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Chapter 1: Introduction  to Colloidal Nanocrystals 

Abstract 

In this chapter, I present a brief introduction to the semiconductor nanocrystals (NCs), 

including a description of basic principles, synthesis techniques, and optical properties. An 

understanding of the basics of physical principles and chemical synthesis technology plays an 

important role in the investigation and exploration of nanotechnology and nanoscience. 

Afterward, I introduce the metal halide perovskite NCs and their state-of-the-art development 

like advanced optical properties, diverse synthesis strategies and several improvements for 

their instinct drawbacks. Finally, a general introduction to metal pnictide NCs is given to 

discuss their synthesis protocol, optical properties and surface chemistry.  

1.1 A general introduction to semiconductor nanocrystals 

1.1.1 Definition of semiconductor nanocrystals 

Materials featuring a nanoscale size ranging from 1 to 100nm at least in one-direction 

dimension are referred to as nanomaterials. Based on their dimension, the nanomaterials can 

be classified to three categories: i) Zero-dimensional nanomaterials that are characteristic of 

the nanoscale size in three-direction dimension, such as nanodots (namely quantum dots) and 

atomic clusters; ii ) One-dimensional nanomaterials that are indicative of the nanoscale size in 

the two-direction dimension, such as nanowires, nanorods, nanotubes, and nanoribbons; iii) 

two-dimensional nanomaterials presenting the nanoscale size only in the one-direction 

dimension, such as nanosheets and ultrathin films. Semiconductor nanocrystals (NCs) have 

attracted significant attention due to their exclusive size-dependent optoelectronic 

characteristics, distinguished from their bulk materials and individual molecules (Figure 

1.1a).[1, 2] In general, bulk semiconductor materials generally have a fixed bandgap regardless 

of the size. On the contrary, as the size of semiconductor NCs decreases, they feature a varied 

bandgap govern by their size (Figure 1.1b).[3] In 1980s, Brus and Ekimov et al. first observed 

the size effect for semiconductor NCs.[4-8] They successfully prepared quantum dots inside 

glass or solution, and extensively developed the related fundamental physical theory.[4-10] Upon 

the emergence of colloidal chemistry synthesis and fast development of characterization 

techniques, a number of semiconductor NCs have been successively obtained, including III-V, 
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II -VI, I -III -VI, and perovskite NCs. [11-15] These NCs are characteristic of outstanding 

optoelectronic properties, such as tunable bandgap, narrow photoluminescence (PL) emission, 

high PL quantum yield (QY), and large Stokes-shift (i.e., the difference in the 

wavelength/energy between absorption maximal peak and PL emission maximal peak), which 

make them widely used in various application fields, including non-linear optics, light emitting 

diodes, display devices, photodetectors, solar cells, lasers, and biomedicine applications.[16-24] 

Notably, Samsung Electronics Co., Ltd has made it possible to use quantum dots as backlight 

displays in the television market commercially. [25] 

 

Figure 1.1 (a) Schematic illustration of size effect in semiconductor.[2] (b) Absorption spectra of CdSe 

semiconductor NCs with size ranging from 12 to 115 Å.[3] 

1.1.2 Basic principles of semiconductor nanocrystals  

Compared with bulk materials, the most two fundamental characters of semiconductor NCs 

are the quantum confinement effect and the surface effect. The quantum confinement effect 

makes semiconductor NCs featuring distinctive size-dependent optoelectronic properties. The 

surface effect results in a dramatic increase of the specific surface area and the number of 

surface atoms, influencing physical and chemistry properties of semiconductor NCs. 

1.1.2.1 Quantum confinement effect 
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When the size of semiconductor NCs decreases to a critical value that is comparable to the 

exciton Bohr radius (i.e., exciton separation distance, in which the exciton is an electron-hole 

pairs bound through Coulomb interaction), the electron and hole wavefunctions will be 

confined within a small space, leading to NCs having the higher orbital energies of charge 

carriers than that of bulk materials. Therefore, with the size of semiconductor NCs reducing, 

their band structure transfers from the continuous band levels to separated energy levels and 

their bandgap enlarges (Figure 1.2). This phenomenon is the quantum confinement effect. [2, 4-

10, 26-28] For bulk semiconductors, they feature a weakly bound Wannier-Mott exciton which 

has small binding energy and is easy to dissociate into free charge carriers at room temperature. 

