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Motivation and Context  

 

Semiconductor nanocrystals (NCs) have been a topic of interest for many researchers over 

the last several years. One particular aspect that makes semiconductor NCs an interesting 

research topic is their size-tunable band gap. As a semiconductor crystal becomes small 

enough to reach a nanoscale size, quantum mechanical effects start to play a role. These 

nanoscale materials exhibit a bandgap that starts to widen (compared to its bulk 

equivalent) as the size of the material decreases. This important and unique feature gives 

rise to the ability to tune the band gap size by simply varying the size of the crystal. This 

property, in addition to many other important characteristics (such as cheap raw 

materials and facile solution-based synthesis), makes these materials suitable candidates 

in a wide variety of applications. For example, colloidal nanocrystals can become potential 

candidates for photodetectors1,2, lasers3–5, light-emitting diodes (LEDs)6–15, and 

photovoltaics (PV)16–19.  

One huge hindrance to the successful application of NCs is the (potential) presence of so-

called trap states. Trap states can typically be accredited to the presence of 

undercoordinated atoms on the surface and can provide a pathway for nonradiative 

recombination,  resulting in energy loss20–22. The lability of the surface and the formation 

of trap states are detrimental to the optimal performance of these NCs. 

The full inorganic lead halide perovskite variant of NCs was brought to the spotlight by 

Protesescu et al. in 201523. They reported a photoluminescence quantum yield (PLQY) of 

up to 90% as-synthesized and a band gap that is easily tunable with the halide 

composition. For reasons not yet fully understood, this class of NC materials has a high 

tolerance against the formation of trap states, unlike other material classes of NCs. This 

defect tolerance has shown the potential for perovskite NCs to be used in laser and LED 

applications24–26. Further research is necessary to get a better understanding of this 

material class and how its qualities can be manipulated to its full potential.  

In this thesis, we aim to provide insights into the electronic properties of semiconductor 

perovskite NCs materials from a computational point of view, with particular focus on the 

most recently popularized cesium lead halide perovskite nanocrystal class. To achieve this 

goal, we employed computational techniques such as Density Functional Theory (DFT). 
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We demonstrate how computational tools can be used to gain a better understanding of 

the electronic structure and how different halides, ligands, and defects can impact the 

overall nanocrystal structure and performance. Additionally, we demonstrate how 

computational models can also be used to help improve these materials by predicting and 

explaining the effects of different NC alterations.  

The first chapter of this thesis is a general introduction to the theory used to describe 

semiconductor nanocrystals. The knowledge provided in this first chapter will serve as a 

foundation to better comprehend the nature and complexity of problems discussed in 

future chapters of this thesis. First, we discuss nanocrystal materials in general manner 

and highlight their properties and potential. Later in the chapter, we dedicate a section to 

the perovskite variant of nanocrystals. This section is particularly important, as perovskite 

nanocrystals are the main focus of the work highlighted in this thesis. Finally, as 

computational methods form the basis for most chapters of this thesis, a basic explanation 

of Density Functional Theory is also provided in the last section of the introduction. 

The work discussed in chapter 2 builds a foundation for future computational research on 

perovskite nanocrystals by demonstrating the procedure to create realistic computational 

models of perovskite nanocrystals. Experimental conditions, such as atomic ratios, 

morphology and surface ligands, are taken into account in the process. The electronic 

structure of cesium lead halide perovskite nanocrystals is studied using Density 

Functional Theory for different types of surface termination, as well as the effects of 

different halides and the nanocrystal sizes. Using Molecular Dynamics, the change in 

crystal morphology from cubic to orthorhombic is discussed. Lastly, a possible 

explanation of the defect tolerance of a perovskite nanocrystal upon stripping of ligands is 

provided.  

In chapter 3, we study several structural defects in cesium lead bromide perovskite 

nanocrystals. Using the calculated electronic structure, we explore which defect types 

have a significant influence on the nanocrystal structure and when these defects result in 

trap states. We consider the defect formation energy of interstitial, vacancy, substitution 

and neutral defects, and which defects are most likely to occur in these PNCs. Finally, this 

chapter draws a meaningful comparison between nanocrystals and their bulk equivalent. 
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In the 4th and final chapter of this thesis, colloidal stability and structural integrity of the 

perovskite nanocrystal core and its ligand shell is discussed. We explore nanocrystals with 

two possible surface terminations: with a Pb-Br outer shell or a Cs-Br outer shell. This 

chapter discusses what happens when ligands are stripped from the crystal surface of 

these two differently-terminated perovskite nanocrystals. Based on these calculations, we 

conclude that a Cs-Br surface termination is much more likely to lead to a NC with high 

PLQY. Lastly, we show two different strategies involving surface ligands that lead to 

significant improvement of the PQYL, raising it beyond 95%. 
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1.1   Introduction into semiconductor nanocrystals 

 

Before delving deeper into the core fundamentals of semiconductor nanocrystals (NCs), it 

is important to first understand the very basics of these materials. It is helpful to start at 

the origin of the name and understand the meaning behind the term. The word 

‘semiconductor’ refers to the ability for electrons (and holes) to flow through the material, 

i.e. conduct electrical current. The conductive properties of a semiconductor lie in 

between those of a conductor and an insulator: where an insulator cannot conduct current 

and a metal can easily conduct a current, a semiconductor can be easily manipulated to 

conduct a current. A semiconductor material exhibits a band gap, similar to insulators, 

but it is much smaller than for insulators, see Figure 1.1. Factors that influence the band 

gap are, for example, the material type. However, as we will discuss in more detail in 

future paragraphs, the band gap is also tunable with the NC size.  

 

Figure 1.1. A schematic depiction of the electronic structure of a conductor, semiconductor and an 

insulator shows the difference in band gap energies. The valence band is shown in yellow and the 

conduction band in blue. When using DFT, one should be careful when defining the band gap of a 

system. In practice, the band gap is often defined as the difference between the occupied-unoccupied 

orbital energies. We will further discuss the band gap problem with DFT in section 1.3.2 and refer the 

reader to E.J. Baerends, Phys Chem Chem Phys. 19 (2017) 15639–15656 for further discussion of the band 

gap in DFT systems
27

. 
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The word ‘nanocrystal’ is comprised of two parts: ‘nano’ and ‘crystal’. The word ‘nano’, 

meaning one billionth or 10-9, is a prefix taken from the word nanometer and, therefore, 

refers to the size of the material. A typical size for semiconductor nanocrystal ranges 

between 3-10 nm, but can also stretch to bigger sizes. The word ‘crystal’ refers to atoms or 

molecules are neatly arranged in a highly-ordered periodic manner to form a lattice 

structure. Together, the words ‘semiconductor’ and ‘nanocrystal’ refer to a nanoscale, 

highly-ordered arrangement of atoms or molecules that can conduct an electrical current 

upon photoexcitation or by applying a voltage bias.  

 

1.1.1 History of Semiconductor Nanocrystals and Their Applications 

Semiconductor NCs are still a relatively new class of materials. It wasn’t until the early 

1980s when pioneers in the field of semiconductor nanocrystals, Alexei Ekimov and Louis 

Brus (among other important researchers), independently discovered semiconductor 

NCs.28,29 Ekimov observed quantum size effects in CuCl nanocrystals in a transparent 

dielectric matrix, while Brus observed similar effects in a colloidal solution of CdS 

nanocrystals.  

Over the last few decades, semiconductor NCs have become a highly studied research 

topic. This is unsurprising, as their electronic properties are unique and are not seen in 

other materials in their field of work. As discovered by Ekimov and Brus, one of the 

reasons these materials stand out from their competition is the quantum confinement 

effect. As further explained in paragraph 1.1.2, the quantum confinement effect allows 

nanocrystals made of the same material to have different band gaps, depending on the 

size of the nanocrystal. This is a very important distinction between nanocrystals and, for 

example, their bulk equivalent.  

So, why are these materials important and what do they do? When a photon with a certain 

wavelengths hits the material, it might be absorbed by the NC if its energy is high enough. 

The absorption of this photon leads to the excitation of an electron, moving it from the 

valence band (VB) to the conduction band (CB) and leaving behind a hole, creating a so-

called “electron-hole pair”. Next, the electron and hole can undergo several different 

processes (Figure 1.2).  
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Figure 1.2. A schematic depiction of the electronic structure of a nanocrystal. Photon absorption 

leading to an excited electron is shown in black, electron and hole extraction in red and two methods 

for the electron to recombine with the hole and relax back to its original state: radiatively relaxation in 

orange and non-radiatively in blue. 

 

The excited electron and hole will most likely first “cool” to conduction and valence band 

edge states in a nonradiative manner. In this process, excess energy is lost as heat and 

occurs in a few picoseconds. At this point, a multitude of processes can occur. First, the 

electron can recombine with the hole via either radiative or nonradiative decay. In the 

radiative process, a photon is emitted and the system relaxes to its lowest energy state. In 

semiconductor NCs, this process occurs in a few nanoseconds (approximately 1-50 

nanoseconds). A fast and efficient radiative relaxation against non-radiative pathways 

makes NCs potential candidates for the application in, for example, LEDs6–15. Generally, 

band edge non-radiative decay is difficult to predict in terms of timescale, occurring 

between hundredths of picoseconds to a few nanoseconds. A further mechanism to non-
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radiative decay is the trapping mechanism to surface defects. Depending on the depth of 

the trap this process can be as fast as few picoseconds, hence competing with the radiative 

decay and suppressing it.  

An alternative route to remove the excess energy from NCs can occur in NC films. An 

excited electron can be extracted from the NC before the recombination of electron and 

hole occurs. Similarly, the hole can also be extracted. This extraction typically means that 

the electrons and holes hop between nanocrystals, and create an electrical current. 

Materials in which this step is easily achieved can be potential candidates for 

electroluminescent applications or solar cell applications.  

 

1.1.2 Quantum Confinement Effects and Size Tunability 

As mentioned in the previous section, one of the most notable and distinguishing features 

of semiconductor nanomaterials is its tunable band gap energy. When the size of the 

semiconductor material decreases and reaches the nanoscale, the band gap energy of the 

material can increase. As the size of a bulk semiconductor crystal decreases and reaches 

nanoscale size (typically around 1-10 nm), a phenomenon called quantum confinement 

starts to play a role. Quantum confinement effects become important when a NC is only a 

few nanometers in size and the size of the NC is smaller than the material’s respective 

exciton Bohr radius. Named after physicist Niels Bohr, the Bohr radius is defined as the 

most probable distance between an electron and the nucleus of a hydrogen atom in the 

ground state. Similarly, this term can also be applied to “artificial atoms” such as colloidal 

nanocrystals30 and is described according to the following formula31:  

 

𝑎 ≡  
4𝜋𝜀0ħ2

𝑚𝑒ℎ𝑒2
 (1) 

where 𝑎 is the Bohr radius, ε0 is the dielectric constant of vacuum, meh is the effective 

mass of the electron-hole pair, and e is the elementary charge. The Bohr radius of 

common semiconductor materials is shown in Table 1.1. When the size of a NC is smaller 

than the Bohr radius, electrons become confined to discrete energy states and start to 

separate from the bulk band structure, similar to how energy states are discrete in atomic 
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and molecular systems. This effect also earned these systems the nickname ‘artificial 

atoms’30. For a certain class of (spherical) semiconductor NCs that exhibits quantum 

confinement behavior, the name “Quantum Dot” (QD) is often used. The band gap energy 

of a quantum-confined nanocrystal can be described according to the following 

formula32,33:  

 

𝐸𝑁𝐶 = 𝐸𝑏𝑢𝑙𝑘 +
ħ2𝜋2

2𝑅2
(

1

𝑚∗
𝑒

+
1

𝑚∗
ℎ

) −
1.8𝑒2

4𝜋𝜀𝜀0𝑅
 (2) 

where Ebulk is the band gap energy of the bulk material, R is the radius of the NC, m*
e and 

m*
h are the effective mass of the electron and the hole, respectively, e is the elementary 

charge, ε is the dielectric constant of the semiconductor material, and ε0 is the dielectric 

constant of vacuum. This formula describes the band gap energy of the NC and increases 

as the size of the crystal (R) decreases.  

 
Table 1.1. A collection of Bohr radii for most common semiconductor materials. 

Semiconductor Material Bohr radius (nm) 

Si 534,35 

CdS/CdSe/CdTe 336/5.536–38/1039 

PbS/PbSe/PbTe 1840,41/4740/15040 

CsPbCl3/CsPbBr3/CsPbI3 523/723/1223 

 

When a NC reaches the size where quantum confinement effects become significant, this 

will be reflected in the band gap energy. As the size of a NC decreases below the Bohr 

radius of the material, the confinement effect becomes stronger and the band gap, widens. 

Oppositely, if a NC increases in size, the band gap will become smaller until the band gap 

reaches the energy equivalent to the bulk band gap energy (Figure 1.3). This important 

property lies at the foundation of the interest in semiconductor NCs, as it is thus possible 

to tune the band gap by altering the NC size.  
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Figure 1.3. A schematic depiction of the electronic structure of bulk materials and their nanocrystal 

equivalent shows that the band gap energy increases as the size of the NC decreases, as quantum 

confinement effects become more significant. 

 

Apart from the NC size, the strength of the quantum confinement effects also depends on 

the number of dimensions in which the system is confined. NCs are, for example, confined 

in three dimensions, whereas other materials, such as quantum wires (quantum rods) and 

quantum wells are confined in only two dimensions and one dimension, respectively. As 

the number of confining dimensions decreases, quantum confinement effects will have 

less impact on the intrinsic properties of a material and the electronic structure will 

become more bulk-like.  

 

1.1.3 Nanocrystal Composition and Surface Passivation 

A nanocrystal consists of three parts: the (inorganic) core, the surface, and the (organic) 

shell, each component indicated in Figure 1.4. The core is the center of the nanocrystal 

and the surface is a transitional area between the core and organic shell, and is generally 
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built from the same material as the core. NCs are typically made of II-VI, III-V, or IV-VI 

materials, but more recently perovskite materials have become a topic of interest in the 

NC field.  

 

 

Figure 1.4. Schematic depiction of a quantum dot, divided into three sections: the inorganic core (blue), 

the surface (red) and the organic shell (green). Figure courtesy of Salvatore Cosseddu. 

 

 The capping ligands passivate the surface and ensure surface atoms are fully coordinated. 

For systems with a high surface-to-core ratio, the surface will take up a significant portion 

of the overall structure of a NC. For example, for a 5 nm CdS NC, the surface makes up 

roughly 15% of the whole system42. Whether or not the surface of a NC is fully passivated 

will significantly influence the electronic structure, as further highlighted in paragraph 

1.1.6 and the later chapters of this thesis. 

Many studies on nanocrystal materials focus on gaining a better understanding of the role 

of surface ligands20,43–51. Learning how to successfully manipulate the NC surface and its 

ligands is one of the most important steps to obtaining successful NCs. Ligands can be 

used to determine the electronic properties of a NC52, but they are also important for the 

long-term structural integrity of NCs53. Therefore, it is important to carefully choose the 
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surface ligands to allow NCs to perform optimally. For many colloidal NCs, ligands such as 

oleylamine and oleic are often added during synthesis as these ligands have been shown to 

interact with the surface of many NCs (Figure 1.7). Oleic acid, for example, has been 

shown via NMR studies to bind to the NC surface as oleate50,54.  

 

Figure 1.7. The chemical structure of oleylamine and oleic acid.  

 

The initial ligand passivation of the NC surface occurs during synthesis and acts as the 

terminating step of NC growth. Each facet of a NC has a specific surface energy and 

ligands that bind to the surface stabilize these facets. The crystal will not increase in 

size anymore when it is no longer energetically favorable for ligands to interact with 

the surface. After full passivation of the surface, it is, however, still possible to change 

the ligand passivation. Specifically, it is possible for ligands to be stripped from the 

surface or to be exchanged for different ligands by applying a variety of methods.   

To predict the shape of the NC surface, the Wulff construction55 can be used. The Wulff 

construction describes how the morphology of nanocrystals can be predicted based on the 

total surface energy of the system. As postulated by the Gibbs-Wulff theorem55,56, a crystal 

in thermodynamic equilibrium will try to attain the lowest possible total surface energy. 

NC facets with a low surface tension will thus be more likely to occur than facets with 

high surface tension. This method thus allows for the prediction of the NC morphology, 

based on the lowest surface energy. For example, (100) and (111) facets, as categorized 

according to the Miller index system, are facets that occur more often in NCs. Schematic 
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depiction of the (100) and (111) facets in a cube and an octahedral is shown in Figure 1.5. 

While in this Figure the two facets are displayed in two different systems, multiple facet 

types can be present in the same system as is predicted by the Wulff construction. 

 

Figure 1.5. Schematic depiction of (left) a (100) facet in a cubic conformation and (right) a (111) facet in 

an octahedral conformation.  

 

Commonly observed crystal phases of nanocrystals are zinc blende (space group F4̅3m), 

wurtzite (space group P63mc), rock salt (space group Fm3̅m), and are shown in Figure 1.6. 

Examples of semiconductor NCs with a zinc blende crystal arrangement are often II-VI 

materials such as ZnS57, ZnSe57, CdS58, CdSe58–61, and HgTe62. Examples of wurtzite are 

CdS58, CdSe58,61, ZnS63, and ZnSe63. Lastly, examples of rock salt are mostly IV-VI materials 

such as PbS41,64, and PbSe41. Perovskite materials are closely related65, which can often be 

assigned a cubic conformation (Pm 3̅m)23,66 but is often observed in orthorhombic 

conformation (Pnma)67, depending on the perovskite composition. Further details on the 

crystal structure of perovskite materials will be discussed in paragraph 1.2.2.1. 



19 
 

 

Figure 1.6. Commonly observed crystal phases for nanocrystals: zinc blende (top left), wurtzite (top 

right), rock salt (bottom left), and perovskite (bottom right). 

 

1.1.4 Ligand Classification 

Ligands can interact differently with the NC surface depending on the nature of the ligand. 

In 1995, M.L.H. Green published a paper named “A new approach to the formal 

classification of covalent compounds of the elements” where he discussed a new method 

on how to classify ligands, which he called the covalent bond classification (CBC)68. In this 

method, ligands are divided into three types: L-type, X-type, and Z-type. A schematic 

depiction of how these ligand types interact with the NC surface is shown in Figure 1.8.  
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Figure 1.8. Schematic depiction of the three ligand types described according to the covalent bond 

classification of M.L.H. Green: L-type, X-type, and Z-type. For each ligand class, the number of donated 

and accepted electrons is shown for both the ligand and the nanocrystal. 

 

According to the CBC classification, ligands that can donate two electrons to an empty 

orbital belonging to the metal center are classified as L-type ligands. These ligands are 

typically neutrally charged. Examples of L-type ligands are NH3 and H2O. Another 

example of an L-type ligand is butylamine (BuNH2). The addition of BuNH2 in excess to a 

sample of oleate-terminated CdSe NCs is able to displace amine-metal carboxylate 

complexes from the surface69,70, stripping the surface of Z-type ligands.   

