLEDs), the quantum dots serve as the 

semiconductor material that enables photon generation via electron-hole recombination. 

The structure of LEDs can involve several layers, each serving a specific purpose in the 

operation of the device. The layers commonly found in LEDs, particularly those 

incorporating colloidal nanocrystals or quantum dots, might include the substrate, base 

on which the LED is built. It provides mechanical support and may influence the thermal 

and electrical properties of the device. Other important components are: contact layers 

(Anode and Cathode), the electrical contacts of the LED that allow for the flow of electrical 

current through the device; the Electron Injection Layer EIL (also electron transport layer, 

ETL) through which electrons flow towards the active region of the LED; the active Layer 

that contains the colloidal nanocrystals and where light-emission occurs; the hole 

injection layer HIL (Hole Transport Layer HTL) through which holes flow towards the active 

region of the LED. 

Figure 32: ΨAl/LiF/TBPi/NPLs/PTAA/ITO/glassΩ structure of LED fabricated with 3,5 ML CdSe/CdS core-crown 
nanoplatelets. 
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Sometimes, electron or hole transport layers also work as hole or electron blocking layers. 

These layers help to confine the electrons and holes within the active region, preventing 

their escape and ensuring a higher probability of recombination, which is essential for 

efficient light emission. 

The specific structure and composition of LED layers can vary depending on the type of 

LED (organic, inorganic, quantum dot, etc.) and its intended application. The layer design 

is crucial for optimizing the final efficiency and performance.  

We tested different type of layers for the fabrication of QLEDs and we obtained the best 

results with Al/LiF/TBPi/NPLs/PTAA/ITO/glass, depicted in Figure 32. In this structure 

Aluminum/ Lithium Fluoride (electrode), 1,3,5-Tris(1-phenyl-1Hbenzimidazol-2-

yl)benzene (ETL) layers are evaporated through thermal evaporator in inert atmosphere, 

while NPLs, Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (HTL) and Poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (HIL) are obtained by spin-coating. The 

thicknesses of such layers are finely controlled thanks to the time of evaporation and 

concentration/speed of the spin coating respectively. ITO/glass substrates are bought 

with ITO (electrode) already deposited. 

As already mentioned, the most important response parameter to measure in LEDs is the 

External Quantum Efficiency (EQE). It is a parameter used to quantify the efficiency in 

converting electrical power into emitted light. It specifically measures the effectiveness of 

an LED device in generating photons for a given amount of input electrical power. EQE is 

expressed as a percentage and represents the ratio of the number of photons emitted by 

the LED to the number of electrons injected into the LED (Equation 6). To obtain EQE 

value, it is necessary to measure other parameters and do different calculations. 

I measured the current-voltage (I-V) characteristics of LEDs applying different voltages 

across the device and measuring the resulting current flow. Subsequently, I made some 

calculations to extract information from these measurements (see equations below). 

ὖ
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Equation 4: Calculation of Photodetector Power Ppd [W] through Detector Bias Vpd [V], Photodetector Gain 

(Tg), Photodetector responsivity (R˂) 

 

Equation 5: Calculation of Photon Flux PF [W/m2] through Ppd, Distance LED - photodetector l [m], emission 

wavelength ˂  [m], Photodetector Area Spd [m2], Planck Constant h [J*s], Light speed c [m/s] 

 

Equation 6: Calculation of the External Quantum Efficiency EQE [%]: through Photon Flux PF [W/m2] and 

Injected Electrons IE.                                                 

 

 

 

Equation 7: Calculation of the Injected Electron IE through the current I [A] and the electron charge [C]. 

 

 

Equation 8: Calculation of the luminance efficiency LE [Cd/A] through the the External Quantum Efficiency EQE 

[%], the Photopic Eye Sensitivity Y()˂, ŜƳƛǎǎƛƻƴ ǿŀǾŜƭŜƴƎǘƘ ˂ ώƳϐ.  

 

Equation 9: Calculation of the luminance L [Cd/m2] through the luminance efficiency LE [Cd/A] and current 

density J [A/m2] calculated on pixel area. 