Such exciton absorption (generated by Wannier-Mott exciton) is possibly observed only when 

temperature closes to absolute zero (0 K) in the bulk semiconductors.[29] Conversely, when the 

size of semiconductor NCs is close or below their exciton Bohr radius, the motion of electrons 

is restricted in the space, which can results in a change of density of electronic states and 

enhancement of interaction between electron-hole pairs, and further an increase of the binding 

energy of the exciton. Therefore, the exciton absorption in semiconductor NCs can be 

obviously observed at room temperature.  
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Figure 1.2 Schematic diagram of size-dependent band energy in the semiconductor. [28] 

Generally, the energy gap of semiconductor NCs can be estimated through the quantum 

mechanics method. In 1986, Brus established the function between the first excited state 

energy of quantum dots and their radius basing on the effective mass approximation model 

(Equation 1.1). [9] 

Ὁ Ὁ
Ȣ

                                      (1.1) 

Where, E represents the bandgap of the semiconductor NCs, Eg is the bandgap of bulk material, 

R is the radius of the semiconductor NCs with a nearly spherical shape, h is the Planck constant, 

me and mh are the effective masses of the electrons and holes respectively, Ů is the dielectric 

constant of the semiconductor bulk material, and e is the electron charge. In Equation 1.1, the 

second term is the extra addition of bandgap energy under the quantum confinement effect, 

and the third term is associated with the electron-hole Coulomb interaction, namely the binding 
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energy of the exciton. Therefore, we conclude that, in terms of the quantum confinement effect, 

the bandgap of semiconductor NCs increases when their size reduces. 

1.1.2.2 Surface effect 

Surface atoms in a semiconductor are completely different from interior atoms. The bulk 

semiconductors have a large size, usually above a few microns, so that the surface atomic 

percentage is less than 0.1% and can be neglected. However, as the size of a semiconductor 

reaches nanoscale, it features a significant specific surface area and a large proportion of the 

number of surface atoms in the number of overall atoms. As shown in Figure 1.3, for a InP NC 

with a size of 20 nm, the surface atomic percentage is approximately 6%, while it dramatically 

rises to ~ 55% when the size of a InP NC reduce to 2 nm. [30] 

 

Figure 1.3 The surface-to-volume atom ratio and chemical potential of a InP NC with a function of its 

diameter. [30] 

Compared with interior atoms, surface atoms in semiconductor NCs are characterized by a 

lack of atomic coordination, which leads to the large amount of unsaturated dangling bonds in 

the semiconductor NCs. Such non-coordinated surface atoms cause high surface energy, 

making them exceptionally active and prone to interaction with other atoms, finally resulting 

in the significant instability of NCs.[31] A high surface energy produced by the non-coordinated 

surface atoms can also result in an irreversible aggregation /precipitation of semiconductor 

NCs, which seriously damages colloidal stability. Besides, the surficial unsaturated dangling 

bonds generate the surface defects that induce numerous surface trap states within the bandgap 
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in the semiconductor, capturing the electrons or holes and severely affecting the optical 

properties. [32, 33]  

1.1.3 Synthetic strategies of semiconductor nanocrystals  

The preparations of semiconductor NCs can be performed via different strategies which can 

be grouped into two categories: top-down and bottom-up methods. Top-down methods main 

includes mechanical grinding (ball milling), lithography, etching, etc.[34-37] These methods 

generally need highly precise manufacturing equipment that are large-scale and expensive, 

whereas the resulting semiconductor NCs have a poor control over sizes and shapes. Bottom-

up methods rely on chemistry synthesis methods, including chemical vapor deposition, 

hydrothermal/solvothermal approach, sol-gel method, colloidal chemistry synthesis, high-

temperature solid-state synthesis, molten-salts method, etc.[3, 38-42] These chemistry methods, 

reorganizing materials on the atomic and molecular levels, enable semiconductor NCs with a 

high mono-dispersion and a good control over sizes and shapes. With an aim to obtain high-

quality NCs, I employ bottom-up methods in this thesis, involving the molten-salts method 

(chapter 2) and the colloidal chemistry synthesis (chapter 3 and 4). Hence, I introduce the 

fundamental theory of these two methods.  