Ligands that have a singly-occupied orbital can donate one electron to the metal center 

and accept one electron from the metal center: these ligands are classified as X-type 

ligands. Examples of X-type ligands are halogens (Cl, Br, I), carboxylates (RCOO), thiols, 

and hydroxides. Oleic acid is the most commonly used passivating ligand in synthesis and 

can bind to the surface as an X-type oleate.  

The last ligand class, Z-type ligands, has an empty orbital and can accept two electrons 

from the metal center. Examples of Z-type ligands are PbBr2, Pb(acetate)2, CdCl2 and metal 

ions. 
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1.1.5 The Importance of Charge Neutrality  

Ligand passivation plays an important role in achieving charge-neutral NCs. The majority 

of NCs exhibit a nonstoichiometric structure, where the ratio of core atoms, for example 

in II-VI and IV-VI NCs, differs from 1:171–74. Considering that each ion is assumed to be in 

its thermodynamically most favorable oxidation state (e.g. 2+ for Cd and Pb, 2- for S and 

Se, +1 for Cs, -1 for halides and oleate, et cetera), the nonstoichiometry thus leads to an 

excess of (positive) charge in the NC. The addition of organic ligands during the synthesis 

allows each surface ion to achieve charge neutrality. 

Charge neutrality in a NC is achieved when the overall charge of the system is zero. 

Whether or not a system is in a charge-neutral state can be determined according to the 

following expression22:  

 
𝑁𝑑𝑜𝑝 =  − ∑ 𝑁𝑖 ∗ 𝑞𝑖

𝑖

 (3) 

In this expression, Ndop is the overall charge of the NC caused by the excess/deficient 

electrons, Ni is the number of atoms in the system and qi is the corresponding oxidation 

state belonging to the respective atom.  

When Ndop = 0, the NC is considered to be charge-balanced. The cations and anions of the 

systems fully compensate for the charge, leaving the overall NC effectively charge 

balanced. When the cations and anions do not compensate for the overall charge, and 

thus Ndop ≠ 0, the system is considered to be doped. In this case, there are two different 

scenarios possible: Ndop > 0 or Ndop < 0. The system has an electron deficiency when Ndop > 

0, meaning that there is an electron deficiency in the valence band. This type of charge 

imbalance is called p-type doping.  In the second situation, there is an excess of electrons 

in the system when Ndop < 0, meaning that extra electrons fill the conduction band. This 

type of charge imbalance is called n-type doping. Doping of a NC can be problematic 

when not done on purpose, as it can alter the properties of NC significantly. It is, however, 

not always necessarily disadvantageous for a system to be doped: strategic incorporation 

of doping can, in fact, improve the luminescence properties75,76. Impurities and doping of 

perovskite NC materials will be discussed in detail in chapter 3. 
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1.1.6 Dangling Bonds and Trap States 

Achieving charge balance and good solubility of a NC are two factors that make ligand 

passivation important. However, there is another reason that makes it crucial to 

successfully passivate a NC surface: to prevent the formation of trap states. 

Trap states are states located inside or near the band gap that can originate from 

undercoordinated surface atoms. A nanocrystal can often undergo reconstruction to 

restore full coordination for this atom. In cases where reconstruction is impossible or 

ineffective, the undercoordinated atom can result in a nonbonding electronic state that 

can trap electrons or holes inside the VB or CB, or within the band gap. While traps near 

or inside the valence band maximum (VBM) or conduction band minimum (CBM), called 

shallow traps, can be problematic for the overall NC performance, they are less 

problematic than trap states that can occur deep inside the band gap, called deep traps. 

An excited electron or hole can get captured, or ‘trapped’, in this midgap state, and 

prevent it from being extracted or recombined. Ultimately the trapped electron and hole 

will recombine with the ground state non-radiatively, thus quenching all radiative 

processes, affecting as such the overall optoelectronic performance of a NC. For example, 

CdSe and CdTe NCs suffer from great loss in PLQY upon synthesis. The PLQY can, 

however, be recovered back up to about 90% through post-synthetic treatment (work-up) 

for core-only QDs21 and even up to 100% for core-shell CdSe/CdS77. This demonstrates 

how important it is to gain a better understanding of the formation of trap states and how 

to prevent their formation. 

To show the link between trap states and ligand passivation, let us consider a NC that 

lacks complete surface passivation. Figure 1.9a shows two CdSeCl NCs: one with full 

surface passivation (Cd68Se55Cl26) and one where a defect is created by removing a CdCl2 

ligand from a vertex position (Cd67Se55Cl24). Removing the CdCl2 ligand from the pristine 

NC leaves the NC charge-balanced; however, it does leave a dicoordinated selenium atom 

exposed on the surface. In Figure 1.9a-b a schematic depiction of the electronic structure 

of the fully and incomplete passivated NCs, respectively, is shown.  
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Figure 1.9. (a) Two 1.8 nm CdSe NCs, one fully passivated and one missing one CdCl2 ligand. The 

exposed Se-atom after removal of CdCl2 is indicated with a red circle. (b) A schematic depiction of the 

electronic structure of a pristine NC and a NC with a defect. The defective NC exhibits a trap state in 

the band gap, indicated with an arrow. 

 

For the pristine NC, no trap states can be observed. However, for the altered NC, a midgap 

trap state is formed in the middle of the band gap. In work by Houtepen et al.20, it is 

shown that this trap state is formed due to a dicoordinated Se-atom on the surface. This 

atom has a p-orbital that is unable to interact with the rest of the system and, therefore, 

results in a midgap state that will most likely undermine the overall efficiency of the NC. 

This example clearly shows that midgap states can be formed by the stripping of ligands or 

the incomplete passivation of the surface. Dangling bonds in NCs can thus act as electron 

or hole traps, which can result in a significant loss of PL quantum yield.  Therefore, it is 

important to fully passivate the surface of a NC and prevent the formation of surface 

states.  
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1.1.7 Experimental Limits and Computational Advantages  

Over the last few years, tremendous progress has been made in regards to the synthesis 

methods of NCs. Synthesizing NCs is nowadays generally considered a simple process and 

NC with specific materials, sizes, and ligands can be synthesized successfully by making 

small modifications to the synthesis conditions. The nanoscale size of these materials 

makes it, however, more difficult to accurately identify the atomic composition of NCs 

experimentally. Most importantly, the NC surface remains poorly understood. While 

experimental techniques such as (high-resolution) transmission electron microscopy (HR-

TEM/TEM), X-ray diffraction (XRD), inductively coupled plasma mass spectrometry (ICP-

MS) and NMR can provide insight into NC composition and ligand binding43,50,54,67,69,70,78–81, 

it is still not possible to fully analyze the complex surface of NCs. To prevent the 

formation of electronic trap states, however, it is important to understand the NC surface 

chemistry atomistically. In this context, first-principles computational methodologies can 

help provide additional insight into the (surface) chemistry of NCs that is not easily 

acquired using experimental tools. As will be further highlighted in chapter 2, this is 

possible by preparing realistic NC models based on experimental observations. With these 

models, we can gain a better understanding of the fundamentals of these materials and 

how their properties can be influenced by factors such as material type, size, surface 

composition, and the choice of ligands. Unlike experiments, it is, for example, much more 

feasible to quickly scan through a broad range of possible surface ligands and how these 

ligands will affect the properties of the NC. In this way, we can thus offer a successful 

alternative to time-intensive experimental work.  
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1.2   Novel Class of Perovskite Nanocrystals 

 

Lead halide-based perovskites (ABX3, with A= Cs+, methylammonium (CH3NH3
+, MA+), or 

formamidinium (CH(NH2)2
+, FA+), B=Pb2+ and X= Cl–, Br– or I–) have emerged as a 

promising new material over the last several years. In particular, colloidal perovskite 

nanocrystals (PNCs) have caught the attention of many researchers due to their 

outstanding optoelectronic properties. Right after synthesis, PNCs exhibit a high 

photoluminescence quantum yield of up to 100% and have a high tolerance against defects. 

The band gap energy of PNCs can be finely tuned through most of the visible spectrum. 

Additionally, the facile and cheap solution-based synthesis of PNCs in can be performed at 

mild temperatures. These characteristics make perovskite nanocrystals highly interesting 

materials that can be applied in a variety of applications, such as lasers, and LEDs. 

 

1.2.1 Historical Overview of Perovskite Nanocrystals 

The first reports on lead halide-based perovskite materials date back to 1893. In ‘Zeitschrift 

für anorganische Chemie’, H.L. Wells reported the existence of several bulk cesium lead-

based and potassium lead-based perovskite materials, such as CsPbX3, CsPb2X5, and 

Cs4PbX6, where X is a halide82. It was, however, not until the 1990s that researchers started 

to focus on perovskite materials. Thin-film perovskite quickly became the main focus, as 

they exhibit outstanding charge-separating and charge-transport properties, making them 

candidates for solar cell applications. Perovskite thin-film applications in solar cell 

technology were quickly developed, and with great success. While in 2009 the power 

conversion efficiency (PCE) record was still set at 3.8%83, nowadays the world record for 

solar cell efficiency using perovskite materials is set at 25.2%84. Bulk materials have, 

however, problems achieving a high PLQY, as ionic defects have a low formation energy 

and the exciton binding energy is weak85. This makes the bulk variant unsuited for LED or 

lasing applications. To achieve greater PLQYs in perovskite materials, perovskite NCs were 

developed.  

In 2011, Im et al. published a paper where they highlighted the possible application of 

MAPbI3 NCs in QD-sensitized solar cells and created a device with a solar-to-electrical 

conversion efficiency of 6.5484,86. The first colloidal synthesis of PNCs was reported in 2013 
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when Schmidt et al. prepared MAPbBr3 NCs87. Comparable to thin-film equivalents, these 

PNCs had a PLQY of roughly 20% and emitted light in a narrow bandwidth. The real 

catalyst for a new era of research into PNCs was a publication by Protesescu et al. in 201523. 

They successfully synthesized cesium lead halide PNCs, using a hot injection method. 

Most significantly, these materials exhibited a narrow full width at half-maximum PL of 

below 100 meV, a tunable band gap with NC size and by anion exchange and a PLQY of up 

to 90%. This discovery was revolutionary in the field of NCs, and lead to researchers 

focusing more on PNCs. To stress the significance of this extraordinary discovery: many 

common QD materials, such as cadmium- and lead-based core-only QDs, still struggle to 

reach PLQY similar to this. Structural defects greatly influence these materials. As 

highlighted in paragraph 1.1.6, the presence of undercoordinated surface atoms may lead 

to the formation of midgap states that can trap charge carriers and therefore reduce the 

PLQY. The creation of core-shell structures by the deposition of an outer layer onto the 

NC has shown to effectively get rid of these dangling bonds, improving the PLQY. For 

example, 100% PLQY has been reached for CdSe/CdS core-shell NCs77. While reaching 

100% PLQY in core-shell CdSe/CdS is a great development, perovskite NCs still hold a 

variety of advantages over these materials. For example, perovskite NCs allow for their 

band gap to be tuned by altering the halide composition of the NC23,88. This dependence of 

the band gap on the halide composition is a feature that is not possible for CdSe NCs or 

their CdSe/CdS core-shell variant. Perovskites thus offer a different set of features that is 

worth exploring in addition to the research on traditional quantum dot materials. 

Since their first successful synthesis, no efforts have been spared to further improve and 

understand these PNCs. Different organic molecules, such as formamidinium, have been 

scanned as a possible alternative for the A-position atom and showed great promise5,47,89,90. 

Surface passivation alternatives have also shown great promise, with several publications 

showing the increased PLQY of lead halide PNCs close to 100%48,91,92.  

 

1.2.2 Fundamentals of Perovskite Nanocrystals 

Perovskite NCs are highly ionic species with 3D-structures in an ABX3 arrangement, where 

the A-position is occupied by a larger cation, such as Cs+, methylammonium (CH3NH3
+, 

MA+) or formamidinium (CH(NH2)2
+, FA+). The B-position is occupied by a small cationic 
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metal that carries a charge of 2 plus, with Pb2+ being the most common. Lead-based 

perovskite NCs are the most researched material until now and have performed 

extraordinarily well. However, it is important to also look into alternatives to lead, as lead 

is a highly toxic element. For non-toxic alternatives, Sn2+ can also be used in perovskite 

materials. However, tin-based perovskite materials suffer from the oxidation from Sn2+ to 

Sn4+ upon exposure to ambient air, where Sn4+ can act as p-type dopant93–95. Lastly, the X-

position is occupied by a singly-charged anion, such as halides (such as Cl–, Br– and I–, or a 

mixture thereof) or anionic ligands (such as RCOO–). The most commonly investigated 

lead-halide PNC variants are CsPbX3, MAPbI3, and FAPbI3, among others. 

 

1.2.2.1 Perovskite Nanocrystal Structure 

Perovskite materials are built up from many PbX6 octahedra, where the corners of each 

octahedral are shared. The atom in position A is arranged in the cavity between the 

octahedra. A schematic depiction of an ideal cubic cesium lead bromide structure is 

shown in Figure 1.10.  

 

Figure 1.10. A schematic depiction of an ideal cubic cesium lead bromide perovskite crystal 

arrangement.   

 

While the crystal structure in Figure 1.10 is portrayed in an ideal cubic fashion, perovskite 

NCs also exist in other, more distorted crystal phases. Orthorhombic, hexagonal and 
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tetragonal conformations have also been observed for different types of perovskite 

materials. Phase transition can occur for a number of perovskite NCs at room temperature. 

For example, both the cubic and orthorhombic crystal phases can be assigned to CsPbI3 

NCs23,66. For CsPbBr3, there has been a discussion on whether this NC is present in cubic, 

as was originally reported23,88, or orthorhombic confirmation. Nowadays, a consensus has 

been reached and CsPbBr3 is considered as orthorhombic44,67. The stability of the crystal 

phases for each ABX3 system can be determined according to the Goldschmidt tolerance 

factor. This factor is calculated as follows96: 

 
𝑡 =

𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 (4) 

 

where rA, rB and rX are the ionic radii of the atoms at the A-, B- and X-position, 

respectively. A tolerance factor of 1 indicated ideally stable (cubic) PNCs, while values 

between 0.8 and 1 indicate less stable PNCs where the PbX6 octahedra will distort and tilt 

to accommodate all atoms in the crystal. Similar to the phase transition from a cubic to 

orthorhombic crystal, it is also possible for materials to transition into lower-dimensional 

materials by tweaking the reaction conditions. For example, 3D cubic FAPbI3 can 

transition into a 1D hexagonal lattice at room temperature85 and 3D CsPbX3 can transition 

into 2D CsPb2X5
51,65,97,98, and 0D Cs4PbX6

99–104
 under specific reaction conditions.  

 

1.2.2.2 Defect Tolerance of PNCs 

As has been mentioned earlier, one of the most noteworthy characteristics of PNCs is their 

exceptionally high PLQY. This high PLQY has been successfully linked to the high defect 

tolerance exhibited by these materials. This luminescence property is advantageous for a 

wide variety of applications and has led to research into PNCs as LEDs. However, there is 

still no satisfactory explanation as to why PNCs have such high PLQY compared to 

classical NCs. Understanding the defect tolerance and developing strategies to further 

improve PNCs and implement these into other semiconductor materials is therefore also 

frequently the topic of investigation44,105–108. 
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One proposed explanation for the defect tolerance of lead-halide PNCs can be found when 

looking at their electronic structure, as seen in Figure 1.11. The 6s- and 6p-orbitals of lead 

can interact with the valence np-orbitals of the halide. The interaction leads to the 

formation of a bonding and antibonding combination within the VB with the antibonding 

combination contributing at both the conduction band minimum (CBM) and valence 

band maximum. This means that a non-bonding orbital stemming from an 

undercoordinated halide ion in this system would lie around or below the VBM, making it 

shallow. In chapter 3, we will further investigate defects in PNCs and extend this picture 

to a much larger number of cases to confute this picture of the bond in these materials.  

 

Figure 1.11. A schematic depiction of the electronic structure of a lead halide-based perovskite NC.   
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1.3   Density Functional Theory for Semiconductor Nanocrystals 

 

Density Functional Theory has become a widely applied computational method since the 

1970s, with the last 25 years in particular leading to its immense popularity. DFT is a 

computational tool used to investigate the electronic structure and properties of many-

body systems, such as atoms and molecules. It is heavily used to explain and predict 

trends in organic chemistry, as well as in inorganic chemistry and material science. 

Density Functional Theory offers an elegant way to rephrase the problem posed by the 

Schrödinger equation in a convenient form: 

 �̂�𝛹 =  𝐸𝛹 (5) 

In this method, the electronic density (ρ) of a system is used to determine the electronic 

properties. While previous quantum mechanical methods relied on the many-particle 

wavefunction, DFT uses the electronic density of the system. The DFT method can predict 

and provide an explanation of material properties on a similar level of accuracy compared 

to other computational methods while being cheaper. DFT can provide meaningful insight 

into phenomena that are difficult to explain using experimental techniques.  

When it comes to nanocrystal materials, DFT is considered to be one of the methods that 

can provide a clear insight into the electronic structure and surface chemistry of NCs at a 

reasonably low computational cost. While other computational methods, such as coupled-

cluster will provide more accurate results, larger systems such as NCs are often too 

expensive and applying these methods is therefore impractical. DFT, on the other hand, 

can tackle these systems with a reasonable accuracy relative to its computational cost.  

 

1.3.1 Fundamentals of Density Functional Theory 

One of the first computational methods to approximate the solution to these equations is 

the Hartree-Fock (HF) approximation. The biggest problem with HF is, however, the lack 

of electron correlation. Several post-HF methods, such as configuration interaction, 

coupled-cluster, and Møller-Plesset, were developed to take electron-correlation into 
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account. While these methods each have their advantages, they require large amounts of 

computational resources, making them inconvenient to use for larger systems.  

In 1964, Hohenberg and Kohn demonstrated that the ground state energy of a system 

corresponds directly to the electronic density109. However, Hohenberg and Kohn did not 

provide an exact form of the total energy functional. The modern version of DFT was 

developed by Kohn and Sham one year later, in 1965110. The Kohn-Sham (KS) method 

introduces a description of a fictitious system with non-interacting electrons moving in an 

external potential. The external potential is such that the ground state density of this 

fictitious system matches that of the interacting system. The total energy of the latter 

(E[ρ]) can then be described as111,112: 

 
𝐸[𝜌] = 𝑇𝑠[𝜌] + 𝐸𝑛𝑒[𝜌] + 𝐽[ρ] + 𝐸𝑥𝑐 (6) 

where Ts[ρ] is the kinetic energy of the non-interacting electron system, Ene[ρ] is the 

potential energy of nuclei-electron attraction, J[ρ] is the Coulomb energy and Exc[ρ] is the 

exchange-correlation (XC) energy. This approach is formally exact, if the XC energy 

functional were exact. However, the exact XC energy functional remains unknown and 

thus the XC energy needs to be approximated. 