 

We obtained the highest External Quantum Efficiency EQE (1.8%) existing for blue 

core/crown structured CdSe-based material.  
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The electroluminescence measurement Figure 33 shows a 460 nm peak with a turn-on 

voltage of 3.3 V. Current density and luminance in function of bias voltage are graphed in 

Figure 34. 
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Figure 33: Electroluminescence spectrum of LED emission under different voltages. 

Figure 34: Current density and luminance in function of bias voltage. 
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Our aim is to further improve these results exploiting experimental design to optimize the 

thickness of each layer that can definitely influence the charge ŎŀǊǊƛŜǊǎΩ transit along the 

LED structure.   
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3.7 Conclusions 
 

In conclusion, in this 2nd chapter of PhD thesis, I described my work on the optimization 

of the core synthesis of 3,5 ML CdSe nanoplatelets through two different types of 

experimental design: Definitive Screening Design, used to test the variability of the 

system, and Central Composite Design, useful to test the curvature of the first model by 

selecting certain input factors.  

Then, thanks to the Pareto Front tool, I found the best compromise between the variables 

and, by reproducing the experiment found through this technique in the laboratory, I 

demonstrated the effectiveness of the model and the agreement between the 

experimental variance and the model variance.  

By constructing a particular heterostructure, the core-crown, I used CdS to improve the 

efficiency of the colloidal nanocrystal by suppressing surface trap states.  

Finally, through the fabrication of LEDs, I exploited this material for its interesting optical 

properties, obtaining the best results in the literature in terms of external quantum 

efficiency.  

I will continue my research on this topic by once again exploiting the experimental design 

technique for LED fabrication, in particular to study the effect of layers thickness on 

luminance, current density and EQE of the device.  

The potential impact of my research on the future of lighting is multifaced: firstly, the 

development of efficient blue-emitting materials is essential for the advancement of 

display technologies. This research could contribute to the creation of displays with 

improved colour reproduction, brightness and energy efficiency. In addition, LED 

technologies are known for their energy-saving capabilities compared to traditional 

lighting sources. This work can help to further reduce energy consumption in lighting 

applications, leading to environmental and economic benefits. 

For the improvement of the efficiency and applicability of nanocrystal-based LEDs, it 

would be interesting to deeply develop surface passivation strategies to minimize surface 

defects and enhance the stability of nanocrystals. This can improve both the quantum 

efficiency and long-term performance of the LEDs.  
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4 GENERAL CONCLUSIONS AND OUTLOOK 
 

 

During these three years, I had the opportunity to study two types of colloidal 

nanocrystals in depth: perovskites and nanoplatelets. I had the chance to learn various 

synthesis procedure, characterizations technique and device fabrication approaches.  

With the members of the Photonic Nanomaterials (PN) group, led by Dr. Francesco Di 

Stasio, my supervisor, we carried out different projects on light emitters. 

In particular, my contribution was important, especially with regard to the layer-by-layer 

technique, which was also used by my colleague Simone Bertucci for the paper High 

Quality Factor in Solution-Processed Inorganic Microcavities Embedding CsPbBr3 

Perovskite Nanocrystals,  195 published on ACS Applied Optical Material in 2023.  

Moreover, during my experience abroad at the University of Ghent, under the supervision 

of Dr. Iwan Moreels, I had my first contact with experimental design field, which I later 

deepened thanks to the schools and courses offered by the University of Genoa.  

Based on my experience and my wish to involve my colleagues of the group, but not only, 

experimental design is now widely used in our laboratory, and in particular a paper has 

recently been submitted by my colleague Dr. Sergio Fiorito, exploiting the potential of DoE 

to make silica shells around CdSe/CdS particles, with possible future photonic integration. 