1.1.3.1 Colloidal chemistry synthesis theory  

Colloidal chemistry synthesis is a wet chemical synthesis method, where all of reactants and 

products are dispersed in a solution like water or organic solvents. Through tailoring 

thermodynamics and kinetics in the reaction system, colloidal chemistry synthesis allows for 

designing target NCs in the atomic and molecular levels, which achieves precise control of the 

size, morphology, crystal structure, composition and other characters of NCs. In 1950, LaMer 

et al. proposed a model (namely LaMer model) to illustrate the nucleation and growth of 

colloids, which is likewise applicable to the colloidal NCs system.[43] As shown in Figure 1.4, 

LaMer model indicates that the formation of NCs includes the three stages: nucleation, growth, 

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

monodisperse NCs in the framework of the LaMer model. [44] 

(1) Nucleation stage of NCs 

The nucleation of NCs is a thermodynamically driven process, where the reaction system tends 

to minimize Gibbs free energy. With precursors transforming into monomers, the monomer 

concentration gradually increases by time. The monomer is the minimal building unit of a 

crystal, and the supersaturation of monomers (S) is defined as ὧȾὧ in the solution, where ὧ is 

concentration of monomers in solution and ὧ is the equilibrium monomers concentration 

between the solid and the solution. Notably, S directly depends on the concentration of 

monomers in solution. The nucleation rate is determined following the Equation 1.2. [45] 

ὃ Ὡὼὴ                                               (1.2) 

Where,   represent the nucleation rate, A is the pre-exponential factor, ɔ is the surface free 

energy per unit area, ὠ is the molar volume of the monomer in crystal, Ὧ  is the Boltzmann 

constant, T is absolute temperature, S is the supersaturation of monomers. 
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Based on the Equation 1.3, we deduce that the nucleation rate is related with the S that is 

determined by the concentration of monomers. The kinetic part of nucleation stage is typically 

taken into account to indicate that below a critical S point (namely, the intersection between 

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

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

grow regime (Figure 1.5). 

 

Figure 1.5. Nucleation rate as a function of supersaturation of monomer S. [46] 

 

In the nucleation stage, the change of the total Gibbs free energy (ȹG) stems from the 

formation of new volume and the increase of new surface (Figure 1.6). The relationship 

between ȹG and nuclei radius r in a spherical model is expressed as the Equation 1.3. [45] 

ЎὋὶ τ“ὶ‎                                        (1.3) 

Where, Ў' represents the changes in the total Gibbs free energy, r is the nuclei radius, and the 

other symbols are presented, same as Equation 1.2.  

The first part in Equation 1.3 represents the volume term to ȹG, and the second part is the 

surface term to ȹG. With the S > 1, ȹG always reaches a positively maximal value at a critical 

point of r, namely critical nuclei radius (r*). Therefore, with a fixed S, the r* can be calculated 

through the derivative of ȹG to nuclei radius r, and defined by the Equation 1.4. [45] 

ὶᶻ                                                                          (1.4) 
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Where, ὶᶻ represents critical radius and the other symbols are presented, same as Equation 1.2. 

Based on the Equation 1.4, the higher S the system has, the smaller r* is. In order to minimize 

the total Gibbs free energy of reaction system (Figure 1.6), when the nuclei radius is larger 

than the r* (r > ὶz), the nuclei proceeds with the growth, but when the nuclei radius is smaller 

than the r* (r < ὶz), the nuclei will be dissolved.  

 

Figure 1.6. Gibbs free energy of nucleation as a function of the particle radius (nuclei radius). [46] 

 (2) Growth stage of NCs 

In 1987, Sugimoto first proposed that the growth process of NCs is controlled by the diffusion 

mechanism, based on the classical LaMer model. [47] This points out that the growth stage of 

NCs consists of two steps: the diffusion of monomers from the solution to the NCs surface and 

the reaction between monomers and the surface, in which the former one is the dominating 

step. 
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Figure 1.7. NCs growth rate with a function of the average particle size in the diffusion-controlled growth 

model. [47] 

The growth of NCs is governed by a kinetic regime. As shown in Figure 1.7, the NCs growth 

rate is followed with Equation 1.5 and 1.6. [45, 47, 48] 

ᶻ                                                           (1.5) 

ὑ                                                                       (1.6) 

Where, ὶ represents the NCsô radius, ὑ  is a constant proportional to the diffusion constant 

of the monomer, r* is critical nuclei radius, ɔ is the surface free energy per unit area, D is the 

diffusion coefficient, ὠ  is the molar volume of the monomer in crystal, ὅ is the monomer 

concentration in the solution in the equilibrium state, Ὧ  is the Boltzmann constant, T is 

absolute temperature. 