A large number of methods were developed to approximate the XC energy, such as the 

local density approximations (LDAs), generalized gradient approximations (GGAs), as well 

as hybrid functionals where a portion of the exchange functional is replaced with exact HF 

exchange. Nowadays, GGAs and hybrids are most commonly used in DFT applications. 

Examples of GGA functionals are PBE113, BLYP114, and OLYP115. For hybrids, commonly 

applied functionals are B3LYP116 and PBE0117. For NC systems, the hybrid functional PBE0 

has been shown to give the most accurate results118. However, the PBE functional is more 

commonly used, as this functional is computationally less expensive and is still able to 

provide relatively good results118. 

 

1.3.2 Limitations of DFT 

Density Functional Theory can provide relatively cheap and accurate data to explain many 

research questions. The method does, however, have its flaws. It is important to be aware 
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of and acknowledge the limitations of the DFT method and take them into account when 

drawing conclusions from DFT results.  

As mentioned earlier, the accuracy of DFT calculations is sometimes lower than for post-

HF methods. This is, however, unavoidable, as NCs are too large and too expensive for 

these methods. While the accuracy of DFT calculations is lower, the data is still reliable 

and can be used to discover and predict trends.  

The limitations in system size when performing calculations at the DFT level of theory is a 

well-known issue. Calculations on small organic systems can often be performed quickly 

and relatively accurate results can be obtained. Problems start to arise as the system grows 

in size. The computational time and resources become more significant as the size of the 

system increases. DFT calculations scale approximately with N3 (N = Number of basis 

functions employed in the calculation) and it is therefore not feasible to calculate very 

large systems using this method. 

When it comes to NCs, it is especially important to be aware of the systematic band gap 

underestimation that results from the DFT method. The GGA functional Perdew-Burke-

Ernzerhof (PBE)113 can estimate the first excitation energy correctly but the interaction 

between an electron and its hole is overestimated, leading to an underestimation of the 

band gap. This issue can be solved by employing a hybrid functional, such as PBE0117 or 

B3LYP116,119. Hybrid functionals implement Hartree-Fock exchange into the overall 

exchange-correlation energy and potential of said hybrid functional. Typically, employing 

hybrid functionals results in better values for the gap energy, as well as providing a better 

description of charge-transfer states. However, these functionals are computationally 

demanding and are usually not a viable option when calculating the properties of large NC 

systems.  

Nevertheless, DFT can be used as a powerful tool in unveiling trends in nanocrystal 

materials. Although the absolute band gap is underestimated using GGA functional, DFT 

is still successful at predicting trends in the band gap or describing the density of states in 

the valence and conduction bands. Other important NC properties such as interaction 

energies and structural properties are not significantly affected by functionals and can 

provide valuable insight into the NC properties. 
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1.3.3 Computational Studies on Nanocrystals 

DFT has been successfully applied in many areas of research, but it is still uncommon to 

see it applied in the field of semiconductor NCs. This is unfortunate, as DFT can provide 

meaningful and in-depth insight into the characteristics of these materials. It is, however, 

not surprising that there is a lack of computational studies on this topic. Theoreticians are 

left to hypothesize how the complex NC surface should be modeled. The surface indeed 

represents a large portion of the NCs and the impact of this region on the overall 

properties will thus be significant. As mentioned in paragraph 1.1.3, about 15% of all atoms 

in a 5 nm CdS NC will be part of the surface42. This high surface-to-core ratio makes it 

essential that the surface is carefully constructed so the models accurately represent the 

NC. Creating computational NC models that accurately represent realistic NC is thus a 

challenging task and requires continuous feedback with experimentalists. In the following 

section, we highlight a selection of publications from the last two decades that utilize the 

DFT method and show how the semiconductor NC models have improved. 

One of the first publications that investigated semiconductor NCs using DFT was 

published by Eichkorn and Ahlrichs in 1998120. In this publication, they studied the 

structure, electronic excitations and electron affinities of CdSe nanoclusters. While these 

systems were still limited in size (from Cd4Se6 up to Cd32Se40, with H as surface ligands), 

this study showed that DFT is a reliable method to describe CdSe nanoclusters. While 

being one of the first publications on CdSe nanoclusters, these systems are not properly 

charge-balanced, in the sense that the equation (3) deviates from zero, and does not 

represent a typically synthesized system. In 2004, Puzder et al.121 published a DFT study 

where they created a charge-balanced wurtzite CdxSex (x = 6, 15, 33, and 45) NC of roughly 

up to 1.5 nm. In this work, they performed ab initio calculations on small NC models and 

showed how the surface of a CdSe NC reconstructs while the core remains similar to bulk 

wurtzite. Although ligands were not yet included in this study, it was one of the first 

computational studies that shows that the nanocrystal surface can differ significantly from 

the bulk. 

In the following years, a handful of computational studies were performed on small, 

stoichiometric CdSe models. Kilina et al. studied the (lack of) phonon bottleneck using 

Cd33Se33, Pb68Se68 and core-shell Cd33Se33/Zn78S78 NC models in 2009122. They showed that  

In 2012, Hyeon-Deok and Prezhdo published their research on electron and hole dynamics 
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in small Cd33Se33 semiconductor NCs123. Using ab initio time-dependent DFT and 

nonadiabatic molecular dynamics, they showed that high-frequency (surface) ligand 

modes play an important role in electron-phonon relaxation. 

The inclusion of surface ligands in NC models was not considered in the majority of early 

studies. One of the first DFT studies that studied the structural and electronic properties 

of CdSe NCs was reported by Kuznetsov et al. in 2012124. Kuznetsov et al. studied the 

structural and electronic properties of small CdxSex/CdxTex (x = 6 or 9) NCs capped with 

amino, thio or phosphine ligands. In 2013, alkylamine-capping ligands were introduced 

onto the surface of Cd13Se13 NCs by Azpiroz et al.125, with methylamine and pyridine 

considered as capping ligands. They studied different CdSe isomers and showed that the 

addition of pyridine can lead to the formation of trap states. Later, the first breakthrough 

in describing realistic NCs was published by Voznyy and Sargent in 2014126, where CdSe 

NCs were modeled with Cd-rich and Se-rich facets. Their 3.6 nm spherical CdSe model 

included (100) and (111) facets, where the Cd atoms on the (100) facet are passivated by Cl. 

Their models were completely free of surface states and exhibited clean bandgaps. In 2014, 

Sandeep et al.127 studied the ligand exchange mechanism of X-type ligands and the 

removal of Z-type ligands on nonstoichiometric Pb55Se38(HCOO)34 quantum dots.  

Equally important to mention is the DFT benchmark study performed by Azpiroz et al.118 

published in 2014. In this study, the authors calculate the geometrical structures, 

vibrational frequencies, and excited states energies of MX quantum dots (M = Cd, Zn and 

X = S, Se, Te) using a variety of DFT functionals and determined that hybrid PBE0 is the 

overall best performing functional, in particular in the area of excited states energies. The 

PBE functional proved to perform reasonably for geometry optimizations, allowing a 

cheaper manner of optimization than PBE0.  

In the lead-based perovskite area of semiconductor materials, modeling of bulk and thin 

film perovskites has been done frequently over the last few years128–132. Calculations on 

bulk materials neglect the effect of the surface, as the surface is not explicitly included. 

However, as bulk materials exhibit a much smaller surface-to-core ratio, the surface plays 

a considerably less significant role in bulk materials than in their NC variant and it is 

therefore generally accepted to disregard the surface for bulk calculations, unless grain 

boundaries are studied explicitly. In the latter case, calculations are approached by 

modeling slabs but still within the periodic boundaries regime. Computational models of 
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lead-based perovskite nanocrystals44 were first created by us in 2016, not long after the 

first synthesis of perovskite nanocrystals by Protesescu et al.23. This will be further 

highlighted in chapter 2. After the publication of this model, more computational studies 

on perovskite NC models have been performed, focusing mainly on the surface passivation 

of PNCs48,92.  

When it comes to computational studies on semiconductor nanocrystals, there is still 

ample room for improvement. In the current state of development of DFT methodology, 

researchers are still limited to NC models of up to a maximum of about 4 nm, often 

without the inclusion of the whole organic capping ligands. While for some NC materials, 

such as CdSe and PbS, this NC size is reported more frequently60,74,133–135, this is less 

realistic for perovskite NCs. Generally, perovskite NCs reported in experimental studies 

range between 4-15 nm23,50,78,136,137. Computational tools need to undergo significant 

improvement to allow for the description of these larger crystals. Nevertheless, these 4 nm 

perovskite models can still provide accurate predictions on the NC surfaces and 

optoelectronic properties. 
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2.1 Abstract 

Colloidal cesium lead halide perovskite nanocrystals (CsPbX3 PNCs, X = Cl, Br, I) exhibit 

important optoelectronic properties that make them amenable for a plethora of 

applications. However, the origin of these properties, even for as-synthesized and 

unpurified PNCs, is largely unknown. Electronic structure calculations are therefore 

essential to understand with atomistic detail the properties of these nanomaterials; 

however, finding a model for PNCs that resembles the experiments is a challenging task. 

Essentially, the main problem is how to correctly terminate a NC surface that is comprised 

of a large fraction of the nanocrystal atoms and ligands employed in the synthesis. Here, 

we construct nominally trap-free models for PNCs taking into account experimental 

conditions. With density functional theory we analyze the effect of size, shape, and halide 

composition on the electronic structure of PNCs. We confirm that the PNC crystalline 

core exhibits an orthorhombic structure, and we demonstrate that PNCs can be robust 

light emitters even when a large number of ligands are displaced from the surface.  
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2.2 Introduction 

In early 2015, Protesescu et al.23 synthesized for the first time colloidal cesium lead halide 

perovskite nanocrystals (CsPbBr3 PNCs), which have emerged as a new class of 

nanomaterials (NC) with exceptional properties, such as very high photoluminescence 

quantum yield (PLQY) up to 90%, a tunable and narrow emission bandwidth in the visible 

spectrum, and a high defect tolerance7,23,136,138–141. For these reasons, PNCs show great 

promise in optoelectronic applications like sensing, lasing5, photovoltaics66, and light-

emitting diodes (LED)7. Since their discovery, however, it is still not clear why these 

nanocrystals, even as-synthesized and unpurified, present such outstanding properties, 

especially when we compare them to their analogous colloidal semiconductor 

nanocrystals. The latter usually presents a very low PLQY when synthesized, presumably 

because of the presence of defects at the surface that create trap states and render these 

materials rather inefficient142. Only after a shell of different material is added, for example 

in a core-shell configuration like CdSe/ZnS, or the surface passivation is improved143 is it 

possible to increase their PLQY beyond 90%77. For some materials, like lead chalcogenides, 

it is still difficult to achieve PLQY greater than 20%144.  

To understand the properties of CsPbBr3 PNCs it is thus paramount to look at their 

electronic structure by performing quantum chemical simulations. The importance of 

theory has been demonstrated by the tremendous effort spent in recent years to analyze in 

atomistic detail the properties of thin-film methylammonium perovskite materials145–148, 

which have been remarkably successful in the photovoltaic field, reaching power 

conversion efficiencies above 21%149. These theoretical works have shed light on the 

compositions and defect behavior of these films and helped in improving their 

optoelectronic performance130,150–152.  

Unlike in thin films, however, few theoretical works that address the structural and optical 

properties of PNCs153,154. The main reason for this is the lack of knowledge of the 

composition of the PNC surface, which is a very complex region to model. Indeed, several 

conditions need to be satisfied to correctly describe the surface: (i) preservation of a 

charge-neutral PNC, with the inorganic atoms that compose the PNC conserving their 

thermodynamically preferred oxidation state; (ii) a low density, if not the lack of defects or 

traps to explain the high PLQY; (iii) inclusion of the ligands employed in the synthesis, 
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such as oleylamine and oleate; and (iv) exposure of the same facets and crystalline 

structure observed in the experiment.  

Maintaining all these conditions when building a structural model is thus a challenging 

task. If not done correctly, the models for the PNCs employed in theoretical calculations 

could be severely limited and hinder a full understanding of their optoelectronic 

properties. 

In this work, we prepare models for NCs akin to experimental procedures that take into 

account all conditions indicated above. These PNC models are nominally free of trap 

states, in agreement with high PLQY, preserve charge neutrality, and are terminated with 

both amine and carboxylate species. We also discuss the effect of size, shape, and halides 

in the electronic structure. Finally, we demonstrate that the removal of ligands from the 

surface affects the electronic structure of these materials only slightly, indicating 

unexpected robustness toward degradation of the material. This likely explains why PNCs 

maintain high PLQY in suboptimal conditions. 

 

2.3 Theoretical Methodology 

We have carried out atomistic simulations at the density functional theory (DFT) level 

using the PBE exchange-correlation functional113 and a double-ζ basis set plus polarization 

functions on all atoms as implemented in the CP2K 3.0 code155. All structures have been 

optimized in vacuum. Scalar relativistic effects have been incorporated as effective core 

potential functions in the basis set. Spin-orbit coupling effects have not been included; 

however, their impact on the relaxed structural properties has been demonstrated to be 

negligible for similar systems. This indicates that scalar relativistic effects are sufficient to 

describe the equilibrium geometries of these materials. On the other hand, as also pointed 

out in the text, the HOMO-LUMO gap energy is strongly influenced by the exchange-

correlation functional and the inclusion of spin-orbit coupling. Unfortunately, because of 

the large size of the systems presented in this work (more than 10.000 basis functions on 

average), hybrid functionals and spin-orbit coupling effects could not be included in our 

calculations.  

Molecular dynamics simulations were carried at the DFT/PBE level of theory and the same 

basis set employed for the static calculations. The dynamics employed an integration time 
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step of 1 fs, and a constant temperature of 298 K was maintained using a velocity-rescaling 

thermostat. Canonical NVT simulations were run for 7 ps, with the first 2 ps discarded as 

an equilibration step. 

 

2.4 Building Models for CsPbBr3 Nanocrystals 

In Table 2.1, we present different sizes and atomic compositions of CsPbBr3 PNCs models 

obtained by cutting the bulk in the cubic phase (space group Pm3̅m). Note that cleaving 

the bulk in a given phase does not ensure that the final relaxed structure will converge to 

the same crystalline configuration (vide infra). As a start, we cleaved the bulk in two ways 

along the (001) directions: the first leaves only Cs and Br at the PNC surface and the 

second leaves only Pb and Br (Figure 2.1). For a given PNC size, this leads to different 

stoichiometric proportions between the different ions in the crystal, as shown in Table 2.1. 

Note also that at lower PNC sizes the increased surface-to-volume ratio leads to a 

significant deviation from the typical 1:1:3 ratio.  

 

 

Figure 2.1. Cubic CsPbBr3 PNC cut along the (001) plane, (a) with Cs and Br exposed at the surface, and 

(b) with Pb and Br exposed on the surface. 

 

Experimentally, Zhang et al.139 observed a Br:Pb molar ratio of 3.55 for 3.3 nm 

CH3NH3PbBr3 PNCs, suggesting that methylammonium (MA) and Br are exposed at the 

surface. For larger PNCs, at sizes typically obtained in the experiments (i.e., 8 nm), a Br:Pb 

molar ratio of 3.2 was observed by Wei et al.136 for 7.8 nm CsPbBr3 PNCs. Both these data 

strongly suggest that experimental CsPbBr3 PNCs likely present excess Cs and Br at the 
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surface rather than Pb and Br, despite the synthesis usually being carried out in excess 

PbBr2.  

The main difference between our data in Table 2.1 and the experiments is in the Cs:Pb 

molar ratio. Our value of 1.2 is larger than the 0.97 estimated by Wei et al.136 using X-ray 

photoelectron spectrometry (XPS) spectroscopy and the 1.0 obtained by De Roo et al.50 

using Rutherford backscattering (RBS) measurements. Although we could expect this 

discrepancy stemming from the experimental error bar, our understanding is that many of 

the surface Cs atoms are in fact replaced by oleylammonium (OA) ions to maintain 

colloidal stability of the PNCs. The presence of oleylammonium at the PNC surface is 

indeed confirmed experimentally by infrared spectra and NMR studies46,50. For this reason, 

in building our model we decided to remove enough Cs atoms at the surface to obtain 

Cs:Pb ratio close to 1.0, and we replaced these atoms with MA moieties. We noticed that 

about half of the Cs ions at the surface have to be removed to satisfy this condition. In our 

models, we use MA instead of OA because it is more advantageous computationally. A 

summary of the new atomic compositions for different sizes, including MA, is shown in 

Table 2.1. 
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Table 2.2 The atomic composition of different CsPbBr3 PNCs models used in the study for different 

sizes and facets, along with the ratio of lead to cesium and lead to bromide. The overall excess charge of 

the PNC is computed by assuming the following oxidation states: Cs
+
, Pb

2+
 and Br

–
 

 

 As-cut from the cubic bulk along the (001) direction 

Size (nm) With Cs and Br exposed With Pb and Br exposed 

 Nr of atoms 

Cs : Pb : Br 

(ratio Cs : Pb : Br) 

Excess charge Nr of atoms 

Cs : Pb : Br 

(ratio Cs : Pb : Br) 

Excess charge 

1.74 64 : 27 : 108 

(2.3 : 1 : 4.0) 

+10 27 : 64 : 144  

(0.4 : 1 : 2.3) 

+11 

2.32 125 : 64 : 240 

(2.0 : 1 : 3.8) 

+13 64 : 125 : 300 

(0.5 : 1 : 2.4) 

+14 

2.90 216 : 125 : 450 

(1.7 : 1 : 3.6) 

+16 125 : 216 : 540 

(0.6 : 1 : 2.5) 

+17 

3.48 343 : 216 : 756 

(1.6 : 1 : 3.5) 

+19 216 : 343 : 882 

(0.6 : 1 : 2.6) 

+20 

… … … … … 

8.12 3375 : 2744 : 8820 

(1.2 : 1 : 3.2) 

+43 2744 : 3375 : 9450 

(0.8 : 1 : 2.8) 

+44 

Size (nm) As-cut from the orthorhombic bulk As-cut from the cubic bulk, along the 

(110) and (100) facets 

 Nr of atoms 

Cs : Pb : Br 

(ratio Cs : Pb : Br) 

Excess charge Nr of atoms 

Cs : Pb : Br 

(ratio Cs : Pb : Br) 

Excess charge 

2.4 nm 120 : 100 : 381  

(1.2 : 1 : 3.8) 

-61 125 : 96 : 376  

(1.3 : 1 : 3.9) 

-59 
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In semiconductor metal chalcogenide colloidal nanocrystals, the surface usually presents 

an excess of metal cations that is charge compensated by organic ligand anions to preserve 

charge neutrality of the nanocrystal72,156. In the case of PNCs, we make the same 

assumption. Considering the relatively mild conditions in which the PNC synthesis takes 

place and the fact that the precursors already keep the PNC elements in their 

thermodynamically favored oxidation state, i.e., MA as +1, Cs as +1, Pb as +2, and Br as -1, 

we expect that our models of nanocubic PNCs as-cut from the bulk (Table 2.1) present an 

excess of positive charge that depends on the size.  