My aim is to continue to study colloidal nanocrystals in their synthesis, characterization 

and implementation. In particular, my next project will be an optimization of CsMnBr3 

emitting in the visible region of electromagnetic spectrum and in the infrared region if 

doped.196 I will exploit Design of Experiment as well as in the development of LEDs 

fabrication with CdSe/CdS Nanoplatelets.  
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5 APPENDIX 
 

5.1 Manuscripts published during PhD 
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Cirignano, M.; Bahmani Jalali, H.; Di Stasio, F.; Pellegrino, T.; Manna, L. ACS Energy 

Lett. 2021, 6, 8, 2844ς2853.197 

2. άFacile purification protocol of CsPbBr3 nanocrystals for light-emitting diodes with 

improved performanceέ. De Franco M., Cirignano M., Cavattoni T., Bahmani Jalali 

H., Prato M., Di Stasio F. Optical Materials: X, 2022, 13, 100124, 2590-1478.59 

3. άLayer-by-layer assembly of CsPbX3 nanocrystals into large-scale 

homostructuresέ. Cirignano, M. Fiorito S., Barelli M., Aglieri V., De Franco M., 

Bahmani Jalali H.,Toma A., Di Stasio F. Nanoscale, 2022, 14, 15525-15532.60 
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CsPbBr3 Perovskite Nanocrystalsέ. Bertucci S., Escher A., Cirignano M., De Franco 

M., Locardi F., Patrini M., Comoretto D., Lova P., Di Stasio F.; ACS Appl. Opt. Mater. 

2023, 1, 7, 1343ς1349.200 

5. άTemperature-dependent photoluminescent behavior of millimeter-scale 

Cs4PbBr6/CsPbBr3 bulk crystals and their application to white light-emitting 

diodesέΦ Wang Q., Khabbaz Abkenar S., Cirignano M., Yu H., Wu W., Divitini G. 

Journal of Materials Science & Technology, 2024, 179, 57ς65.201 
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5.2 Materials and methods 
 

5.2.1  Materials 
 

Chemicals. Lead Bromide (PbBr2, 99,99%), Lead Iodide (PbI2, 99,99%), Cesium Carbonate 

(Cs2CO3, reagent Plus, 99%), Hydroiodic acid (HI, 57%), Methyl Acetate (MeOAc 98.8%), 

Ethyl Acetate (EtOAc 99,5%), Toluene (anhydrous, 99.5%), 1-Octadecene (ODE, technical 

grade, 90%), Oleylamine (OLAm, technical grade 70%), Oleic Acid (OA, 90%), 

Didodecyldimethylammonium Bromide (DDAB, 98%), Ammonium Thiocyanate (NH4SCN, 

җфтΦр҈ύΦ All chemicals were purchased from Sigma-Aldrich and used without further 

purification.  

/ŀŘƳƛǳƳ ƴƛǘǊŀǘŜ ǘŜǘǊŀƘȅŘǊŀǘŜ όффΦффт҈ύΣ ŎŀŘƳƛǳƳ ƻȄƛŘŜ ό/ŘhΣ җффΦфф҈ύΣ ǎǘŜŀǊƛŎ ŀŎƛŘ 

όҗфтΦл҈ύΣ ƳȅǊƛǎǘƛŎ ŀŎƛŘ όҗфуΦл҈ύΣ ƻŎǘŀƴƻƛŎ ŀŎƛŘ όҗфуΦл҈ύΣ ŘŜŎŀƴƻƛŎ ŀŎƛŘ όҗфуΦл҈ύΣ ŀƴŘ 

dodecanoic acid (98.0%) were purchased from Sigma-Aldrich. Nonanoic acid (97.0%), 1-

octadecene (ODE, 90%), and oleic acid (OA, 90%) were purchased from Alfa Aesar. 

Propionic acid (>99.5%), hexane (>99%), Disolol® (ethanol, EtOH, 98%), and 2-propanol 

όLt!Σ Ҕфф҈ύ ǿŜǊŜ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ /ƘŜƳ [ŀōΦ {ŜƭŜƴƛǳƳ ǇƻǿŘŜǊ όҗффΦфф%) was purchased 

from Acros Organics. All chemicals were used without further purification. 