When the NCsô radius ὶ  is located in the different size region with respect to the critical 

nuclei radius r*, the NCs will undergo differently growing evolutions. Within the size region 

where the NCsô radius is smaller than the r* (ὶ < r*), the NCs tend to dissolve in the solution 

or even disappear completely. Once the NCsô radius exceeds the r* (ὶ >r*), the NCs proceed 

with the growth and their growth rate gradually increases as the NCsô size enlarges, which 

eventually reaches a maximum rate when the NCôs radius is equal to 2r*. After the NCsô radius 
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is larger than 2r* (ὶ >2r*), the NCs keep a continuous growth but the growth rate reduces 

with the NCsô size increasing. It should be noted that if the NCsô radius exceed 2r* (ὶ >2r*), 

the large-sized NCs feature a relatively slow growth rate while the small-sized NCs have a 

quick growth rate, which results in a convergence of the size distribution, namely the ófocusing 

of size distributionô. On the contrary, when the NCsô radius is within the region of r*<ὶ <2r*, 

large-sized NCs have a faster growth rate than the small-sized NCs, leading to a broadening 

size distribution with the reaction evolving. This phenomenon is referred to as the ódefocusing 

of size distributionô. 

(3) Ostwald ripening stage of NCs 

In the overgrowth stage, the r* gradually increases due to the reduction of S, according to 

Equation 1.4. When some of NCs have a radius smaller than the r*, they undergo a dissolved 

process. The new monomers, generated through dissolving smaller-sized NCs, can attribute to 

the growth of larger-sized NCs. The phenomenon that the larger-sized NCs can continue to 

grow by consuming smaller-sized NCs is named Ostwald ripening.[49] The driving force of 

Ostwald ripening arises from the self-reduction of interfacial curvature (i.e., interfacial 

chemical potential) in the entire system through decreasing small-sized particles that have high 

interfacial curvature.[49] Ostwald ripening induces an extension of size distribution of NCs in 

two opposite directions, leading to the ódefocusing of size distributionô. 

1.1.3.2 Anisotropic Growth Theory  

The morphology of colloidal NCs is closely associated with the reaction thermodynamics and 

kinetics. Under the thermodynamic regime, the NCs are capable to spontaneously forming 

regular polyhedra that respect the Wullf rule.[50] For example, noble metal single crystals, like 

Au, Ag, Pt, and Pd, have varying surface energies on different surface { 111}<{ 100}<{ 110}, 

and the resulting the crystals tend to expose the facets with the lowest surface energy following 

the Wullf construction (Figure 1.8a).[51] Thermodynamic regime generally occurs at high 

temperature and low reactant concentrations. However, the cases of low temperature and high 

reactant concentrations make the reaction running in kinetic mechanism that plays an 

important role in controlling the growth of NCs in specific directions, leading to anisotropic 

morphologies. Under the kinetic regime, the surface being high reactivity in NCs can 

preferentially grow compared to that with low reactivity, which results in the anisotropic 

growth of NCs (Figure 1.10b). [52] In addition, the highly reactive surfaces could be 
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sequentially eliminated by rapid stacking of atoms, which yields intricate shapes or structures 

along a specific direction in the grow process (Figure 1.10d).[52] 

 

Figure 1.8. (a) Thermodynamic shape control for polyhedra with octahedral symmetries, where each 

shape can transformed into another by truncation of its corners. [51] (b) Kinetic shape control, where the 

high-energy facets grow more quickly than low energy facets. (c) Shape control through selective surface 

ligands. (d) Intricate shapes result from sequential elimination of a high-energy facet. (e) Branched 

shapes result from the crystal phase transformation by employing the same interface. [52] 

During the growth of NCs, the surface ligands can interact with the surface of NCs through 

dynamic adsorption and desorption. The use of surfactants is another effective strategy to 

prepare anisotropic NCs, here, the surface ligands are comprised of organic molecules and 

inorganic ions. [53-57] In general, surface ligands for colloidal NCs can be classified as three 

types: L-, X-, and Z type, depending on the number of electrons that contributes to the NC-

ligand bond.[58, 59]  The L-type ligands are two-electron donors that are neutral Lewis bases 

such as amine, phosphine, thiol. The X-type ligands are single-electron donors, e.g., 

carboxylate, phosphonate, sulfonate, OH-, Cl-. The Z-type ligands are zero-electron donors 

(namely two-electron accepters), which are neutral Lewis acids such as metal halides, metal 

carboxylate, metal thiocyanate. Thanks to the different interacting strengths of surface ligands 
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on different crystal facets, surface ligands can selectively adsorb on several special crystal 

facets, eventually influencing the shape of NCs growing along the particular direction (Figure 

1.10c). [52] In addition, the transformation between different crystal structures in the same 

composition also induce the anisotropic growth. When a material features multiple crystal 

phases that have a similar atom stacking arrangement along a particular crystal direction, it 

provides a possibility that the second phase grows onto a fixed crystal facet of the first phase. 