There are two options to neutralize this excess charge: (i) by adding anions, as Br- or 

oleate, or (ii) by removing excess cations, either as Cs+ or MA+ or a mixture of the two. For 

the former case, we prepared a 2.9 nm CsPbBr3 PNC and we added enough Br- anions to 

compensate for the excess charge. We then relaxed the geometry and computed the 

electronic structure at the DFT/PBE level of theory, as shown in Figure 2.2a (model 1). 

Note that there is also the option to maintain charge neutrality through the change of 

oxidation state of each atom. In Addendum 2.1, we explain why this option is not realistic 

and therefore not considered for our models.  

Each molecular orbital (MO) was further analyzed in terms of its atomic component 

orbitals, categorized according to the atomic composition, and represented by a colored 

segment. The length of the colored section represents the fractional contribution of that 

element to the MO. The eye-catching feature is the presence of a large number of states 

just above the valence band (VB). Inspection of these states shows that these are mostly 

localized on the 4p orbitals of the Br- ions added to compensate for the excess charge of 

the PNC (Figure 2.2b). These states would likely act as localized traps and provide a clear 

pathway to nonradiative exciton recombination. This would then lead to a low PLQY that 

is in clear contrast with experimental evidence.  

Based on this result, we then decided to compensate for the excess charge of CsPbBr3 PNC 

by removing cations from the surface (model 2). We did this by removing enough MA+ to 

neutralize the overall charge, and we then optimized the geometry and calculated the 

electronic structure. In this case, the PNC exhibits a band gap without trap states, as also 

evidenced by the highest occupied molecular orbital (HOMO) plot in Figure 2.2c that 

exhibits a clear delocalized composition.  
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Figure 2.2. (a) Computed electronic structure of the CsPbBr3 PNC at the DFT/PBE level of theory. Each 

line corresponds to a molecular orbital. Each color indicates the contribution of a type of atom (or 

moiety) for a given MO. All these models include half Cs
+
 and half MA

+
 at the surface, as shown in 

Table 2.1. From left to right: (1) model in which the excess of positive charge is compensated by adding 

Br
−
 ions; (2) model in which the excess of positive charge is compensated by removing excess MA

+
 from 

the surface; (3) same model as in 2, with some of the bromine atoms replaced by formate moieties, 

which emulates the oleate used in the synthesis; (4) same model as in 2, but starting from an 

orthorhombic configuration exposing both (001) and (110) facets; (5) same model as in 4, but starting 

from a cubic crystal structure. (b) HOMO for the system compensated with excess Br
−
 ions. The HOMO 

is localized on Br
-
 ions. (c) HOMO state for the system where excess MA

+
 is removed. This state is 

delocalized, and the PNC is trap-free. 
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Finally, to correctly terminate the surface of our models, we decided to take into account 

the experimental conditions for the PNC synthesis, which takes place in an ambient 

environment, in excess of PbBr2, oleic acid, and oleylamine. The presence of oleate (OE) at 

the PNC surface as an oleylammonium oleate (OA+ OE-) ion pair was confirmed by De Roo 

et al.50 and more recently by Pan et al.46. As a consequence, we decided to include formate 

ligands in our PNC models that emulate the carboxylate group (oleate) anchored to the 

NC surface. To maintain charge neutrality, we removed some of the surface Br- ions and 

replaced them with formates. We carefully maintained a Br:Pb ratio of about 3.5-3.4 for 

the 2.9 nm PNC by replacing 20-30 Br- ions with formates. When there are MA ligands on 

the surface, the positions of the formates are chosen randomly, but we distributed them 

evenly among each facet of the nanocube, about 4-5 on each side. The computed 

electronic structure after geometry relaxation is shown in Figure 2.2a (model 3). It is 

possible that the presence of the formate does not affect the energy levels much. Localized 

states are still absent, and the band gap remains substantially unchanged. 

 

2.5 Orthorhombic versus Cubic 

In recent reports, there has been some debate on the correct crystal structure of CsPbBr3 

PNCs whether it is cubic or orthorhombic. Using pair distribution functions (PDF) and 

Rietveld refinement, Cottingham et al.67 have demonstrated unambiguously that CsPbBr3 

PNCs are orthorhombic. For this reason, we decided to build also model 4, which is 

obtained by carving the bulk in the orthorhombic phase (space group Pnma), to retrieve a 

pseudocubic structure of 2.4 nm. With this procedure we obtained a nanocrystal exposing 

six facets: two of those expose Cs and Br at the surface in a fashion similar to the (001) 

facets in the nanocube, and four facets expose Pb and Br at the surface resembling the 

(110) planes in the nanocube. Note that in recent reports, transmission electron 

microscopy images reveal that CsPbBr3 PNCs could exhibit indeed both these planes46. For 

comparison, we have also built model 5, stoichiometric with model 4, which is obtained 

from a starting cubic crystalline structure cut along the (001) and (110) directions. By 

passivating the surface of these models with half Cs and half MA at the surface and 

compensating the charge by removing excess bromine, we recovered a molar ratio of 1:1:3.2, 

which is close to the bulk value. We then performed a structural relaxation at the 

DFT/PBE level of theory for both models, and we obtained also in this case nominal trap-
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free nanocrystals. Notably, these two models converge to two almost identical structures, 

separated by only 0.15 eV in energy, both exhibiting an orthorhombic phase (Figure 2.3a). 

Presumably, when we start from a cubic conformer, the lattice exerts a strain on the Pb-Br 

bonds that leads to a tilting of the octahedrons from the 90° position. This effect is usually 

explained by the presence of a strong Pauli repulsion between the occupied 6s Pb orbitals 

and the 4p orbitals of the nearby Br ions. The presence of an orthorhombic phase is 

further confirmed by computing PDFs of the Br-Br bonds for the starting and relaxed PNC 

structures of models 4 and 5 as depicted in Figure 2.3b. Clearly, the relaxed structure of 

our model 4 (green line) and model 5 (orange line) are in better agreement with the 

unrelaxed orthorhombic phase (red line) than the unrelaxed cubic phase (black line). 

Note that also models 2 and 3, which are carved from the bulk and expose only the (001) 

facets, converge to an orthorhombic phase once they are relaxed to their most stable 

conformation. 

To further assess the structural and energetic stability of our systems over time, we 

performed a set of ab initio molecular dynamics (AIMD) simulations. We computed the 

PDFs of model 4 after equilibrating it for 2 ps and performing a production run of 5 ps at 

room temperature (298 K). In this framework, model 4 retains the orthorhombic structure 

(blue line in Figure 2.3b). The effect of including methylammonium at the surface seems 

to be negligible in the morphology of these systems. 

Additionally, we also analyzed the evolution of the band gap of these materials over time 

(Figure 2.3c). The electronic structure of this system is very stable, as evidenced by the 

regression line plotted against the HOMO-lowest occupied molecular orbital (LUMO) gap. 

The average band gap for these small 2.4 nm NCs is 1.82 eV, which is somewhat lower than 

the experiment for larger nanoparticles (2.39 eV for > 10 nm PNC). This discrepancy stems 

from our computational DFT approach that uses a pure exchange-correlation functional, 

i.e. PBE, which has been widely demonstrated to lead to an underestimation of the band 

gap for similar perovskite bulk systems129,130. 
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Figure 2.3. (a) Model 4 (orthorhombic) and model 5 (cubic) unrelaxed structures of 2.4 nm CsPbBr3 

nanocrystals as cut from the bulk. Both systems present the same number of atoms. The relaxed 

structures of models 4 and 5, computed at the DFT/PBE level of theory, both exhibit an orthorhombic 

configuration. (b) PDFs of the Br−Br distance computed for the unrelaxed orthorhombic structure of 

model 4 (red line), the unrelaxed cubic structure of model 5 (black line), the relaxed structure of model 

4 (green line), the relaxed structure of model 5 (orange line), and after 5 ps of AIMD simulation (blue 

line). (c) Time evolution of the HOMO−LUMO gap computed for model 4. The blue line represents the 

HOMO−LUMO gap oscillation over time; the red line is a linear regression of the computed 

HOMO−LUMO gap that indicates the stability of this variable throughout the simulation time. 
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2.6 Size and Halide Effects 

We analyzed the electronic structure of PNCs at different sizes and by changing the 

composition of the halide element, varying it from Cl to I. For these calculations we took 

the nanocubic model 2 of Figure 2.2a as a benchmark system. As depicted in Figure 2.4, 

increasing the size reduces the band gap as expected for strongly quantum confined 

inorganic nanocrystals. Changing the type of halides from Cl to I also reduces the band 

gap in agreement with the experiments23,136,138,139, as shown in Figure 2.5. To provide 

further insights into the interaction between halide and lead atoms, we computed the 

crystal orbital overlap populations (COOP). In other words, we weighted the composition 

of each MO with the overlap between all lead atomic orbitals and all halides atomic 

orbitals. In this framework, large negative and positive values indicate large antibonding 

and bonding contributions between the two species, respectively. Values close to zero 

indicate nonbonding interactions. As depicted in Figure 2.5 and explained elsewhere for 

bulk CsPbI3
105, the MOs close to the VB are formed by an antibonding contribution 

between the Pb (6s) and halide (np). The strength of this antibonding interaction is 

largest with I even though the width of the antibonding region is larger for Cl. By moving 

deeper in the VB, this antibonding contribution tends to fade, forming a sort of 

nonbonding region of halide np orbitals, before they form a bonding combination. This 

nonbonding region is shifted closer to the VB moving from Cl to I. 
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Figure 2.4. Effect of size on the electronic structure of trap-free CsPbBr3 PNC nanocrystals computed at 

the DFT/PBE level of theory. Each line corresponds to an MO where each color indicates the 

contribution of a type of atom (or moiety) for a given MO. 
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Figure 2.5.  Effect of the halide X (X = Cl, Br, I) on the electronic structure of trap-free PNC 

nanocrystals computed at the DFT/PBE level of theory. All PNCs present the same number of atoms. 

Each line corresponds to a MO where each color indicates the contribution of a type of atom (or 

moiety) for a given MO. Next to each MO, we plotted the COOP contribution. This term indicates the 

type (bonding, antibonding, nonbonding) and strength of the interaction between Pb and X atoms. 
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2.7 CsPbBr3 PNCs as Robust Light Emitters 

Since the discovery of PNCs, several reports have highlighted how the surface plays a 

pivotal role in maintaining colloidal stability, structural integrity, and stable optical 

properties46,50,139,157. These reports suggest that these nanocrystals present a very ionic 

crystalline structure, and it is thus expected that PNCs could lose many of their attractive 

optoelectronic properties, for example, during the purification procedures, especially with 

polar solvents. The polar solvent could indeed remove some of the labile ligands at the 

surface, likely as ion pairs, and introduce some defects that reduce their optoelectronic 

performance. For example, Pan et al.46 demonstrated that washing with polar solvents like 

acetone removes all oleylammonium from the surface of the PNC, presumably as bromide 

oleylammonium. A similar effect was also qualitatively demonstrated by De Roo et al.50 

They both show how the integrity of the PNC is degraded, along with the PLQY, when 

several washing cycles are carried out to remove surfactants from the PNC surface. To 

simulate the effect of washing on the electronic structure of CsPbBr3 PNCs, we performed 

a few geometry optimizations on our benchmark model 2 of Figure 2.2a. In a first step we 

removed all MA ions from the PNC surface in the form of Br- MA+, ion pairs as suggested 

by Pan et al.46 Then, we stripped 16 Cs+Br- ion pairs. This corresponds to removing about 

20% of Cs at the surface. Despite these substantial displacements of ligands from the 

nanocrystal surface, the PNC maintains both structural and electronic integrity with trap-

free band gaps (Figure 2.6).  

We conclude by saying that the high PLQY shown by these nanocrystals could be 

attributed to a high tolerance of these PNCs’ electronic structure toward structural 

degradation and that the loss of PLQY obtained after washing could be tentatively 

attributed to aggregation and precipitation rather than the introduction of defects at the 

nanocrystal surface. 
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Figure 2.6. Electronic structure of CsPbBr3 PNCs obtained before and after removing ligands from the 

surface. All structures have been computed at the DFT/PBE level of theory. Each line corresponds to a 

MO where each color indicates the contribution of a type of atom (or moiety) for a given MO. 

 

  



55 
 

2.8 Conclusions 

To conclude this chapter, we have successfully constructed realistic, trap-free perovskite 

nanocrystal models, using experimental observations as a guideline. We explored the size, 

halide and shape effects and observed that these models exhibit similar trends as in 

experiments. These models can be used to predict trends and scan possible surface ligands. 

Applying Molecular Dynamics on our models, we can confirm that the PNC crystalline 

core exhibits an orthorhombic crystal arrangement at room temperature. Lastly, we 

demonstrated that no trap states are formed as the Cs-Br outer shell of PNCs is stripped. 

This observation can help explain the high PLQY of PNCs relative to the trap-prone 

quantum dots.  
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Addendum 2.1 

Note that there is another option to maintain charge neutrality in the PNC system, i.e. by 

constraining some of the surface atoms to a lower oxidation state.  This is done by taking 

the nanocube as-cut from the bulk and computing the electronic structure in the closed-

shell configuration and keeping charge neutrality. This approach is however biased 

because it leads to an n-doped nanocrystal with the conduction band edge shifted towards 

the valence band, as evidenced in the electronic structure depicted in Figure 2.7. In 

addition, this PNC presents a significant distortion of the surface and a computed negative 

HOMO-LUMO gap. This latter finding is typically found in extended systems with very 

small HOMO-LUMO gaps computed within DFT using pure exchange-correlation 

functionals. The presence of such a small gap would suggest fast non-radiative exciton 

recombination and, as such, a low PLQY, which is in contrast with experimental findings. 

In addition, the PL emission energy would be extremely low, which also goes against 

experiments. 

 

 

Figure 2.7. Computed electronic structure of the n-doped CsPbBr3 PNC at the DFT/PBE level of theory. 

Each line corresponds to a molecular orbital (MO). Each color indicates the contribution of a type of 

atom (or moiety) for a given MO.  The oxidation state of the surface atoms is changed to compensate 

for the excess charge in the PNC model. 
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3.1 Abstract 

Understanding the origin of defects in lead halide perovskite nanocrystals is paramount to 

attain long-term structural stability and improved optical efficiency, key features for their 

successful implementation in optoelectronic devices. Unlike other studies, we explore the 

possible formation of trap states in explicit, non-periodic, CsPbBr3 nanocrystals models of 

about 3 nm in size. Using Density Functional Theory, we compute the defect formation 

energies of interstitial, vacancy and antisite defects in different regions of the nanocrystal 

(center, surface center, and surface-edge), demonstrating that the most stable defect 

position is found at the surface. We ascribe the high defect tolerance of CsPbBr3 

nanocrystals to the fact that vacancies, i.e. the loss of surface ligands as ion pairs, are 

energetically difficult to form and only excessive stripping of surface ligands might be 

problematic, as their detachment leaves undercoordinated Br- on the crystal surface that 

only in this case translates into deep traps.   

  



59 
 

3.2 Introduction 

In recent years, researchers have grown increasingly interested in metal halide 

perovskites, in particular hybrid organic/inorganic and pure inorganic metal halides of the 

APbX3 form with A = CH3NH3
+, Cs+, etc. and X=Cl, Br, I. The nanoscale version of these 

materials presents unique features such as unity photoluminescence quantum yields 

(PLQY)48,92, high defect tolerance44,158, absorption in the visible spectrum (400-800 nm) 

that is tunable with the halide composition23,24,159, and narrow emission line widths (12-42 

nm)23. For these reasons, they have become potential candidates for a wide variety of 

optoelectronic applications such as lasing3–5, light-emitting diodes (LEDs)7–12 and 

photovoltaics66,160.  

One of the main reasons perovskites have outstanding optoelectronic characteristics is 

their high defect tolerance, especially in thin films of bulk methylammonium lead iodide 

that have demonstrated outstanding performance for photovoltaics with power 

conversion efficiencies up to 25%161. Defect tolerance in bulk perovskites has often been 

studied computationally44,92,162, however, as it will be shown in this paper, not as 

extensively for (fully inorganic) perovskite nanocrystals (NCs). One of the main 

differences between bulk and NCs emerges immediately when looking at the typical defect 

densities of bulk perovskites, measured (and computed) in the order of 1011-1016 cm-3 162–164. 

In the nanoscale regime, this corresponds to about one defect in approximately 102-107 for 

a perovskite NCs of 10 nm in size. These values are too low to explain the frequent loss of 

photoluminescence efficiency that affects NC colloids (more than 50% after purification 

procedures). One explanation for this is that the energetics of defect formation in NCs is 

expected to change dramatically compared to the bulk, mostly for two reasons: (1) the 

presence of a complex chemical equilibrium at the NC-ligands-solvent interface that can 

expose defects to a different environment than in the bulk, and (2) the location of the 

defect, which is more likely to be found at the NC surface instead of the core due to the 

large number of surface atoms. Regarding the former point, chemical equilibria at the NC 

surface alter structural stability of the NC, which is still a major drawback for NC colloids 

and is mostly linked to desorption of surface ligands that can occur during washing or 

diluting46. Ligand detachment can lead to NC aggregation and precipitation and, more 

importantly, to exposure of defects at the surface. While methods to restore the PLQY are 

continuously developed, mostly by post-treating the NC surface with a new set of ligands, 
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the exact mechanism in which defects form and PL efficiency is lost is not yet fully 

understood. In addition, the nanometric size of the crystallite (about 8-10 nm) suggests 

that, even if bulk-type defects are formed in the core, they could eventually travel towards 

the surface if they are more stable in this region. This suggests that carriers might always 

be trapped at the surface. This is not surprising because major losses are known to occur 

at the grain boundaries of perovskite thin films in solar cell devices and strategies to 

efficiently passivate this region are widely studied to improve power conversion 

efficiencies165.  

Density Functional Theory (DFT) is a powerful tool to provide meaningful insight into the 

surface chemistry of NCs. It is crucial to perform computations on realistic NC models to 

capture how defects form and to assess the driving force (energetics) of their formation. 

Providing a better understanding of the chemistry of defects and comparing them to the 

bulk will help develop new strategies to prevent crystal degradation and suppress the 

formation of trap states, as well as to maintain high PLQY over longer periods of time. 