 

5.2.2 Methods 
 

Cesium oleate precursor. 400 mg of cesium carbonate were dissolved in 1.75 ml of oleic 

acid and 15 ml of octadecene inside a 40 ml glass vial heated to 100-120oC under the flow 

of nitrogen; the reaction was considered complete once all visible solid disappeared. The 

precursor was cooled down to room temperature under stirring, turning cloudy white. 

That room temperature cloudy suspension was used for subsequent injections with 

preheating.  

 

Synthesis of CsPbBr3 Nanocubes. NCs were synthesized via hot injection (165°C) of a 

cesium oleate precursor (500 uL) into a lead bromide (72 ± 2 mg) solution in 1-octadecene 

(ODE) (5mL) in presence of surfactants: oleic acid (50 uL) and oleylamine (500 uL). The 

injection was carried out during cooling towards room temperature under stirring (no ice 

bath). When the solution reached 30°C, it was transferred in 4 vials and centrifuged at 
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4000 rpm for 3 minutes. Supernatant was discarded and the walls of the vials dried with 

a swab to remove excess of solvent. Then, precipitate was centrifuged once more at 4000 

rpm for 1 minute and dried again. Finally, precipitate was redispersed in 1 mL of toluene 

for each vial. Preparation of Stock Solution of RNH3I (OLA-HI). 10 ml of OLA and 1 ml of HI 

were loaded in a 25 ml three neck round bottomed flask. Then the solution was heated at 

120°C for 2 hour with nitrogen gas purging to remove water present in the acid. The 

solution was then collected under hot condition in an airtight syringe and stored in a 

deaerated 30 ml vial fitting with a screw type septa. This stock solution was solidified at 

room temperature and for every reaction this stock solution was heated to 80°C and the 

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

 

Synthesis of CsPbI3 Nanocubes. 92,2 mg of PbI2 and 5 ml ODE were loaded in a 25 ml 

round bottomed flask and deaerated at 120 °C for 1 hour by purging nitrogen gas. Then 

0.5 ml each of OLA and OA were injected into the reaction flask. 0,5 mL of pre-heated 

stock solution of OLA-HI was injected to the reaction system, and it was kept under 

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

ǘƘŜ ǎƻƭǳǘƛƻƴ ōŜŎŀƳŜ ŎƭŜŀǊΣ лΦр Ƴƭ /ǎπƻƭŜŀǘŜ ǿŀǎ ƛƴƧŜŎǘŜŘ ǎǿƛŦǘƭȅΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ǎǘƻǇǇed 

by removing heating mantel after 1 min of annealing and then it was allowed to cool down 

to room temperature naturally. The crude solution was taken in a centrifuge tube and 

centrifuged at 6000 rpm for 15 min at temperature of 17 °C. After centrifugation, the 

supernatant solution was discarded carefully and redispersed in hexane. To re-precipitate 

further, methyl acetate (hexane:methylacetate = 1:4) was added to the dispersed solution 

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

 

DDAB Exchange in Solution. 1 mL of the pristine solution of CsPbBr3 NCs was added to 

0.3 mL of a 25 mM DDAB solution (in toluene) and the mixture was left stirring for 10 min 

at room temperature. Then the solution was washed with MeOAc and centrifuged at 4500 

rpm for 5 minutes, then redispersed in toluene.  

 

Thiocyanate Exchange in Solution. 1 mL of the pristine solution of CsPbBr3 NCs was 

diluted with 3 mL of extra toluene and added to 20 mg of NH4SCN. The mixture was left 

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

dispersion in toluene.  

 

CsPbBr3 Film fabrication. Obtained NCs were left one night in the fridge (4°C) decanting. 

The supernatant was transferred in a separate vial. A counter-solvent to choose from 

acetonitrile, ethyl acetate or methyl acetate was added until the solution became turbid 

and the mixture centrifuged at 5000 rpm for 5 minutes. The precipitate was redispersed 

in the desired solvent (toluene, octane) varying the amount depending on the desired 

thickness of the film. The obtained clear solution was spin-coated onto ITO/glass substrate 

at 1500 rpm for 40 seconds.  