With the second phase growing, the anisotropic NCs are finally formed (Figure 1.10e). [14, 52, 

60-63] 

1.1.3.3 Molten-salts synthesis theory  

The molten salt is a salt that is solid under ambient conditions and that can transform from 

solid phase to liquid phase at an elevated temperature. Mixed molten salts have eutectic 

characterization, and their melting point can be tuned by varying the proportions of different 

salts in the molten-salts mixture. Common molten salts include nitrates, chlorides, sulfates, 

fluorides, hydroxides, etc., which exhibit a good stability within the temperature ranging from 

100 to 1000 °C. [64-69] Figure 1.9 shows several thermodynamic phase diagrams of common 

molten-salts systems. [66] 
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Figure 1.9 The thermodynamic phase diagrams of some commonly used molten-salts systems: (a) NaCl-

KCl, (b) NaOH-KOH, (c) Na2SO4-K2SO4, and (d) NaNO3-KNO3. [66] 

The molten-salts synthesis method generates target NCs in a special molten-salts bath, in 

which molten salts are liquefied at a high temperature. Typically, the amount of molten salts 

should be several times or dozen times that of reactants, to ensure an adequate liquid phase. 

As shown in Figure 1.10, a general procedure of molten-salts method includes the following 

steps: [67] i) firstly, reactants together with molten salts are mixed, followed by evolving 

temperature to melt molten salts; ii) Upon a liquefied bath, the NCs can nucleate and grow, 

whose mechanism can be referred to colloidal chemistry synthesis theory; iii) Finally, the 

mixture is cooled down and washed by the polar solvent to remove molten salts and residual 

reactants. It is noted that the liquid-phase molten salts exhibit a good stability and provide a 

relatively stable reaction environment to the formation of NCs. 
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Figure 1.10. Schematic diagram of molten-salts synthesis. [67] 

Although molten-salts method can considered as a modified approach of the high-temperature 

solid reaction synthesis, the reaction mechanism of molten-salts method running in a liquid is 

completely different from that of the high-temperature solid reaction synthesis. The latter 

proceed through the diffusion and reaction in a solid state. Such a solvent generated by molten 

salts can assist in dissolving solid reactants and solvating ions by strong polarization, and 

promote rapid movement of reactant through convection and diffusion, all of which are 

favorable for the nucleation and growth of NCs.[68, 70] Another role of molten salts is that both 

charged cations and anions that are generated from molten salts act as surface ligands to 

stabilize the surface of NCs, which is beneficial for a good control over the nucleation and 

growth of NCs and which prevents NCs from the aggregation. To modulate the morphology 

and size of NCs, researchers can regulate the synthesis parameters, such as the type and the 

amount of molten salts, molar ratios between reactants and molten salts, calcination 

temperature, and annealing time. For example, Akdogan et al. investigate the effect of the ratio 

of molten salts to oxide on the morphology of Sr3Ti2O7 particles via a molten-salts method, 

and upon an increase of molten salts to oxide ratio, as-obtained Sr3Ti2O7 particles feature the 

shape changing from cubic to platelet.[71] Xu et.al employed ZnCl2/KCl molten-salts route 

successfully to synthesize TiO2 nanosheets and nanorods respectively at 400 °C and 500°C. [72] 

The molten-salts method has the advantages such as scalability, simplicity, generalizability 

and ease to conduct, making it significantly meaningful for the large-scale synthesis for 

inorganic nanomaterials.  

1.2 Optical properties of semiconductor nanocrystals 
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The optical properties of semiconductor NCs is closely related with the band structure and the 

electronic transitions. The concept of band structure in a semiconductor includes the bandgap, 

conduction band (CB) and valance band (VB). The VB is comprised of occupied electron 

orbitals, while the CB consists of unoccupied orbitals. The energy gap between conduction 

band minimum (CBM) and valence band maximum (VBM) is referred to as the bandgap of 

semiconductors. The bandgap acts as a banning energy region to separate VB and CB. Thus, 

the electron within the VB cannot transient into the CB without any external excitation, like 

light or heat. Herein, I mainly introduce the PL-related optical processes (e.g. absorption, 

relaxation, radiative recombination, and traps). 