Theoretical work that involves realistic NC models has been, however, notoriously scarce, 

mostly because the NC surface is a complex region to model, as both ligands and facet 

composition need to be explicitly accounted for and assessed against experiments. In this 

study, we employ DFT to study the formation of defects in NCs. First, we draw a 

comparison between bulk and NC defects, and then evaluate the effects of various types of 

defects on the electronic structure of explicit, non-periodic, NC models. We demonstrate 

that most of the defects require large formation energies (vacancies and antisites) with the 

exception of interstitial defects, which are energetically favorable. Even so, the most stable 

interstitials deliver shallow traps, affecting the electronic structure of the material only 

slightly. We can ascribe the large defect tolerance of perovskite NCs to the resilience to 

form deep traps even after vacancies are formed at the surface. Such vacancies need to be 

formed in large amounts before they can transform into trap states, a requirement that is 

met in ordinary experimental conditions only after purification procedures or with the 

employment of ligands that can desorb easily from the surface.  
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3.3 Defect Formation Energies 

In this work, defects are classified and named according to IUPAC notation as166: 𝐴𝐵
𝑐  , 

where A is the species (V for a vacancy or the atom name for an added species to the 

lattice), B is the lattice position that the A species occupies, and C is the charge of the 

lattice site occupied by species A. We will focus on fully inorganic CsPbBr3 NCs, as these 

are considered the benchmark NCs for a variety of reasons: e.g. highest optical purity 

among the halide group, stable crystalline phase, and tolerance against various surface 

treatments. To draw a meaningful comparison between the formation of defects in 

periodic CsPbBr3 and our NC models, we briefly explain how defects formation energies 

are estimated in the two cases. In bulk materials, the defect formation energy (DFE) is 

calculated according to the following formula162,167,168:  

𝐷𝐹𝐸(𝛼, 𝑞) = 𝐸(𝛼, 𝑞) − 𝐸(𝑏𝑢𝑙𝑘) − ∑ 𝑛𝐴𝜇𝐴
𝐴

+ 𝑞(𝐸𝐹 + 𝐸𝑉𝐵𝑀 + ∆𝑉) + 𝐸𝑞 (7) 

where E(α,q) is the total energy of the supercell containing the defect α with charge q, 

E(bulk) is the total energy of the supercell containing the pristine system without the 

defect, nA is the number of atoms involved in creating the defect, μA is the atomic chemical 

potential in reference to the total energy of the pure elements composing the lattice, EF is 

the Fermi energy of the non-defective system, EVBM is the valence band maximum, ΔV is 

the electrostatic shift induced by the defect in the charged supercell, and Eq is the 

background electrostatic charge of the supercell  that prevents the charge of the defect to 

be periodically replicated.  

As explained in more details by Meggiolaro et al.162, the quality of the bulk calculations 

depends on several factors, like the accuracy of (1) the electrostatic background 

correction, (2) the electrostatic shift induced by the defect, (3) the chemical potential of 

the elemental constituting species, and (4) the type of DFT exchange-correlation 

approximation employed (semi-local, hybrid or GW, with or without spin-orbit coupling). 

In the framework of bulk defect formation, the chemical potential of the defective species 

like solid Pb, solid Cs or molecular bromine Br2, needs to be explicitly calculated. While 

this approach of computing the energy of defect formation is effective for bulk materials, 

it is not without problems when applied to NCs. Firstly, perovskite NCs are typically 

prepared and dispersed in solution, meaning that when a defect is formed, its chemical 
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potential is not related to the formation of solid precipitates. Rather, we expect that the 

creation of defects is driven by the formation of molecular ion pairs in solution such as 

CsBr and PbBr2. These ion pairs are responsible for the creation of vacancies (when 

removed) or interstitials (when added) defects in NCs. For example, if a 𝑉𝑃𝑏
2− vacancy is 

created, then its formation energy should be referenced to the detachment of a neutral 

PbBr2 species, which is then dispersed in the solvent. This is the most likely mechanism to 

take place in the chemical environment in which the NC was prepared, which is usually a 

low dielectric solvent, e.g. toluene. Note that the creation of the lead defect is 

accompanied by the removal of Br ions from the lattice, thus the defect is more correctly 

described as 𝑉𝑃𝑏
2− + 2 𝑉𝐵𝑟

+ .   

Summarizing, to calculate the DFE in our NC models, we will thus use the following 

simplified equation for the defects: 

 

𝐷𝐹𝐸(𝛼) = 𝐸(𝑁𝐶(𝛼)) − 𝐸(𝑁𝐶) ± 𝐸(𝑠) (8) 

where 𝐸(𝑁𝐶), 𝐸(𝑁𝐶(𝛼)) and 𝐸(𝑠) are the total energies of the pristine NC, the NC with 

the defect 𝛼 which is characterized by the neutral form s and the energy of the neutral 

species s. For example, in case of a 𝑉𝑃𝑏
2− vacancy of the previous example, the defect 

formation energy is expressed as: 

 

𝐷𝐹𝐸(𝑉𝑃𝑏
2− + 2𝑉𝐵𝑟

+ ) = 𝐸(𝑁𝐶(𝑉𝑃𝑏
2− + 2𝑉𝐵𝑟

+ )) − 𝐸(𝑁𝐶) ± 𝐸(𝑃𝑏𝐵𝑟2). (9) 

By treating the defect formation process in this manner, the above equations are fully 

balanced, charge neutrality is maintained at any point of the calculation, and no 

electrostatic shift is needed to correct for the energy levels. In addition, there is also no 

need for background charge correction because the whole NC is explicitly included in the 

calculation. Finally, while not explicitly done in this work, the EVBM can easily be estimated 

by computing the ionization potential of the neutral system in a non-periodic calculation. 

This has the advantage of pinning the exact position of the valence band maximum (VBM) 

and conduction band minimum (CBM), with the latter from an excitation energy (or a 



63 
 

simple HOMO-LUMO gap) calculation. In this way, it could also be possible to assess the 

propensity of the system to be n- or p-doped. We anticipate that in a low dielectric 

environment, which is usually the one used in the synthesis, the NC model systems 

considered here are usually intrinsic. 

 

3.4 Model Design and Computational Defects 

NC models of CsPbBr3 of 2.9 nm in the lateral side were constructed by cutting the cubic 

bulk (space group Pm3̅m) along the (100) directions. Assuming all atoms maintain their 

thermodynamically most stable oxidation state, i.e. Cs as +1, Pb as 2+ and Br as -1, charge 

neutrality of the model was achieved by removing the excess positive charge, as this 

approach proved to be the most resilient to the formation of localized states at the 

surface44. Any residual charge was compensated by removing Cs+ from the edges and 

vertices of the NC, as these are the least strongly bound positions in the NC44. The molar 

ratio of Cs:Pb:Br of this pristine NC model was determined to be roughly 1.6:1:3.6, which is 

in agreement with experimentally observed Br-rich nanocrystals136,139. In our model, the 

Cs:Pb ratio is overestimated against the experiments because at least half of the Cs at the 

surface, in the standard synthesis, is known to be replaced by alkylammonium ligands. For 

computational efficiency and for avoiding further complications in our study, only Cs ions 

were included in our model. These organic ligands have a wide band gap and do not 

significantly alter the electronic structure of CsPbBr3 NC. To explore the effect of defects, 

we first relaxed a pristine, defect-free NC, see reference 44, until an energetic minimum 

configuration is reached. This optimized NC model is then used as a starting structure to 

introduce the defective models. Using the CP2K program155, the computed band gap was 

2.4 eV and 3.7 eV for DFT/PBE113 and DFT/PBE0117, respectively. While PBE is in better 

agreement with experiments, this result is assigned to an accidental cancelation of errors 

due to the lack of the spin-orbit coupling term.  

All calculations were performed with the CP2K electronic structure package155 at both the 

DFT/PBE113 and PBE0117 level of theory. Scalar relativistic effects are included in the 

calculations as effective core potentials and are sufficient to describe equilibrium 

geometries. Spin-orbit coupling is not required, as their impact on the relaxed structure 

has proven to be negligible. As discussed above, the choice of exchange-correlation 



64 
 

functional and the inclusion of spin-orbit coupling has a large influence on HOMO-

LUMO gap. Applying a hybrid functional as well as spin-orbit coupling is, however, very 

expensive and not feasible for all systems. The HOMO-LUMO gap of the pristine NC with 

DFT/PBE is computed to be 2.4 eV, which is in good agreement with experiments. It has 

been shown in previous work on metal halide perovskite materials that this agreement is 

accidental and assigned to the cancellation of errors. Calculations performed with scalar 

relativistic hybrid functional PBE0 show a larger band gap, namely 3.7 eV. 

 

3.5 Introducing Defects 

Unlike the bulk, each defective system presents different energetics depending on the 

position of the defect, either in the core or at the surface (center or edge), and on the 

location of the counterions that neutralizes the charge. The counterions are always kept in 

the same position at the surface: for vacancies, it will correspond to the elimination of one 

or two surface ions (depending on the defect), while for interstitial defects, where species 

are added, the counterions are added at the surface in its natural position of the lattice. In 

IUPAC notation, this latter addition is defined as, e.g. 𝐵𝑟𝐵𝑟
−  for an added Br- counterion. 

Overall, we explored three different defect/counterion combinations for each type of 

defect: core/surface (C), surface-center/surface (SC) and surface-edge/surface (SE). The 

DFEs for all type of defects are shown in Figure 3.1, and schematically depicted in each 

Figure that follows. The full defect names are listed in Table 3.1. The relaxed structures of 

the defective systems are illustrated in Figure 3.6, 3.7, 3.8 and 3.9, see Addendum 3.1. Note 

that the charge of a “charged vacancy” refers to the charge of the point defect without the 

inclusion of the counterion. This is done to maintain a fair comparison with the 

nomenclature used in the bulk. 
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Figure 3.1. Defect formation energies (DFE) associated with interstitial, charged, neutral vacancies and 

antisite substitutions listed in eV. The DFE are computed following geometry optimizations carried out 

at the DFT/PBE level of theory. Backflip means that the antisite displacement goes back to its initial 

non-defective configuration. Note that here we report only the defect name without the counterion. 

The full name of the defect is presented in Table 3.1.   
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Table 3.1. Type of defect, counterion and full defect name for all defects studied. 

 Interstitials Charged Vacancy 

Defect 𝑃𝑏𝑖
2+ 𝐶𝑠𝑖

+ 𝐵𝑟𝑖
−  𝑉𝑃𝑏

2+ 𝑉𝐵𝑟
−  𝑉𝐶𝑠

+  𝑉𝐵𝑟
−  

Counterion 𝐵𝑟𝐵𝑟
−  𝐵𝑟𝐵𝑟

−  𝐶𝑠𝐶𝑠
+  𝑉𝐵𝑟

−  𝑉𝑃𝑏
2+ 𝑉𝐵𝑟

−  𝑉𝐶𝑠
+  

Full defect 𝑃𝑏𝑖
2+

+ 2𝐵𝑟𝐵𝑟
−  

𝐶𝑠𝑖
+

+ 𝐵𝑟𝐵𝑟
−  

𝐵𝑟𝑖
+

+ 𝐶𝑠𝐶𝑠
+  

𝑉𝑃𝑏
2+

+ 2𝑉𝐵𝑟
−  

2𝑉𝐵𝑟
−

+ 𝑉𝑃𝑏
2+ 

𝑉𝐶𝑠
+

+ 𝑉𝐵𝑟
−  

𝑉𝐶𝑠
+

+ 𝑉𝐵𝑟
−  

 Neutral Vacancy Antisite 

Defect 
𝑉𝑃𝑏

0  𝑉𝐶𝑠
0  𝑉𝐵𝑟2

0  
𝑃𝑏𝐵𝑟

= 𝐵𝑟𝑃𝑏 
𝑉𝑃𝑏

0  𝑉𝐶𝑠
0  

Counterion 
- - - - - 

- 

Full defect 
𝑉𝑃𝑏

0  𝑉𝐶𝑠
0  𝑉𝐵𝑟2

0  
𝑃𝑏𝐵𝑟

= 𝐵𝑟𝑃𝑏 
𝑉𝑃𝑏

0  𝑉𝐶𝑠
0  

 

 

3.6 Interstitial Defects 

For all interstitial defective systems, the cationic species (𝐶𝑠𝑖
+ and 𝑃𝑏𝑖

2+) were placed in 

the same plane as Cs+ and Br- (see schematics in Figure 3.2a), either at the core or the 

surface. Inspection of Figure 3.1 shows that for all cases, interstitial positions are favored 

energetically. In Figure 3.2b, we present the electronic structure for all interstitials 

explored. Interstitial positions generated upon the addition of CsBr or PbBr2 species are 

always favored energetically, implying that the NC can easily sustain the addition of either 

CsBr or PbBr2 ion pairs in the lattice. In the experiments, this means that the NC tends to 

accommodate metal salts if these are available from the environment. Post-synthetic 

treatment of the NC by adding ion pairs can thus be very effective for these materials, as 

also demonstrated in many experimental works50,169,170. 
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Figure 3.2. (a) Schematic depiction of the interstitial defects in different areas of the NC shown in top 

or side view. (b) Density of States (DOS) plots belonging to each of these systems calculated at 

DFT/PBE0 level of theory, with a dotted line indicating the Fermi energy (EF). Each line in the plot 

represents a molecular orbital (MO) and the color of the line represents the contribution of Cs (blue), 

Pb (green) and Br (red). Shown below this plot are the defect formation energies (DFEs) and the highest 

occupied molecular orbital (HOMO) belonging to each system. 
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The addition of neutral species can lead to the occupation of interstitial positions from 

either the cation (𝐶𝑠𝑖
+ or 𝑃𝑏𝑖

2+) or the anion (𝐵𝑟𝑖
−). The most favorable additions are 

usually at the surface-edge, which is the most reactive region of the NC. Interstitials at the 

core are unlikely to form as they are less favorable energetically. When possible, though, 

the NC tries to reorganize itself to accommodate each ion in its natural position in the 

crystal lattice, eliminating the defect. A case in point is the most favorable DFE of 𝐶𝑠𝑖
+ (-1.3 

eV) where the added Cs ion in interstitial position moves on the NC surface to occupy a Cs 

site left vacant during the process of charge-balancing the NC. Because it is a natural 

position for Cs, i.e. it transforms from 𝐶𝑠𝑖
+  to 𝐶𝑠𝐶𝑠

+ , we do not consider this as an 

interstitial defect. Indeed, also the electronic structure is trap-free (see DOS for 𝐶𝑠𝑖
+(𝑠𝑒)). 

A similar mechanism occurs for the most stable 𝐵𝑟𝑖
−  (DOS for 𝐵𝑟𝑖

−(𝑠𝑒))  which 

reconstructs on the surface to attain the natural position of 𝐵𝑟𝐵𝑟
− . On the other hand, the 

most stable interstitial positions of 𝑃𝑏𝑖
2+ remains interstitial and presents localized states 

right above the valence band maximum (see DOS for 𝑃𝑏𝑖
+(𝑠𝑒)). Interestingly, these 

localized states belong to the 4p orbitals of the Br counterions used to compensate for the 

charge of the 𝑃𝑏𝑖
2+ defect and not to the Pb ion itself. We noticed that whenever midgap 

states are formed, they can only emerge from the counterion (halide), regardless of the 

type of interstitial defect (cationic or anionic). Moreover, the trap state is formed only 

when such halide ion occupies surface positions that point outwards the surface. In other 

words, if the added bromide is in excess against the available halide surface sites, then its 

lone pairs will be dangling and non-bonding, forming trap states. This situation can occur, 

for example, when the perovskite NC is already terminated by the CsBr layer, and excess 

CsBr (or any other Cs salt) is added to the NC. 

 

3.7 Charged Vacancies 

Vacancy defects are created by removing an ion (Cs+, Pb2+, Br-) from either the core or the 

surface of the model (Figure 3.3a). The overall charge neutrality of the system is again 

maintained by removing additional counterions from the surface, also when the vacancy is 

created at the core. Inspection of Figure 3.1 reveals that the formation of vacancies is 

always endothermic. The energy required to create vacancies is of the order 1.4-2.3 eV 
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depending on the position of the vacancy in the lattice. This corresponds to a negligible 

vacancy (defect) densities. It is thus expected that the removal of metal salts from the NC 

must be induced from other species present in the environment. This is indeed what 

happens when, for example, an excess of amines is added to a CsPbBr3 NC solution. 

Primary alkylamine molecules induce the extraction of PbBr2 from the NC, which then 

transforms into 0D Cs4PbBr6 NCs99,101,103,171. In less harsh environments, the detachment of 

these metal halide salts may be induced during washing by the solvent itself.  

The extraction of metal salts, i.e. the formation of a neutral vacancy, is more effective at 

the surface, whereas creating the vacancy in the NC core is the least energetically 

favorable. Regardless of their position and type, vacancies have little effect on the 

electronic structure of the NC and do not form any traps, as highlighted in Figure 3.3b. In 

a previous paper, some of us highlighted this aspect by proving that midgap states stem 

from undercoordinated halide ions that are created only when a large number of surface 

CsBr moieties are removed from the outer layer of the perovskite NC lattice92. This 

situation is difficult to attain due to the high energy required to create these vacancies and 

can explain the high defect tolerance of perovskite NCs. On the other hand, NCs prepared 

in the experiments are less ideal: the surface is terminated by metalorganic salts, e.g. 

Cs(carboxylate), alkylammonium bromide, rather than the simple CsBr termination used 

in the calculations. These capping species usually have a moderate solubility in the 

organic solvent used in the synthesis or during the NC purification, e.g. octadecene and 

toluene, thus altering the NC-ligand binding affinity. In such an environment, the loss of 

ligands, and thus the formation of vacancies, is more likely, especially after purification. 

Another mechanism that helps in the detachment of metalorganic salts from the NC 

surface is the neutralization mechanism48. Here, the detached oleylammonium bromide 

can transform into oleylamine and HBr. HBr is volatile and can escape the environment 

shifting the reaction towards the elimination of metal salts or ion-pairs from the NC 

surface. This can generate a large number of surface vacancies, which can then expose 

highly undercoordinated halide ions, thus introducing trap states and reducing the PL 

efficiency. 
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Figure 3.3. (a) Schematic depiction of the vacancy defects in different areas of the NC shown in side 

view. (b) Density of States (DOS) plots belonging to each of these systems calculated at DFT/PBE0 level 

of theory, with a dotted line indicating the Fermi energy (EF). Each line in the plot represents a 

molecular orbital (MO) and the color of the line represents the contribution of Cs (blue), Pb (green) 

and Br (red). Shown below this plot are the defect formation energies (DFEs) and the highest occupied 

molecular orbital (HOMO) belonging to each system. 
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3.8 Neutral Vacancies 

In some cases, the lattice can expel some of the ions in their elemental form, i.e. as Cs(0), 

Pb(0) or molecular halogen Br2, implying a redox reaction occurring in the NC. The 

elimination of neutral Pb(0) and Cs(0) means that these ions are reduced, hence the NC is 

oxidized (p-doping). On the contrary, the elimination of Br2 implies the reduction of the 

NC (n-doping). We explored the energetics of these mechanisms and realized they are all 

strongly endothermic, regardless of the position of the extracted ion (see Figure 3.4a). 