 

CsPbI3 Film Fabrication. Four batches of NCs were mixed and left one night in the fridge 

(4°C) decanting. The surnatant was transferred in a separate vial. An additional centrifuge 

(1500 rpm ς 4 minutes) was carried out and the obtained surnatant was spin-coated onto 

a ITO/glass substrate at 1500 rpm for 40 seconds.  

 

Solid state ligand treatment and Layer-by-Layer deposition. For the DDAB ligand 

treatment, the CsPbX3 layer was dynamically dropcast with a solution of 6 mM of DDAB in 

MeOAc/EtOAc (X=Br/I) and left spinning for 120 s at 1500 rpm. For the NH4SCN ligand 

exchange analogue treatment was carried out with 10-4 mM of NH4SCN in MeOAc/EtOAc 

(X=Br/I). Following layers were deposited with the same methodology. This procedure 

was repeated several times to achieve the desired thickness of the film. For instance, 

starting from a  20 nm layer, 60 nm thick film was obtained with three LbL depositions or, 

starting from 130 nm layer, 220 nm thick film was obtained with three LbL depositions. 

The film thicknesses were evaluated by AFM measurements.  

 

Cadmium Carboxylate (Cd(OOCR)2) Preparation. All cadmium carboxylates were 

prepared starting from CdO. In a three-neck flask, 2 g (15.7 mmol) of CdO was added to 

40 mmol of the respective carboxylic acid. Under stirring, the system was heatedunder N2 

atmosphere to 210 °C, until a colorless solution was obtained. The reaction was kept at 

210°C for 20 min and then cooled. During cooling, between 110 and 80 °C, the mixture 

was connected to a vacuum line to remove water produced in the condensation reaction. 
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The colorless solution was rapidly transferred to centrifugation tubes, acetone was added, 

and a white solid precipitated after centrifugation. The solid fraction was centrifuged with 

fresh acetone three additional times to purify the Cd(OOCR)2 reaction product, and then 

dried overnight under vacuum. 

 

Synthesis of 3,5 ML CdSe NPLs with Different Cadmium Carboxylates. In a 50 mL three-

neck round-bottom flask, variable amount of mmol of Cd(OOCR)2 and 0.63 mmol of Se 

powder were mixed with 24 mL of ODE. The suspension was degassed for 1 h at 100 °C, 

followed by heating the mixture, under N2, to 160 °C for 10 min. The temperature was set 

to variable °C, and, at 5 or more degree higher °C, variable amount of propionic acid 

dispersed in 1 mL of ODE was swiftly injected into the flask. The reaction proceeded for 

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

 

Purification of 3,5 ML CdSe NPLs. The reaction mixture was transferred into vials and 

placed on a hot plate at 60°C. In the vial, 8 mL of CHCl3 and 8 mL of ACN were added. 

Chloroform is used to disperse the NPLs, while ACN is used to precipitate them. The 

mixture was centrifuged at 5000 rpm for 5 minutes. The liquid containing byproducts 

(quantum dots and unreacted stearic acid) was discarded and the solid was dispersed in 

8 mL of CHCl3Σ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ǎŜǘ ǘƻ сл / ŀƴŘ у Ƴ[ ƻŦ !/b ǿŜǊŜ ŀŘŘŜŘΦ ¢ƘŜ ƳƛȄǘǳǊŜ 

was centrifuged again at 5000 rpm for 5 minutes. This procedure was repeated four 

additional times. The final solid, containing CdSe 3,5 ML NPLs and quantum dot 

byproducts, was dispersed in 8 mL n-hexane and a mixture of 1.5 mL of IPA and 1.1 mL of 

ACN was added. The mixture was centrifuged at 4800 rpm for 14 minutes. Under these 

conditions NPLs precipitate while quantum dots remain in suspension. The solid was 

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

 

Preparation of the sulfur stock solution. Sulfur (0.56 mol), propionic acid (2.93 mmol) and 

50 µL of OA were added to ODE (15 mL). The mixture was sonicated at 35°C for 20 min to 

achieve complete dissolution. The precipitation of solids could occur after time and the 

mixture should then be sonicated before use.  
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Synthesis of 3,5 ML CdSe/CdS core crown NPLs. To determine the concentration of core 