 

Figure 1.11 Schematic diagram of the different interaction of semiconductors with photons: (a) photon 

absorption, (b) electron and hole relaxation, (c) radiative recombination for photon emissions, (d) non-

radiative recombination due to trapping captures. [73] 

When the energy of incident light photon is larger than the bandgap of the semiconductor, a 

photon will be absorbed by the semiconductor, which promotes an electron transiting from VB 

to CB and remains a positively charged hole in the VB. This interaction process between 

incident light and semiconductor is named photoexcitation or photo absorption (Figure 1.11a). 

In case that the energy of adsorbed photons is more than the bandgap, the excited electrons 

and holes are at a high energy levels. Subsequently, electrons and holes rapidly transition to 

the CBM and VBM, respectively, accompanied with releasing a few energy in the form of 

phonons (i.e., heat energy). This process is referred to as relaxation (Figure 1.11b).   

The recombination of electron-hole pairs commonly can involve either a radiative or a non-

radiative pathway. In terms of radiative recombination, a photon with the energy close to the 

bandgap generates when an excited electron recombines with a hole. This process results in 

the PL emission (Figure 1.11c). For both bulk semiconductors and NCs, the energy/wavelength 
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of emitted photons displays a redshift compared to that of absorbed photons. This phenomenon 

is known as the Stokes shift, attributing to the presence of both the relaxation of the excited 

electron and hole pairs, and the vibration levels in the excited state and ground state. The 

radiative recombination decay rate is defined as krad, which depends on the intrinsic properties 

of materials. 

The large number of ólattice defectsô, such as missing atoms, misplaced atoms, chemical 

impurities, result in the trapping states in the semiconductor. As shown in Figure 1.11d, when 

the trapping states are located between CB and VB, they can capture excited electrons or holes 

through releasing heat energy (namely phonons). This process is named as non-radiative 

recombination. In general, the trapping states lowers PL efficiency due to that excited electron-

hole pairs recombine in the trapping levels that locate at the intermediate of bandgap in 

semiconductors. On the other hand, the presence of ósurface defectsô, such as non-coordinated 

atoms and unsaturated dangling bonds on the semiconductor surface, also leads to the trapping 

states. The non-radiative recombination decay rate is defined as knrad, which is closely 

associated with the concentration of defects and trapping states. The PL efficiency (namely 

PLQY) is related with recombination decay rates, defined as the following Equation 1.7:  

ὖὒὗὣ                                                               (1.7) 

Where, krad is the radiative recombination decay rate and knrad is the non-radiative 

recombination decay rate.  

For semiconductors NCs, the trapping states mainly originate from ósurface defectsô, which 

give a significant contribution to non-radiative recombination. A critical strategy to reduce the 

concentration of surface trapping states is to perform surface passivation through the use of 

inorganic materials or organic molecules, in which the surface of NCs is covered with either 

molecules or an inorganic layer. Such these surface passivation engineering effectively 

eliminates the surface trapping states and enhances radiative recombination of the electron and 

hole pairs.  

Over the past few decades, a large amount of emitting semiconductor NCs have emerged and 

experienced a rapid development, such as Pb-based chalcogenide, Cd-based chalcogenide, III-

V, I-III -V, perovskite, etc., which feature a tunable PL emission peak ranging from ultraviolet 

(UV) to visible (Vis), and even to near-infrared (NIR) region. [12, 13, 74-80] In this thesis, I focus 



 

Chapter 1: Introduction to Colloidal Nanocrystals 

19 |Page 

 

on two emitting semiconductor NCs (i.e., halide perovskites and pnictide NCs) and their state-

of-the-art is in detail introduced in the following two sections in this chapter. 