Defect densities are very low, indicating a very low probability of formation for this type of 

defect. In some cases, this process can be ignited remotely in harsh conditions. A typical 

example is the formation of clusters of metal Pb(0) on top of the CsPbBr3 by exposing a 

film of perovskite NCs under a TEM beam (for example Figure 1 in ref. 170). Other 

examples can include oxidation by air, when the valence band energy levels move towards 

the vacuum, and also via remote or electrochemical doping. In typical perovskite NC 

synthesis, these situations are usually not met.    
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Figure 3.4. (a) Schematic depiction of the neutral defects in different areas of the NC shown in side 

view. (b) Density of States (DOS) plots belonging to each of these systems calculated at DFT/PBE0 level 

of theory, with a dotted line indicating the Fermi energy (EF). Each line in the plot represents a 

molecular orbital (MO) and the color of the line represents the contribution of Cs (blue), Pb (green) 

and Br (red). Shown below this plot are the defect formation energies (DFEs) and the highest occupied 

molecular orbital (HOMO) belonging to each system. Note that some structures are open-shell and 

have been relaxed to their most stable spin configuration. 
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3.9 Antisites 

Another type of defect typically studied in the bulk is the antisite, i.e. where a cation 

exchanges position with an anion. For the NCs presented in this work, we calculated the 

swap between Pb with Br and Cs with Br, see Figure 3.5. We noticed that, unlike the core, 

the antisites behave unexpectedly at the surface. Starting from a surface antisite position 

and upon geometry optimization, the structure reorganizes to non-antisite configuration: 

in some cases, the ions backflip to their initial position. For example, Pb just moves back 

at the center of the octahedron; in other cases, the ions reorganize, forming, stable PbBr3
- 

units at the surface, which are energetically favorable (Figure 3.10, see Addendum 3.2). We 

are not completely sure if the formation of these lead bromide units is an artifact from the 

calculations considering that the surface is more flexible and allows for large geometrical 

reorganizations, hindered at the core. Regardless of this, as expressed in Figure 3.4, the 

formation of these subunits still forms shallow traps, without significantly altering the 

electronic structure of the nanocrystal.  
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Figure 3.5. (a) Schematic depiction of the antisite defects in different areas of the NC shown in side 

view. (b) Density of States (DOS) plots belonging to each of these systems calculated at DFT/PBE0 level 

of theory, with a dotted line indicating the Fermi energy (EF). Each line in the plot represents a 

molecular orbital (MO) and the color of the line represents the contribution of Cs (blue), Pb (green) 

and Br (red). Shown below this plot are the defect formation energies (DFEs) and the highest occupied 

molecular orbital (HOMO) belonging to each system. 

 



75 
 

3.10 Bulk vs Nanocrystal 

As explained in the previous sections, the nature of defects in bulk perovskites and NCs 

can be rather different. While a direct comparison with the bulk defect formation energies 

is difficult to draw (different DFT methodology, the presence or not of spin-orbit coupling 

and localized basis-set versus plane-waves), we can observe that in both cases shallow 

traps have low formation energies, whereas deep traps require more energy. In the bulk, 

even with low defect densities, charged and neutral defects can form and be stabilized by 

the surroundings. Such defects can travel inside the bulk for extended periods of time 

affecting the recombination and the extraction of carriers, and as such the film 

conductivity, the photoluminescence efficiency and other important macroscopic 

characteristics. At the nanoscale, on the other hand, we expect that defects that form 

midgap states are most of the time located at the surface for energetic reasons and 

because the spatial length that a defect needs to travel from the core to the surface is 

much shorter compared to the bulk. This implies that even if the defect is formed upon 

photoexcitation in the core of the NC, the carriers can still be trapped at the surface 

within the emission lifetime. A point in common between the bulk and the NCs is that the 

NC surface can resemble the grain boundaries of perovskite films, which can present 

characteristics similar to the ones discussed for NCs. For this reason, successful strategies 

used to passivate the NCs surface can be transferred to the bulk to fix defects at the grain 

boundaries or vice versa. 

 

3.11 Best Practices on Performing Defect Calculations for Colloidal NCs 

It is customary in the NC field to describe the energetics of defects in the same way as for 

the bulk. However, this approach can be largely misleading in many cases, as 

demonstrated in this work. For example, the typical understanding that halide deficient 

NCs introduce midgap states and are the main reason for PLQY loss in perovskite NCs. 

This is only partially true: if one keeps charge balance into account, a halide (charged) 

deficiency is compensated by a cation deficiency, which can emerge either from Cs or Pb. 

This means that the depletion of halide happens in the form of CsBr and PbBr2, 

respectively. It is also important to always specify the charge of the studied defects 

because the energetics can be very different if they are in either the neutral or charged 
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form. For example, a neutral Br vacancy has a very high defect formation energy of 4.0 eV, 

whereas the corresponding charged Br vacancy is about half. Misinterpreting one against 

the other may lead to erroneous explanations of defect formations. 

 

3.12 Limitations of the Model 

The data presented in this work provides a qualitative description of the type of defects 

that can emerge in colloidal NCs. The approach presented is still limited and can be 

improved in the future. For example, it is desirable to analyze the defect energy formation 

when the surface is passivated by ligands that are used during synthesis or after synthesis 

via ligand exchange: e.g. oleate, alkylammonium, but also phosphonates, sulphonates, and 

zwitterions. It is expected that the chemical equilibrium that describes the DFE is also 

affected in the presence of solvent because organic ligands can be effectively stabilized by 

the environment, shifting the equilibrium towards the formation of the defect, 

significantly lowering the DFEs. Solvent effects are purposely not included in this work, 

because we wanted to focus on a simple description of the DFE. Including this next layer 

of detail will be the purpose of future work. Finally, we did not consider spin-orbit 

coupling in this work, due to the size of the explicit NC clusters involved that make these 

calculations prohibitive. This contribution can also affect the energetics significantly. 
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3.13 Conclusions 

In summary, we have explored the origin of defects in lead halide perovskite nanocrystals 

using Density Functional Theory. We have computed the defect formation energies of 

interstitial, vacancy and antisite defects in the center, surface-center and surface-edge of 

the NC. We demonstrate that vacancy defects do not significantly influence the electronic 

structure of CsPbBr3 NC. Only excessive stripping on the surface ligands can lead to the 

formation of deep trap states, explaining the high PLQY typically attained in PNCs. Br- at 

the surface is shown to be a possible source of trap states when it is undercoordinated, as 

the 4p-orbitals are unable to interact with the system and thus create midgap states.  
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Addendum 3.1 

 

Figure 3.6. Optimized geometries for the interstitial defects calculated at the DFT/PBE0 level of theory. 

The core defect is not shown, as this is not a surface defect. Added ions (Cs
+
 and Pb

2+
) and Br

–
 are 

indicated with yellow and green circles, respectively.  
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Figure 3.7. Optimized geometries for the vacancy defects calculated at the DFT/PBE0 level of theory. 

The core defect is not shown, as this is not a surface defect. Removed charged ions (Cs
+
 and Pb

2+
) and 

Br
–
 are indicated with yellow and green circles, respectively. 

 

Figure 3.8. Optimized geometries for the antisite defects calculated at the DFT/PBE0 level of theory. 

The core defect is not shown, as this is not a surface defect. Charged ions (Cs
+
 and Pb

2+
) and Br

–
 are 

indicated with yellow and green circles, respectively. 
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Figure 3.9. Optimized geometries for the neutral defects calculated at the DFT/PBE0 level of theory. 

The core defect is not shown, as this is not a surface defect. Removed species Cs
0
 and Pb

0
 are indicated 

in yellow circles, while Br
0
 and Br2 are indicated with green circles.  
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Addendum 3.2 

 

Figure 3.10. Geometry optimized structure of the PbBr antisite displacement in the surface-edge 

position computed at the DFT/PBE0 level of theory (the DFT/PBE structure is similar). A deformation 

at the corner of the perovskite framework translates into a trigonal pyramidal PbBr3
-
 species, slightly 

detached from the surface. This determines a small drop in energy compared to the pristine structure 

that can be considered an artifact (lack of solvent, surface ligands, etc.) 
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Bodnarchuk, M. I.; Boehme, S.C.; ten Brinck, S.; Bernasconi, C.; Shynkarenko, Y.; Krieg, F.; 

Widmer, R.; Aeschlimann, B.; Günther, D.; Kovalenko, M. V.; Infante I. ACS Energy Lett., 

2019, 4,63-74 

Krieg, F.; Ochsenbein, S. T.; Yakunin, S.; ten Brinck, S., Aellen, P.; Süess, A.; Clerc, B.; 

Guggisberg, D.; Nazarenko, O.; Shynkarenko, Y.; Kumar, S.; Shih, C.J.; Infante, I.; 

Kovalenko M. V. ACS Energy Lett., 2018, 3, 641-646 
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4.1 Abstract 

The processing and luminescent properties of colloidal lead halide perovskite nanocrystals 

(NCs) are challenged by the lability of their surfaces, i.e., the interface of the NC core and 

the ligand shell. In this chapter, we model the CsPbBr3 NC surface structure and its effect 

on the emergence of trap states using Density Functional Theory. We rationalize the 

typical observation of a degraded luminescence upon aging or the luminescence recovery 

upon post-synthesis surface treatments. We then propose two strategies for combatting 

the surface trap states and to improve colloidal stability, resulting in highly pure and 

robust colloids that exhibit high photoluminescence quantum yields of up to 90−98%. 

First, we show a post-synthesis strategy using PbBr2 and didodecylammonium bromide 

(DDAB) to recover photoluminescence quantum yield (PLQY) back up to 98% while 

improving the colloidal durability. Secondly, we propose a new ligand capping strategy 

that results in improved chemical durability, utilizing common and inexpensive long-

chain zwitterionic molecules such as 3-(N,N-dimethyloctadecylammonio)-

propanesulfonate. With these ligands, we achieve a PLQY of above 90%, along with much 

higher overall reaction yields of uniform and colloidal dispersible NCs.  
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4.2 Introduction 

Surfaces have been paramount to the electronic and photophysical quality and hence 

practical utility of semiconductors. This is particularly true for nanoscale semiconductors 

such as colloidal semiconductor nanocrystals (NCs) with inherently high surface-to-

volume ratios172–174. Conventional semiconductor NCs, such as CdSe and InP, need to be 

overcoated with epitaxial shells (typically ZnS) to eliminate the localized surface states 

that act as traps for photogenerated electrons and holes, thus diminishing the 

photoluminescence quantum yield (PLQY). Newcomers among highly luminescent 

semiconductor NCs (colloidal NCs of lead halide perovskites [APbX3 NCs, A = Cs, 

formamidinium; X = Cl, Br, I, and mixtures thereof23,53,88,175–177]) generally offer a much 

reduced density of surface trap states and greater tolerance towards them44.  

An Achilles’ heel of all lead halide perovskite NCs is, however, their inherent structural 

lability (low melting point, finite solubility in solvents, etc.), culminating at the NC surface. 

Highly dynamic binding exists between the surface capping ligands, typically a pair 

consisting of an anion (halide or oleate, OA−) and a cation (cesium or alkylammonium, 

such as oleylammonium, OLAH+) and the oppositely charged NC surface ions48,50,178,179. 

Together with a mutual equilibrium between the ionized and molecular forms of these 

ligands (OA− + OLAH+ ⇋ OLA + OAH, or OLAH+ + Br− ⇋ OLA + HBr, Figure 4.1a), these 

dynamics cause rapid desorption of the protective ligand shell upon isolation and 

purification of colloids, which is observed in practice as a loss of colloidal stability and a 

rapid decrease in PLQY. This eventually also leads to the loss of structural integrity, i.e., 

sintering of NCs into bulk polycrystalline materials. This surface damage can then extend 

beyond the ligand shell to the surface regions of the NCs, altering the surface 

stoichiometry and damaging the PbX6 octahedra. Ultimately, the whole CsPbX3 NC can 

alter its crystal structure, partially or fully converting to, for instance, CsX, CsPb2X5, PbX2, 

or Cs4PbX6 phases51,99,101–103,180–183, or even fully disintegrate upon action of various solvents 

or complexing agents. Strategies for mitigating the instability issues include addition of 

new ligands or inorganic salts to the synthesis26,48,184–187, post-synthesis treatments4,169,188–194, 

and embedding of NCs into a solid matrix7,195–203. 
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Figure 4.1. (a) Depiction of conventional ligand capping of perovskite NCs using long-chain molecules 

with single head groups, in the ionized form (OA
−
 or Br

−
, OLAH

+
)

a.
 and (b) a novel strategy wherein 

cationic and anionic groups are combined in a single zwitterionic molecule. 
b.

  (
a.
The net effect of two 

possible sets of equilibria is facile ligand desorption during purification. 
b.

Examples of long-chain 

sulfobetaines, phosphocholines, and γ-amino acids tested in this work are depicted left to right (n = 1): 

3-(N,N-dimethyloctadecylammonio)- propanesulfonate, N-hexadecylphosphocholine, and 

N,Ndimethyldodecylammonium-butyrate.) 

 

In the first part of this chapter, we use Density Functional Theory (DFT) to model the 

atomistic structure of the surfaces of CsPbBr3 NC models for various degrees of the surface 

damage. We then compute the effect on the electronic structure and verify the eventual 

appearance of midgap trap states. In the second part, we discuss two strategies to better 

control and improve the luminescence properties of these materials, one post-synthesis 

treatment method using didodecylammonium bromide (DDAB) and one method using 

zwitterionic capping ligands during synthesis.  
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4.3 Modeling Trap States in Perovskite Nanocrystals 

We constructed our nanocrystal models following previous works: J. Phys. Chem. Lett. 

2017, 8, 5209−5215, Chem. Materials and ACS Nano 2012, 6, 8448−8455. Different sizes of 

CsPbX3 NCs were obtained by cutting small cubes from the cubic phase bulk (space group 

Pm3̅m), either exposing CsX or PbX2 layers at the surface. As shown in Figure 4.8 

(Addendum 4.1), the anion/lead ratio (X/Pb) is larger than three for the CsX termination 

while for PbX2 termination the X/Pb ratio is smaller than three. In both cases, the X/Pb 

ratio approaches three for very large diameters.  

All  calculations  have  been  carried  out  at  the  DFT  level  with  a  PBE  exchange-

correlation functional113. Core electrons were described using effective core-potentials and 

outer electrons with a double-ζ basis-set augmented with polarization functions (DZVP). 

Calculations were run using the CP2k 3.0 code155. All structures have been optimized in 

vacuum. Due to the large size of our nanocrystal structures (more than 10.000 basis 

functions on average), spin-orbit coupling was not included.  While the latter affects the 

calculated band gap, the relaxed structural properties are not significantly affected, see 

chapter 2 of this thesis. 

 

4.3.1 Atomistic Structural Model of the CsPbX3 Surface 

An overarching goal of this study is to rationalize the inorganic surface of perovskite NCs, 

including its possible transformation under typical experimental conditions. We classify 

CsPbX3 NCs and their surface termination by providing upper and lower bounds to their 

anion/lead (X/Pb) stoichiometry, a quantity that might be accessible experimentally (e.g., 

by XPS, ICP-OES, or ICP-mass spectrometry, Rutherford backscattering spectroscopy) and 

related to the quality of the surface. In general, the upper bound for the anion/lead ratio is 

given by cutting a NC out of an orthorhombically distorted or, for simplicity, idealized 

cubic CsPbX3 bulk lattice in such a way that Cs and X atoms form the outermost layer of 

the NC (see Figure 4.2a, open green circles), denoted as [CsPbX3](PbX2){CsX}. The lower 

X/Pb bound is given by cutting the NC such that it is terminated with a PbX2 layer (orange 

open circles), named [CsPbX3](CsX){PbX2}. The inset shows that in the commonly 

encountered size region of experiments, i.e., 7−12 nm, the halide/lead atomic ratio should 

only vary between about 2.7 and 3.3. We note that to obtain charge balance, i.e., a charge-
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neutral NC with each element in its thermodynamically most favored oxidation state (+1 

for Cs, +2 for Pb, −1 for X), a few surface cations need to be discarded for both the CsX-

terminated and PbX2-terminated cases. However, in Figure 4.8 (Addendum 4.1) we show 

that this leads only to a minor correction (<1%) for the anion/lead stoichiometric ratio in 

the experimental size region.  

 

 

Figure 4.2. (a) Size-dependent anion/lead ratio (X/Pb) of cubic CsPbX3 NCs, where Cs, Pb, X (X = 

halide) atoms are depicted by green, orange and gray spheres, respectively. Unlike in the bulk, in a NC 

the anion/lead ratio deviates from three, with the upper bound (green circles) and lower bound (orange 

circles) given by CsX and PbX2 termination, respectively. The inset shows commonly found 

experimental sizes, for which the anion/lead ratio should vary only between about 2.8 and 3.2, indicated 

by the yellow shaded area. (b) As explained in the text, and to aid the discussion of aging, the NC is 

further (arbitrarily) divided into [core], (inner), and {outer} shell. For a realistic NC requiring colloidal 

stability, the outermost layer is commonly replaced either by ligand pairs {AX’}, where A = cationic 

ligand (e.g., oleylammonium) and X’ = anionic ligand (e.g., bromide, oleate), respectively, or with 

zwitterionic ligands {AX’}, e.g., sulfobetaines. In either case, the anion/lead ratio (now [X + X’]/Pb) still 

falls within the yellow shaded area depicted in (a), and green circles correspond to full capping by the 

{AX’} ligand shell.  
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Realistic NCs are terminated with (long) insulating ligands, e.g., oleylammonium and 

oleate50,78, to render them colloidally stable by means of steric repulsion (Figure 4.2b). To 

account for ligand capping, we introduce a nomenclature in which we represent, e.g., the 

NC as [CsPbX3](PbX2){AX’} consisting of a CsPbX3 core terminated by a PbX2 (inner) shell 

and a capping AX’ (outer) shell, composed of monovalent cations (A = alkylammonium 

and Cs+) and monovalent anions (X’ = halide and/or oleate). The proportion of the long-

chain ions in the AX’ shell is governed by the steric hindrance and equilibria existing 

between the NC surface and solution. We note that our partition of the NC in core, inner, 

and outer shell regions is arbitrary, not intended to describe specific synthetic conditions, 

and solely intended to guide the rationalization of the experimental effects on the surface 

structure and optical properties. 

The anion/lead ratio of an AX’-terminated NC is identical to that for the CsX-terminated 

case: a measurement of the anion/lead stoichiometry should yield the green data points in 

Figure 4.2a, if defined as (X + X’)/Pb, or the orange data points, if defined as X/Pb. In any 

case, it should vary only between about 2.8 and 3.2 for NCs of ∼10 nm. Alternatively, 

ligand capping can also be achieved by exposing PbX2 termination, formed atop a CsX 

layer, i.e., as [CsPbX3](CsX){PbX’2}. To achieve steric colloidal stabilization under typical 

synthesis conditions, X’ must be oleate. However, {PbX’2} termination is rather improbable 

as (i) it would require about 2.5 times denser ligand packing, leading to steric hindrance, 

and (ii) it breaks the propensity of Pb2+ to octahedral coordination. Furthermore, earlier 

studies50 and our results discussed below point to the generic [CsPbX3](PbX2){AX’} 

structure as the most relevant to the known experimental facts about CsPbX3 NCs.  