NPLs we used the absorption coefficient as reported by Achtstein et al.203 and rescaled 

the amounts of solvent and sulfur stock solution accordingly. In a three-neck round-

bottom flask, 12 nmol of 3,5 ML NPLs dispersed in n-hexane, oleic acid (30 µL) and 

cadmium octanoate (0.18 mmol) were added to 15 mL ODE. The mixture was degassed 

under vacuum at 60 °C for 1 hour, and then the temperature was set to 185°C under N2 

atmosphere. While heating, 5 mL of the sulfur stock solution was added dropwise to the 

flask with a syringe pump (rate: 8 mL/h). When the injection ended, the mixture was left 

to react for an additional 10 minutes. After this, the heating mantle was removed and 0.8 

g of a molten Cd(OA)2/ODE mixture was added to the flask to quench the reaction. At 

80°C, the crude product was transferred into centrifugation tubes to proceed with 

purification. Purification protocol for CdSe/CdS core/crown NPLs. The crude synthesis 

product was mixed with 15 mL of toluene and 10 mL of a 1:1(v/v) solution of IPA:ACN. The 

suspension was centrifuged for 10 min at 4500 rpm. The NPLs precipitated under these 

conditions. The supernatant was discarded, the solid was redispersed in n-hexane. The 

same procedure was repeated two times. The final n-hexane dispersion was centrifuged 

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

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

 

5.2.3 Instruments 
 

Transmission Electron Microscopy TEM. Bright field TEM images were acquired on a JEOL 

JEM-1011 microscope equipped with a thermionic gun at 100 kV accelerating voltage. The 

samples were prepared by drop-casting diluted CsPbBr3 colloidal suspensions onto 200-

mesh carbon-coated copper grids.  

 

Photoluminescence quantum yield PLQY. PLQY measurements were carried out on 

pristine, ligand-treated NCs and multiple layer films with an Edinburgh Instruments 

fluorescence spectrometer (FLS920), which included a Xenon lamp with a 

monochromator for steady-state PL. The PL spectra recorded from films were obtained 

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

record the PLQY values from films on ITO/glass substrates.  
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Fourier Transform Infrared Spectroscopy FTIR. FTIR measurements were carried out in 

transmission mode with a Thermo Fisher 50 with a KBr Infrared Detector. Spectra were 

collected by averaging between 24 and 128 scans at 8 cmҍ1 resolution. Samples were 

prepared the same way as described in the CsPbBr3 film fabrication but on substrates 

transparent in frequency range of 3800-1000 cm-1.  

 

¦±ҍǾƛǎ !ōǎƻǊǇǘƛƻƴΣ t[Φ ¦±ҍǾƛǎƛōƭŜ ŀōǎƻǊǇǘƛƻƴ ǎǇŜŎǘǊŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǳǎƛƴƎ ŀ ±ŀǊƛŀƴ /ŀǊȅ 

олл ¦±ҍǾƛǎ ŀōǎƻǊǇǘƛƻƴ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ όƭƛǉǳƛŘ ǎŀƳǇƭŜύ ŀƴŘ /ŀǊȅ рлллΦ  

 

Atomic Force Microscopy AFM. Atomic force microscopy topographies were acquired 

using a XE-100 by Park Scientific, operating in non-contact mode. RMS roughness and film 

thickness values were computed from the statistical analysis of data by means of WsXM 

software.  