1.3 Introduction to metal halide perovskite nanocrystals 

The perovskite structure originates from the mineral calcium titanate (CaTiO3) first proposed 

by Gustav Rose in 1893, followed by that it is also extended to the compounds with the same 

crystal structure featuring a stoichiometric composition of ABX3, in which A is a metal cation 

with a charge of n+, B is a metal cation with a charge of 2n+ and X is an anion with a charge 

of n- (n=1 or 2). [81] The perovskite structure is composed of [BX 6] octahedra that form three-

dimension framework through connecting the corners, and A-site cations fill the crystal voids 

generated from the 8 adjacent [BX6] octahedra. [82] In recent years, all-inorganic lead-based 

halide perovskite NCs, with a stoichiometric formula of CsPbX3 (X=Cl-, Br-, I-) (Figure 1.12a), 

have attracted wide-ranging attention due to their ideal optical properties, including a high 

PLQY, a narrow PL peak and the tunable PL emission peaks covering all visible range, 

indicating significant potential for optoelectronics applications. [83-86] 

 

Figure 1.12. (a) Schematic of the cubic perovskite cell of CsPbX3, where X represents Cl-, Br-, I-. (b) 

Schematic diagram of typically electronic band structure of CsPbX3. [85] (c) Band edge energies of 

CsPbX3 NCs extracted from cyclic voltammetry data. [87] 

The optical properties of semiconductor CsPbX3 are related to the nature of their band structure. 

The CsPbX3  crystals have a direct bandgap, and their VBM results from the Pb 6s orbital and 

halide np orbital (where, n = 3, 4, 5 for Cl, Br and I respectively) while the CBM is composed 

from both the antibonding Pb 6p orbital and the halide np orbital. (Figure 1.12b). [85] The orbital 

of halides is respectively composed by Cl 3p, Br 4p, I 5p, which results in that from CsPbCl3 

to CsPbI3 their VBM shifts to high energy direction and CBM slightly shifts to low energy 

direction, suggesting a decrease of the bandgap and the red-shift of PL emission peaks (Figure 
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1.12c). [87] Although A-site cations provide few contribution to the density of state for VBM 

and CBM, A-site cations impact on the bandgap by affecting the Pb-X-Pb tilting angle as well 

as inducing structure distortions. [84] Considering the bandgap of CsPbX3 arising from two 

antibonding orbitals, energetically favored vacancies can generate the defect states inside VB 

and CB and shallow trapping states near band edges, which makes CsPbX3 the defect tolerance 

characters, rationalizing the high PLQY values of CsPbX3 NCs (Figure 1.12b). [85, 88, 89] 

 

Figure 1.13. (a) Colloidal solutions of CsPbX3 NCs synthesized by hot injection method under UV 

irradiation. [83] (b) PL spectra of the CsPbX3 NCs prepared by anion exchange from CsPbBr3 NCs. [90] (c) 

Schematic of the shape and size of CsPbBr3 NCs with a function of the chain length of carboxylic acids 

and amines. [91] (d) Transmission electron microscopy (TEM) images of mono-dispersion CsPbBr3 

nanocubes, nanowires, and nanosheets. [92-94] (e) Schematic illustration of the coordinated various 

surfactants on the surface of CsPbBr3 structure. [95] 
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The all-inorganic CsPbX3 NCs, firstly synthesized by Protesescu et al. in 2015, feature a 

tunable PL emission from blue to red color under UV-light (Figure 1.13a). [83] In recent years, 

numerous works have been dedicated to the development of synthesis approach of CsPbX3 

NCs and to the control over properties of CsPbX3 NCs, such as composition, mophology, 

surface chemistry, and so on. [84, 90-98] Akkerman et al. makes notable strides in composition 

control by a facile anion exchange protocol basing on the ionic nature of perovskite structure 

(Figure 1.13b). [90] Such rapid exchange reaction sustains a homogeneous composition within 

CsPbX3 NCs and preserves the shape and size being same as their parent NCs. Generally, 

CsPbX3 NCs have a symmetrical cube or truncated cube shape, [83, 94, 99] however, the 

anisotropic CsPbX3 NCs exhibit advanced optoelectronic properties for diverse applications, 

such as photodetectors, polarized optoelectronics and X-ray scintillation imaging.[100-103] Pan 

et al. conduct a comprehensive investigation into the shape control of CsPbBr3 NCs. [91] They 

reveal that the chain length of carboxylic acids and amine, as well as the reaction temperature, 

play an important role in the control over the shape of CsPbBr3 NCs (Figure 1.13c). To date, 

the different dimensional CsPbBr3 NCs, namely zero-dimension nanocubes, one-dimension 

nanowires and two-dimension nanosheets, have been successfully developed via several 

tailored reaction parameters (Figure 1.13d). [92-94] The surface chemistry is another vital 

research domain to understand the interaction between the NCs surface and ligands, which 

plays a key role on the colloidal stability, size, shape and electronic band structure of the 