Perovskite NC surfaces are fundamentally different from those of conventional 

semiconductor NCs in terms of their structural dynamics and lability. With perovskite 

NCs, an enormous degree of post-synthetic lability and reactivity has been reported and 

concerns the subsurface NC regions as well. Possible chemical reactions at the surfaces or 

involving the whole NCs may include mutual interconversion among CsPbX3, CsX, 

CsPb2X5, and Cs4PbX6 phases under addition/subtraction of ligands and CsX and PbX2 

salts or other Cs, Pb, or X compounds51,99,101–103,180–183. These addition and elimination 

reactions are greatly influenced by the capping ligands and other reagents in the solution. 

Hence one can no longer assume the static picture of the rigid inorganic NC core coated 

with an organic shell. Surface and subsurface atoms are likely directly involved in all 
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possible chemistry equilibria and transformations. A rather new mindset needs to be 

developed to rationalize the structure, reactivity, and electronic effects on an atomistic 

level.  

 

4.3.2 Plausible Surface Transformations 

Detachment of surface capping ligands is the most plausible surface transformation, for 

instance, as a result of environmental effects (e.g. moisture) or processing (e.g. repeated 

washing) and storage conditions. Figure 4.3 schematically depicts this process for a 3.6 nm 

NC, starting with the structure [CsPbX3](PbX2)k{AX’}n, where k and n are the numbers of 

(PbX2) units and {AX’} ligands in the inner and outer shells, respectively. This idealized 

initial state “1” may now transform via removal of m {AX’} ligands (state “2”). A complete 

detachment of this ligand shell (m = n) yields a state “3”, where a (PbX2) layer is now fully 

exposed. Subsequent partial (l < k, state “4”) or complete (l = k, state “1”) removal of the 

(PbX2) shell exposes the bare [CsPbX3] core, which is effectively state “1”, albeit with an 

overall reduction of NC diameter by one layer of octahedra. Figure 4.3 depicts the 

evolution of the anion/lead ratio (X + X’)/Pb throughout these surface processes, which 

varies initially from anion-rich to lead-rich and then back to anion-rich. This suggests that 

monitoring the anion/lead stoichiometry might give a hint to the possible surface 

structure and ligand capping. Indeed, our simplified model explains the XPS-derived post-

synthetic transformations of both the outer {AX’} shell204 and inner (PbX2) shell188. We, 

therefore, propose that our simplified model presented in Figure 4.3 (which is further 

refined in Figure 4.4) may help to rationalize a broad range of experimentally observed 

surface transformation and guide the discussion of XPS-derived anion/lead 

stoichiometries188,204. 
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Figure 4.3. Plausible surface transformations illustrated for a 3.6 nm perovskite NC. The initial state “1” 

can be described as consisting of a [CsPbX3] core (continuous black line), surrounded by a shell of k 

(PbX2) moieties (dashed orange line) and capped with n AX’-type ligands (dotted green line). To 

enhance clarity, the core is shown slightly smaller than in reality. Partial removal of m {AX’} units (m < 

n, state “2”) or its complete elimination (m = n, state “3”) leads to a (PbX2)-terminated NC. Further 

detachment of l (PbX2) units (l < k, state “4”) eventually leads to a bare [CsPbX3] core (l = k, state “1”, 

analogous to “1”). During the aging process, the anion/lead ratio oscillates from initially anion-rich 

(state “1”) to Pb-rich (state “3”) and back to anion-rich (state “1”). 
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Figure 4.4. Schematics on aging/damage and recovery of trap-free [CsPbX3](PbX2)k{AX’}n NCs. The 

surface loses AX’ and PbX2 ligands as the NC ages or gets damaged, e.g. during isolation and 

purification. The surface can be restored by reintroducing these missing building blocks.  

 

4.3.3 Electronic Structure at Various Surface Terminations 

After having established plausible scenarios for the consecutive removal of A, Pb, and X 

moieties from a NC, we calculate the corresponding geometries and electronic structures 

at the DFT level of theory. This allows us to judge if, and how, variations in the surface 

atomistic structure might introduce or eliminate electronic trap states, thereby governing 

the primary physical properties, foremost the PLQYs. In Figure 4.5, we illustrate the aging 

of a fully capped 3.6 nm CsPbX3 perovskite NC, described by the formula 

[CsPbX3](PbX2)m{AX’}n. The (PbX2)-termination and {AX’} ligand shell are believed to best 

resemble the experimentally found surface, as explained above. In this specific example, 

we choose X = Br, as CsPbBr3 is currently the most widely studied halide variant; due to 

computational advantage, we further choose A = Cs and X’ = Br. However, we verified that 

A = oleylammonium yields qualitatively similar results; the same holds for X’ = oleate, 

which may be present in an amine-rich environment44. 
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Figure 4.5. Computed geometry and electronic structure of CsPbX3 NCs during the aging process 

introduced in Figure 4.3, at the DFT/PBE level of theory. (a) Loss of the outermost {AX’}-ligand shell of 

a [CsPbX3](PbX2)k{AX’}n(1−x) NC, with X = X’ = Br, A = Cs, and 0 < x < 1. The top row depicts the aging-

induced changes to the geometry, where Pb, Cs, and Br atoms are depicted by orange, green, and gray 

spheres, respectively. The middle row shows the respective evolution of the valence band electronic 

structure from the HOMO (E – EHOMO = 0) up to 3 eV below the HOMO, where relative orbital 

contributions by the core and surface (defined as the outermost, one-atom-thick layer) are depicted by 

blue and red bars, respectively. Surface-localized states only appear after loss of more than 75% of the 

{AX’} shell, indicated by a dashed ellipse and visualized in the bottom row via the associated localized 

valence band edge molecular orbitals (HOMOs). (b) Subsequent loss of the now exposed (PbX2) shell. 

Localized states already appear at only 25% loss of the (PbX2) shell.  



94 
 

The initial NC is anion-rich (anion/lead = 3.50 for a 3.6 nm NC, equal to state “1” in Figure 

4.3). The upper left structure in Figure 4.5 shows its geometry after structural relaxation. 

For simplicity, a cubic CsPbBr3 crystal structure was taken as a starting configuration for 

DFT simulations. This then relaxes to an orthorhombically distorted polymorph, as 

observed in experiments205,206. The electronic structure of the valence band is shown 

below, where horizontal blue and red bars indicate the relative orbital contribution from 

the core and the surface, respectively; in this case, the surface is defined as the outermost 

(one atom thick) layer of the NC. For all of the depicted valence band states, the primary 

contribution comes from the core, suggesting proper delocalization over the core and a 

trap-free NC.  

Removing a fraction x (0 < x < 1) of the outer {AX’} shell leads to the structure 

[CsPbX3](PbX2)k{AX’}n(1−x). In terms of the anion/lead ratio shown in Figure 4.3, this means 

gradually moving from a maximally anion-rich structure (“state 1”) toward a maximally 

lead-rich structure (“state 3”). We decided to strip ion pairs starting from the vertices and 

edge sites, followed by the center sites, as edge and vertices are more prone to ligand 

detachment. However, qualitatively similar trends are observed also for random removal 

of ligands (see Figure 4.9, Addendum 4.2), suggesting only a minor effect of the way these 

ligands are removed. As shown in Figure 4.5a, losing up to 75% (x = 0.75) of the {AX’} shell 

largely preserves the crystalline structure. Furthermore, the main orbital contribution 

comes from the core, for all valence band states. Only essentially full stripping of {AX’} 

units (i.e., x = 1) leads to the appearance of states localized at the surface, as illustrated by 

the molecular orbital plots of the valence band edge states (i.e., the HOMOs), depicted 

below the electronic structures in Figure 4.5a. These states (indicated by dashed ellipses) 

may act as charge-trapping sites. Given the harsh treatment, the appearance of trap states 

is not surprising. Rather, it is remarkable that these anion-rich, {AX’}-terminated NCs are 

initially fairly robust to ligand loss, with delocalized valence band states up to a loss of 

about three-quarters of the entire {AX’} shell. For similar robustness of the conduction 

band states, see Figure 4.10 (Addendum 4.3).  

In Figure 4.5b, we then investigated if such trap-tolerant behavior also holds for a lead-

halide-terminated [CsPbX3](PbX2)k or uncapped [CsPbX3] NCs. Continued stripping of a 

fraction y (0 < y < 1) of the now exposed (PbX2) shell, thereby forming [CsPbX3](PbX2)k(1−y), 

leading from a lead-rich (anion/lead = 2.60) structure to an anion-rich structure 
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(anion/lead = 3.95); see transitions from state “3” to state “1” in Figure 4.3. We note that 

instead of starting the aging process immediately from the final structure (x = 1) formed in 

Figure 4.5a, we first displace very few additional (PbX2). This initial structure (y = 0) 

features the expected cubic structure and a seemingly trap-free valence band, albeit with a 

higher surface contribution to the orbitals. However, stripping only 25% of the ligands 

already leads to the appearance of a large amount of trap states at the surface (indicated 

by dashed ellipses and corresponding HOMO plots) and a significantly deformed 

geometry. The NC structure further deforms upon additional (PbX2) stripping and 

additional trap states appear. In conclusion, compared to the {AX’}-capped NC, the 

(PbX2)-terminated NCs seem to be more sensitive to aging-induced trap formation via 

ligand displacement.  

Realistic aging may deviate from the ideal (sequential) pathway depicted in Figure 4.3 and 

instead proceed via simultaneous damage of the inner (PbX2) and outer {AX’} shells; see 

Figure 4.4. However, the general conclusions regarding the effect on electronic structure, 

structural reorganizations, and anion/lead ratio per loss of {AX’} or (PbX2) ion pair remain 

the same.  

In a simplified view, the larger tolerance toward traps or structural deformations upon 

loss of the {AX’} layer, as compared to the (PbX2) layer, is not surprising. Since the 

electronic structure around the band edges is predominantly given by the PbX6
4− 

octahedra, their preservation is crucial for avoiding trap states. Per {AX’} loss, only one 

halide is lost, yielding PbX5
3− species, which still preserve the connection between the 

octahedra. Upon (PbX2) loss, however, larger structural reorganization may occur, leading 

to unstable states at the surface. Computationally, we notice even formation of Pb2X6 

complexes on the surface of NCs, a clear sign of a disintegration of the perovskite 

structure. 

Having identified the likely atomistic origin of traps in perovskite NCs, we highlight the 

factors paramount for the retention/recovery of the trap-free surface structure. Foremost, 

it is critical to rebuild all damaged surface PbX6 octahedra, i.e., to close the inner (PbX2) 

shell and overcoat it with a stable {AX’} shell (Figure 4.4). The latter must contain a 

sufficient quantity of long-chain A (e.g., alkylammonium) or X’ (e.g., carboxylate) moieties 

for efficient colloidal stabilization, the rest being smaller cations (e.g., Cs+) and anions 

(e.g., Br−). Hence all these small and large ions must be available in the medium for 
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reconstructing the NC surface. For our CsPbBr3 case study, an obvious path to such trap-

free surfaces would be to simultaneously treat the damaged NC surface with a mixture of 

long-chain ligands and PbBr2. Next to this, sufficient quantities of Cs+ and Br− must be 

provided as well. 

 

4.4 Controlling and Improving Luminescent Properties 

In the following paragraphs, we discuss strategies to better control and improve the 

luminescence properties of CsPbX3 NCs. Due to the structural lability and highly dynamic 

binding of surface ligands can easily result in the loss of colloidal stability upon isolation 

and purification. We present two approaches that significantly improve the luminescent 

properties. First, we propose a general strategy for the elimination of the trap states by a 

simple surface treatment that invokes repair of surface PbX6 octahedra and restoration of 

the ligand shell. Specifically, we show that the combined treatment with PbBr2 and 

didodecylammonium bromide (DDAB) can recover the PLQY of the initially damaged NCs 

to values above 95%. This treatment also improves the colloidal durability of NCs, 

retaining their high PLQYs after three to four rounds of precipitation and redispersion. 

Secondly, we propose the use of zwitterionic molecules as capping ligands, such as long-

chain sulfobetaine, leading to improved chemical durability and a PLQY of above 90%, 

even after four rounds of precipitation and redispersion.  

 

4.4.1 Post-Synthetic Treatment with DDAB and PbBr2  

In the following section, we discuss the experimental observations on CsPbBr3 NCs in the 

light of the aging model presented (see Figures 4.3 and 4.5) and, on the basis of the 

suggested recovery (see Figure 4.4), devise an effective surface treatment strategy for 

restoring trap-free surfaces (high PLQYs) along with the retention of colloidal integrity.  
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4.4.1.1 DDAB + PbBr2 Treatment for Surface Restoration 

Based on a simple model, we propose a strategy to eliminate trap states by a simple 

surface treatment that invokes repair of surface PbX6 octahedra and restoration of the 

ligand shell. Herein, we find that an efficient post-synthesis surface treatment for 

maximizing the QYs and durability of CsPbBr3 NCs was the treatment of the “starting 

colloid” that invokes didodecyldimethylammonium bromide. The DDA cation has long 

been known as an excellent former of stable hydrophobic monolayers, either as free-

standing molecular aggregates or for functionalization of negatively charged surfaces such 

as those of aluminosilicates207–210 and anion-capped metal chalcogenide NCs211. DDA and 

other molecules with two long hydrocarbon chains are known to form more stable 

monolayers due to a good match between the molecule cross-section and the typical 

densities of negatively charged surface sites. Importantly, longer chains (≥ C16) often 

render the alkylammonium salts insoluble in typical apolar solvents.  

The idea of adding PbBr2 together with DDAB stems from the idea that it might be able to 

rebuild the damaged PbBr6 octahedra. Importantly, we note that in the NC, the Pb:Br ratio 

has to be at least 1:3. Hence the combination of DDAB + PbBr2 appears better than using 

PbBr2 alone. We note that PbBr2 alone is not soluble in toluene but quickly and fully 

dissolves upon addition of DDAB, forming an adduct, presumably DDAPbBr3 and/or 

DDA2PbBr4. Addition of DDAB alone or better DDAB + PbBr2 (in 2:1 molar ratio) was able 

to recover the QYs to the level of 90−100% (Figure 4.6). The actually measured values in 

this case often exceed 100% by a few percent, which is understandable considering the 

estimated systematic measurement error of ±5%. Such dramatic recovery of QYs to near 

100% was observed for “starting colloids” (QY = 60−70%) and for colloids treated by 

nonsolvents (QYs = 30−40%, depending upon the used nonsolvent and dilution).  
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Figure 4.6. (a) Comparison of the steady-state absorption and PL spectra for the starting colloid and 

the same colloid subjected to several treatments: untreated starting colloid of OLA/OA-stabilized NCs 

(black line), starting colloid precipitated with the acetone as a nonsolvent (containing OLA and OA) 

and redispersed in toluene (dark blue line), starting colloid treated with the mixture of DDAB + PbBr2 

(gray line), and purified colloid treated with the mixture of DDAB + PbBr2 (blue line). The inset 

magnifies the PL peak region. All colloids have been colloidally stable and their visual brightness under 

UV irradiation (see (b)) clearly reflected the variation of the measured QYs. (c) TEM image of sample 

treated with mixture of DDAB + PbBr2 (blue line), indicating the retention of structural integrity. (d) 

Time-resolved photoluminescence spectra for the same samples.  

 

In comparison with NCs treated only with DDAB, a combined DDAB + PbBr2 treatment 

systematically yielded 10−20% higher QYs and longer shelf life (e.g., the first signs of 

agglomeration appear at least four months later). NCs treated with DDAB + PbBr2 can 

sustain multiple steps, at least three, of precipitation and redispersion (with ethyl acetate, 

2-propanol, acetone, and acetonitrile as nonsolvents and toluene as a solvent). Such 

rigorous washing procedures are not applicable to the “starting colloid”, which is rendered 
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insoluble already after the first round of such washing. This observation further highlights 

the robustness of the DDAB coating. The dilution has an apparent negligible effect, 

evident from a long shelf life of diluted colloids and retention of a high QY during storage. 

We find that addition of OA as a co-ligand to DDAB or DDAB + PbBr2 has a rather 

detrimental effect, manifested in a rather rapid drop of the QY during storage (by a factor 

of 2 after 5 days). In fact, earlier studies on OLA/OA-stabilized CsPbBr3 NCs have pointed 

out that the oleate ion is rather absent at the NC surface, and the role of OA is rather to 

protonate OLA50,179. This indicates that OA is not needed for quaternary ammonium salts 

as capping agents.  

 

4.4.2 Zwitterionic Capping Ligands 

Next, we present the use of zwitterionic capping ligands to increase the PLQY of 

synthesized CsPbBr3 NCs. The surface of CsPbX3 NCs is efficiently capped by using these 

zwitterionic long chain molecules, which are readily available commercially (i.e., 

sulfobetaines, phosphocholines, γ-amino acids, etc., Figure 4.1b). For instance, 3-(N,N-

dimethyloctadecylammonio)-propanesulfonate is a long-chain sulfobetaine, broadly used 

as a low-cost detergent in, for example, shower gels, protein isolation, and antibacterial 

coatings. There are two major structural differences with respect to conventional 

carboxylate and ammonium capping ligands (e.g., OLA+ OAH), both favoring stronger 

adhesion to the NC surface. First, the cationic and anionic groups have no possibility of 

mutual or external neutralization by Brønsted acid-base equilibria. Second, the binding to 

the NC surface is kinetically stabilized by the chelate effect212. In agreement with this 

argument, one can explain also the effective bicarboxylate binding reported recently by 

Bakr et al. for CsPbI3 NCs189. 

 

4.4.2.1 Computational Method 

To model the interaction of the zwitterionic capping ligands with the NC surface using 

DFT, we first create a CsPbBr3 model of about 3.0 nm in diameter. This was achieved by 

cutting a cubic bulk structure along the (100) facets, leaving Cs and Br on the surface. This 

nanostructure presents a stoichiometry of Cs216Pb125Br450, which present an excess positive 
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charge when each ion is considered in its more stable thermodynamic electronic 

configuration (i.e. Cs+, Pb2+ and Br−). This excess was compensated by removing 16 Cs ions 

from the surface in a random fashion, resulting in an overall Cs:Pb:X ratio of 1.6:1:3.6 (200 

Cs : 125 Pb : 450 Br). Similarly, a ~3.0 nm CsPbI3 NC model was created by replacing all Br 

by I. The binding energies between the zwitterions and the nanocrystal were evaluated by 

replacing one CsBr unit with the zwitterion. In this binding site, the negatively charged 

group of the zwitterion replaces Br and the positively charged group replaces Cs. The 

formula to compute the interaction energy is calculated according to the following 

reaction:  

 

NC + zwitterion  NC-zwitterion (10) 

Negative interaction energy indicates that the supermolecular complex (i.e. with the 

zwitterion bound to the surface) is more stable than the separate NC and zwitterion.  