 

Inductively Coupled Plasma (ICP-OES) Elemental Analysis. Elemental analyses were 

performed using an Inductively Coupled Plasm-Optical Emission Spectroscopy (ICPOES) 

instrument (Thermo Fisher, iCap 6000). For sample preparation, 25µL of nanocrystal 

suspension were digested in 2.5 mL of Aqua Regia in a 25 mL volumetric flask. After one 

night of digestion at room temperature, flask was filled up with Milli-Q water and filtered 

ǘƘǊƻǳƎƘ лΦн ˃Ƴ t¢C9 ƳŜƳōǊŀƴŜ ǇǊƛƻǊ ǘƻ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘΦ 

 

X-Ray Fluorecence Spectroscopy XPS. Specimens for XPS were prepared from 

concentrated NC solutions, dropped on freshly cleaved highly oriented pyrolytic graphite 

substrates in a glovebox. XPS measurements were carried out on a Kratos Axis Ultra DLD 

spectrometer using a monochromatic Al K‌ source, operated at 20 mA and 15 kV. High 

resolution analyses were carried out at a pass energy of 10 eV. The Kratos charge 

neutralizer system was used on all specimens. Spectra were charge-corrected to the main 

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

analyzed using CasaXPS software (version 2.3.24) 

 

Ultraviolet photoelectron spectroscopy UPS. UPS measurements were performed using 

ŀ IŜ L όнмΦнн Ŝ±ύ ŘƛǎŎƘŀǊƎŜ ƭŀƳǇΣ ƻƴ ŀƴ ŀǊŜŀ ƻŦ рр ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊΣ ŀǘ Ǉŀǎǎ ŜƴŜǊƎȅ ƻŦ мл 
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eV and with a dwell time of 100 ms. Instrument used was the same as for XPS 

measurements. The Kratos charge neutralizer system was used on all specimens. The 

work function (i.e. the position of the Fermi level with respect to the vacuum level) was 

measured from the threshold energy for the emission of secondary electrons during He I 

excitationΦ ! ҍфΦл ± ōƛŀǎ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ǎŀƳǇƭŜ ǘƻ ǇǊŜŎƛǎŜƭȅ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƭƻǿ ƪƛƴŜǘƛŎ 

energy cut-off, as discussed by Helander et al.204 Then, the position of the VBM vs vacuum 

level was estimated by measuring its distance from the Fermi level.205,206 

 

Czerny-Turner HRS-500 spectrometer. LEDs electroluminescence measurements were 

carried out with a Czerny-Turner HRS-500 spectrometer (Princeton Instruments) coupled 

with PIXIS CCD camera. ¢ƘŜ ǎƻŦǘǿŀǊŜ ǳǎŜŘ ǿŀǎ άLightfieldέ (Princeton Instruments). 
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5.2.4 Tables 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

AR 

(length/width)  Abs.  (nm) PL (nm) PLQY (%) Traps (%) Dots (%) 

1 5.13 460.2 463.2 1.16 9.6 18.6 

2 6.71 459.2 462 2.9 5 5.5 

3 10.10 461.8 461.8 4.60 0.6 3.1 

4 5.29 459.2 462.1 0.7 9.9 4.3 

5 9.29 458 461.2 12.1 4.1 2.7 

6 8.48 458.1 462.65 6.2 4.6 0 

7 6.61 458.4 461.1 0.7 31.3 21.2 

8 6.05 456.2 459.9 1.1 20.8 7.8 

9 5.92 458.8 465 /  0 100 

10 6.19 459.1 462 0.67 11.1 34.1 

11 6.03 458.5 461.2 1.8 5.2 119.8 

12 3.59 457 459.5 1.13 40 101.1 

13 10.74 459.3 462.3 5.2 4.2 0 

Table 6: Definitive Screening Design results for 6 output factors. 
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                                                            Table 7: Central Composite Design results for 6 output factors. 

  

 

AR  

(length/width)  Abs. (nm) PL (nm) PLQY (%) Traps (%) Dots (%) 

1 5.46 457.2 459.5 18.5 0 3 

2 6.71 456.8 459 14.5 0.4 2 

3 6.37 457.3 459.6 10.5 1.8 2.7 

4 6.31 457.6 460 6.6 2 2.6 

5 6.08 457.1 459.6 10 2.7 1.4 

6 5.25 458.1 460.5 5 3.6 4.2 

7 6.34 457.2 460 12.5 1.5 27.8 

8 6.19 457 459.7 12.2 1.4 16.6 

9 5.51 457 460.1 6.5 2.4 3.4 
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5.2.5 TEM images 
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