The NC and zwitterion structures and the combined system were optimized with DFT 

calculations in the CP2K code155 using the PBE exchange-correlation functional113 and a 

double-ζ basis set plus polarization functions. All optimizations were performed in 

vacuum. Scalar relativistic effects have been accounted for by using effective core 

potential functions in the basis set. Spin-orbit coupling effects were not included, as it has 

been shown that scalar relativistic effects are sufficient to describe the equilibrium 

geometries and the binding energies. 

We noticed that the zwitterion alone can present several minima and the correct 

configuration can lead to different energetics of the products in the formula to compute 

the binding energies. To find the most stable configuration of the zwitterion, we 

performed molecular dynamics simulations at the DFT/PBE113 level of theory with a 

double-ζ basis set plus polarization functions. A short simulation of 500-1000 fs was 

performed at a constant temperature of 300 K and a canonical NVT ensemble. From this 

trajectory, we retrieve some structures and optimized these at 0 K to find the lowest 

minimum. 
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4.4.2.2 Zwitterionic Binding Energies 

We analyzed the passivation of CsPbBr3 NCs capped with OLAH+ Br−, OLAH+ OA−, and C3-

sulfobetaine, with the optimized structure and its respective electronic structure shown in 

Figure 4.7. All of the relaxed species comfortably fit the perovskite crystal structure, with 

the ammonium group in the OLAH+ Br− and OLAH+ OA− engaging in hydrogen bond 

interactions with the corresponding anion179. Remarkably, the dimethylammonium group 

of the zwitterion, which can be expected as rather bulky, also can be easily accommodated 

in a cation site at the surface. For all species, the binding energy was computed to be ca. 

40-45 kcal/mol, suggesting a good affinity of all of the ion pairs to the surface, see Table 

4.1. However, there is no substantial energetic difference between the conventional and 

zwitterionic passivation. This supports the theory proposed earlier that the experimentally 

observed improvements are due to the chelate effect.  

We also analyzed the electronic structure to verify whether the different kinds of 

passivation could lead to the formation of localized surface states. For all cases, the band 

gap of the perovskite remained intact and free of midgap states. The HOMO−LUMO 

levels of the ligands used were calculated and found to reside within the valence band and 

conduction band, respectively (Figure 4.11, see Addendum 4.4).  
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Figure 4.7. Top and side views of a binding site in a model CsPbBr3 NC (∼3 nm) computed at the 

DFT/PBE level of theory. All structures have been fully relaxed. Cs atoms are drawn in gray, Pb in 

orange, and Br in magenta, N in blue, C in light blue, O in red, S in yellow, and H in white. The binding 

site is circled in white for different ligands: (from left to right) conventional ligands OLAH
+
 Br

−
 and 

OLAH
+
 OA

−
 and the zwitterionic C3-sulfobetaine. For computational advantage, the OLAH

+
 is replaced 

by methylammonium, the OA
−
 by acetate, and the side chain in the zwitterion by a butyl group. At the 

bottom, the electronic structure of each NC is shown by depicting the molecular orbitals (MOs) close to 

the valence and conduction bands. The contribution of each atom type to a given MO is represented 

with a different color (Cs in gray, Pb in orange, and Br in magenta). In this plot, the contribution from 

the ligands is negligible compared to the full NC due to the large number of MOs of the latter.  
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Table 4.1. Interaction energy (in kcal/mol) of the NCs (CsPbBr3 and CsPbI3) with the zwitterions 

calculated using the DFT/PBE level of theory. The interaction energy of the reaction is calculated 

according to the following reaction: NC + zwitterion  NC-(zwitterion). 

CsPbBr3 + zwitterion Interaction Energy 

(kcal/mol) 

CsPbI3 + zwitterion Interaction Energy 

(kcal/mol) 

 Sulfobetadiene (n=1) -39.15  Sulfobetadiene (n=1) -37.41 

 Sulfobetadiene (n=2) -41.23  Sulfobetadiene (n=2) -39.54 

 Phosphocholine -36.83  Phosphocholine -39.11 

 γ-amino acid -30.06  γ-amino acid -38.92 
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4.5 Conclusions 

We show that the integrity of the NC surface is critical to attaining high PLQYs using 

computational modeling, together with experiments. With the example of CsPbBr3 NCs, 

we rationalize the formation of trap states, using DFT simulations.  

We propose an atomistic mechanism for the processing- or aging-induced surface damage 

of colloidal CsPbX3 (X = Cl, Br, I) NCs. Healing of the surface trap states requires 

restoration of all damaged PbX6 octahedra and establishing a stable outer AX’ shell with 

cationic (A) and anionic (X’) ligands forming a core−inner shell−outer shell NC structure 

depicted as [CsPbX3](PbX2){AX’}. Restoration of such a structure, leading to an increase in 

the PLQY to 90−100% and improvement in the overall robustness of CsPbBr3 NCs, was 

attained using a facile post-synthetic treatment with a PbBr2 + DDAB mixture.  

Additionally, a novel class of capping ligands for perovskite NCs is proposed, wherein each 

ligand molecule is capable of coordinating simultaneously to the surface cations and 

anions, allowing for isolated and purified NCs to have PLQYs of above 90%. Colloidal 

perovskite NCs prepared with tightly bound ligands and without large quantities of 

excessive capping ligands will serve as an ideal platform for further engineering. 
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Addendum 4.1 

A few surface cations need to be discarded to satisfy the charge balance condition. This 

procedure is justified to obtain undoped nanocrystals with clean, i.e. trap-free, band gaps, 

consistent with the near unity PLQYs observed experimentally. As shown in Figure 4.8, 

applying the charge balance condition via cation removal, either Cs for CsX terminated 

surfaces or Pb for lead halide terminated surfaces, does not alter the X/Pb ratio in case of 

CsX termination, and only very slightly (<1% for experimental sizes) for PbX2 termination. 

Note that after geometric relaxation, the nanocrystals exhibited a distorted 

cubic/orthorhombic crystal structure, as found experimentally. 

 

 

Figure 4.8. Influence of achieving charge balance (via cation removal) on the anion/lead ratio. (a) The 

X/Pb ratio is unaffected for CsX capping and increases slightly for PbX2 capping. (b) In the experimental 

size region (> 7 nm), the relative change to X/Pb due to charge balance in case of PbX2 capping is <1%.  
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Addendum 4.2 

In the models presented in Figure 4.5, we have removed ion pairs in the form of CsX and 

PbX2, respectively. We decided to strip ion pairs starting from the vertices and edge sites, 

followed by the center sites. We indeed considered that the edge and vertices are more 

prone to ligand detachment as demonstrated for CdSe NCs in the following paper: E. 

Drijvers, et al., Chem. Mater. 30, 3, 1178, 2018. As shown in Figure 4.9, we, however, verified 

that similar qualitative trends could be extrapolated also for ligand removal from random 

surface sites: as for ligand removal starting from edges and vertices (see Figure 4.5), 

localized states appear only after severe (about 75%) loss of the {AX’}-shell, but already at 

only minor (about 25%) loss of the (PbX2)-shell. Hence, the appearance of localized trap 

states seems irrespective of the way these ligands were removed.  

Note that the structure with x=1 in Figure 4.5a, i.e. with all possible CsX ion-pairs removed, 

still features an excess of halide ions at the surface. This excess is a consequence of the fact 

that a finite truncation of the bulk, exposing CsX in all sides, yields a non-stoichiometric 

surface with more halide ions than Cs. These dangling halide ions are the source of 

midgap localized states. On the other hand, the structure with y=0 in Figure 4.5b begins 

with a PbX2-terminated surface, where the excess of halide ions has been removed by 

detaching the PbX2 units, maintaining the charge balance condition. 
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Figure 4.9. Computed geometry and electronic structure of CsPbX3 NCs during an aging process with 

ligands stripped from random surface locations, computed at the DFT/PBE level of theory. (a) Loss of 

the outermost {AX’}-ligand shell. (b) Loss of the inner (PbX2)-shell. Similar to the case of ligand 

stripping starting from edges and vertices (see Figure 4.5), localized states appear only after stripping of 

about 75% of the {AX’}-shell, but already at only 25% loss of the (PbX2)-shell.  
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Addendum 4.3 

In Figure 4.5 of the main text, we have only shown the valence band edge molecular 

orbitals (HOMOs). In Figure 4.10 below, we also present the conduction band edge states 

(LUMOs). Even after 75% removal of the ligands, the electronic structure in the 

conduction band remains intact, while midgap states appear in the valence band.  

Interestingly, all LUMOs, independent of the amount of ligand stripping, exhibit a lower 

delocalization than the valence band states, but they significantly differ from states 

localized on specific atomic sites. Hence, we don’t regard them as trap states in the 

common sense such as e.g. dicoordinated surface chalcogens, a major trap site in metal 

chalcogenide nanocrystals.  

We are currently investigating the origin of such lack of delocalization. Amongst others, 

we are studying the effect of the exchange-correlation functional in the DFT calculations 

that could be a major culprit for this behavior. 

 

Table 4.2. Band gaps upon ligand loss. The band gaps are defined as the lowest energy difference 

between occupied and unoccupied states in Figure 4.10. Note that this includes transitions between 

localized surface (trap) states. 

 AX’-terminated PbX2-terminated 

 Relative shell loss 0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 

 Bandgap (eV) 2.06 1.94 2.14 2.07 2.02 2.58 1.69 1.85 1.41 1.10 
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Figure 4.10. Computed geometry and electronic structure of CsPbX3 nanocrystals upon loss of (a) the 

outer {AX’} shell, and (b) the inner (PbX2) shell. Compared to Figure 4.5, we additionally show here the 

density of conduction band states (second row) and the LUMO orbitals (fourth row). The latter 

maintains delocalized (over the surface) upon stripping the {AX’} shell,  but  localized  trap  states  

appear  after  stripping  only  25%  of  the  inner  (PbX2)  shell. Localized states in conduction and 

valence band are indicated by dashed ellipses.   
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Addendum 4.4 

 

Figure 4.11. Frontier orbitals (HOMO and LUMO) of each ligand computer at the DFT/PBE level of 

theory. The values of the HOMOs of the ligands have been shifted to match their computed ionization 

energies. The latter values are a better estimate of the HOMO position because the PBE functional does 

not reproduce the orbital energies well. The NC was aligned to the expected experimental position of 

the conduction and valence band. This because our computed value of the NC ionization energy was 

too high, presumably for the lack of a complete passivation shell of ligands. Note also that for the 

ligands we could not compute the frontier orbitals for the ion pairs OLAH
+
 OA

−
 and OLAH

+
 Br

−
 (in this 

case the methylammonium acetate and methylammonium bromide) because in the gas phase every 

attempt to optimize the ion pair led to proton transfer and this neutralization.  
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Abbreviations 

 

CB – Conduction Band 

CBM – Conduction Band Minimum 

COOP – Crystal Orbital Overlap Populations 

DDAB – Didodecylammonium Bromide 

DFT – Density Functional Theory 

FA – Formamidinium 

GGA – Generalized Gradient Approximation 

HF – Hartree Fock 

HOMO – Highest Occupied Molecular Orbital 

ICP-OES – Inductively Coupled Plasma - Optical Emission Spectroscopy 

ICP-MS – Inductively Coupled Plasma - Mass Spectrometry 

KS – Kohn Sham 

LDA – Local Density Approximation 

LED – Light Emitting Diode 

LUMO – Lowest Unoccupied Molecular Orbital 

MA – Methylammonium 

MO – Molecular Orbitals 

NC – Nanocrystal 

OA – Oleate 

OLA – Oleylammonium 

PBE – Perdew Burke Ernzerhof  

PCE – Power Conversion Efficiency 

PDF – Pair Distribution Function 

PL – Photoluminescence 

PLQY – Photoluminescence Quantum Yield 

PNC – Perovskite Nanocrystal 

PV – Photovoltaic 
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QD – Quantum Dot 

QY – Quantum Yield 

RBS – Rutherford Backscattering 

(HR) TEM – (High Resolution) Transmission Electron Microscopy 

VB – Valence Band 

VBM – Valence Band Maximum 

XC – Exchange-Correlation 

XPS – X-ray Photoelectron Spectroscopy 

XRD – X-Ray Diffraction 
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Summary 

In the last few decades, semiconductor nanocrystals have been the topic of interesting 

research. With their unique ability to tune the band gap with the NC size, this class of 

materials presents an interesting range of optoelectronic properties. Perovskite NCs in 

particular caught the interest of many researchers due to their tolerance to defects that is 

not typically seen in other semiconductor NCs. This property is, however, still not well 

understood. In this thesis, we use computational tools, such as Density Functional Theory, 

to perform systematic studies on the properties of perovskite NCs. The NC surface will be 

a focal point of this thesis, as the NC surface plays a central role in achieving NC with 

desirable properties. 

In chapter 2, we presented realistic lead halide NC models taking into account 

experimental data. We studied the effects of surface passivation, crystal morphology and 

different halides on the electronic structure of the NC using Density Functional Theory. 

Based on these calculations, we found that the CsPbBr3 NCs exhibit an orthorhombic 

crystal structure. Our study also showed that an excess of halide ions on the surface of the 

NC leads to the formation of trap states. The high PLQY of CsPbBr3 NCs can, however, be 

attributed to the absence of trap state formation as the structure degrades. These 

perovskite NC models serve as the foundation for future chapters in this thesis, as well 

allows for a multitude of possible future studies. 

Chapter 3 explored the origin of trap states in CsPbBr3 NCs by manually introducing 

structural defects in our models. We showed that the majority of trap states can be 

attributed to Br- not being able to fully bond to the crystal lattice. We also showed that 

neutral vacancies in the crystal lattice do not directly affect the electronic structure of 

CsPbBr3 NCs. Creation of elemental vacancy defects (such as Cs(0), Pb(o) and Br2) are all 

calculated to be endothermic and have low defect densities, meaning that they are 

unlikely to occur. Lastly, we highlight the differences between the bulk and the NC variant 

of lead halide-based materials and computational methods. 

In the last chapter, we rationalized the loss of luminescence as the NC degrades as it ages 

using computational tools. We showed that a NC with a CsX-terminated surface remains 

trap-free until 75% of the surface has been stripped. In comparison with a PbX2-

terminated surface, where stripping of only 25% already leads to the formation of traps, a 
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CsX-terminated NC exhibits a clear defect tolerance. Lastly, we presented two different 

surface treatments to prevent the loss of luminescence. One method was post-synthesis 

treatment using PbBr2 and didodecylammonium bromide, which led to the recovery of 

photoluminescence quantum yield back up to above 95%. The second method utilized 

zwitterionic molecules as capping ligands, which allowed recovery of the PLQY back up to 

90%.  
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Samenvatting 

In de afgelopen decennia zijn halfgeleidende nanokristallen een belangrijk 

onderzoekonderwerp geworden. Met hun unieke eigenschap om de band gap aan te 

kunnen passen door de grootte van het nanokristal te veranderen, kan deze materiaal 

klasse een grote range van optoelektronische eigenschappen aannemen. Perovskiete 

nanokristallen in het bijzonder trokken de aandacht van wetenschappers door hun 

tolerantie voor (kristal)defecten, een eigenschap die niet veel gezien wordt in andere 

halfgeleidende nanokristallen. Waarom dit materiaal deze eigenschap bezit wordt nog 

steeds niet goed begrepen. In dit proefschrift gebruiken we computationele methoden, 

zoals dichtheidsfunctionaaltheorie, om de eigenschappen van perovskiete nanokristallen 

systematisch te onderzoeken. Hierbij zal het oppervlakte van nanokristallen centraal staan, 

omdat deze een belangrijke rol speelt bij het creëren van wenselijke eigenschappen.  

In Hoofdstuk 2 presenteerden we een realistisch lood-halogenide nanokristal model 

waarbij rekening werd gehouden met experimentele data. Door middel van 

dichtheidsfunctionaaltheorie bestudeerden wij het effect van de oppervlakte passivatie, 

kristalmorfologie en verschillende halogeniden op de elektronische eigenschappen van 

deze perovskiete nanokristallen. Gebaseerd op onze berekeningen konden wij bepalen dat 

cesium lood broom nanokristallen een orthorhombische kristal structuur heeft. Onze 

studie liet ook zien dat een overmaat halogenide ionen aanwezig op het oppervlakte leidt 

tot de formatie van ‘trap states’, een elektronisch niveau waarin elektronen gevangen 

kunnen worden. De hoge fotoluminescentie kwantumrendement van CsPbBr3 

nanokristallen kan worden toegeschreven aan de afwezigheid van trap states wanneer het 

nanokristal degradeert. Onze computationele modellen dienen als fundering voor de 

andere hoofdstukken van dit proefschrift en kunnen gebruikt worden voor meerdere 

studies in de toekomst.   

Hoofdstuk 3 bestudeerde de oorsprong van trap states in CsPbBr3 nanokristallen door 

handmatig defecten te introduceren in de structuur van onze modellen. We toonden aan 

dat de meerderheid van trap states kan worden toegeschreven aan broom ionen die niet 

volledig kunnen binden aan het kristalrooster. We lieten ook zien dat de afwezigheid van 

ionen in het kristalrooster de elektronische structuur van CsPbBr3 nanokristallen niet 

direct beïnvloedt. Het creëren van elementale defecten (zoals Cs(0), Pb(0) en Br2) werden 
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door berekeningen als endothermisch beschreven en hebben een lage dichtheid van 

defecten, wat betekent dat het onwaarschijnlijk is dat ze voorkomen. Tenslotte lichten we 

de verschillen tussen de bulk en de nanokristal variant van lood broom-gebaseerde 

materialen en computationele methoden.  

In het laatste Hoofdstuk rationaliseren we het verlies van luminescentie van een 

nanokristal wanneer deze degradeert met leeftijd door middel van computationele 

methoden. We toonden aan dat een nanokristal met een CsX-laag op het oppervlakte vrij 

blijft van trap states tot 75% van het oppervlakte gestript is. Dit in vergelijking met een 

PbX2-laag op het oppervlakte, waarbij het verwijderen van 25% van het oppervlakte 

genoeg is om trap states te vormen. Het is duidelijk dat een CsX-laag op het oppervlakte 

de defecten tolerantie beïnvloed. Tenslotte presenteerden we twee manieren om het 

nanokristal oppervlakte te behandelen om verlies van luminescentie te voorkomen. De 

eerste manier is een behandeling van het oppervlakte door middel van PbBr2 en 

didodecylammonium bromide na de synthese. Dit leidde ertoe dat de fotoluminescentie 

terug kon worden gebracht richting 95%. In de tweede manier worden zwitterionische 

liganden gebruikt tijdens de synthese, waardoor de fotoluminescentie weer 90% kon 

bereiken. 
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