NCs.[104] The typical CsPbX3 NCs synthesized by oleylamine and oleic acid feature a surface 

passivating by long-chain ammonium and alkali ions located at A site (Cs+ vacancy), and by 

long-chain carboxylate and halide ions occupied at X-site (halide vacancy) (Figure 1.13e). [105] 

Since 2019, researchers have developed several new surface ligands for CsPbX3 NCs, such as 

quaternary ammonium bromides, phosphonic acids, and zwitterionic molecules, which enrich 

the surface properties of lead halide perovskite. [97, 98, 106, 107] 
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Figure 1.14. (a)  Schematic of different types of shell materials employed for coating on perovskite NCs. 

[108] (b-d) TEM and scanning transmission electron microscopy (STEM) images with the encapsulation 

at single particle level of (b) CsPbBr3@SiO2 core@shell NCs, [109] (c) CsPbBr3@TiO2 core@shell NCs, 

[110] and (d) CsPbBr3@CsPb2Br5 core@shell NCs. [111] (e-g) TEM and scanning electron microscopy 

(SEM) images with encapsulation at multiple particle level of (e) CsPbBr3/m-SiO2 composites, [40] (f) 

CsPbBr3/polymer composites, [112] (g) CsPbBr3/metal organic framework composites.[113] 

Even though CsPbX3 NCs feature these remarkable optical properties, they still have some 

non-negligible drawbacks: instability against light irradiation, high temperature and polar 

solvents, and the toxicity owning to the lead in the materials. [114, 115] In order to improve the 

stability, encapsulation strategies for perovskite nanocrystals are widely employed. There are 

two different approaches for encapsulating perovskite NCs based on single-particle method 

and multiple-particle method respectively (Figure 1.14a). [108] The single-particle 

encapsulation method covers a perovskite NC with another material to form a core@shell 

structure, where the typical shell materials include SiO2, TiO2, Al2O3, polymer, CsPb2Br5, 

Cs4PbBr6, etc.(Figure 1.14a). [108-111] Upon a precise control of reaction parameters for the 

single-particle encapsulation, some researchers obtain products being nanoscale size and 

having good colloidal stability (Figure 1.14b-d). [109-111] The multiple-particle encapsulation 

method generates composites through growing or loading a few perovskite NCs inside a matrix, 

such as solid SiO2, glass, mesoporous SiO2 (m-SiO2), metal organic framework, and polymer 

(Figure 1.14a). [40, 108, 112, 113] The most of composites made with multiple-particle encapsulation 

feature an enhanced stability against harsh conditions like heat, humidity, and irradiation, 

while their size is relatively large, even up to tens of micrometers, possibly leading to the poor 

colloidal stability and aggregation (Figure 1.14e-g). [40, 112, 113] To date, lead halide perovskite 
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NCs still step forward to meet the commercial requirements in optoelectronics, such as liquid 

crystal displays (LCDs) and light-emitting diodes (LEDs).  

 

Figure 1.15. (a) Schematic diagram of lead-free halide perovskite NCs transformed from CsPbX3 NCs 

with a cation replacement. (b) The representatives of lead-free halide perovskite CsM(II)X3 NCs: (b1, 

b2) TEM image, absorption and PL spectra of CsSnBr3 NCs, [116] (b3) TEM images of CsEuCl3 NCs, [117] 

(b4) TEM image of CsYbI3 NCs. [118] (c) The representatives of lead-free halide DP Cs2M(I)M(III)X 6 

NCs: TEM images of (c1) Cs2AgInCl6 NCs, [119] (c2) Cs2AgBiBr6 NCs, [120] (c3) Cs2KInCl6 NCs, [121] 

and (c4) Bi doped Cs2Ag1-xNaxInCl6 NCs, (c5) the PLQY values with a function of the Na content in the 

Bi doped Cs2(Ag1-xNax)InCl6 NCs. [122] (c6) Absorption and PL spectra of Sb doped Cs2KInCl6 NCs with 

an increasing Sb content with respect to In. [123]   

The toxicity of lead halide perovskite NCs originates from the Pb element. [115] With a 

motivation of developing the green and environmentally friendly perovskite materials, the 

lead-free halide perovskite are promising alternatives. Based on a rule to maintain perovskite 

crystal structure and charge neutral, there are two main strategies to develop lead-free halide 

perovskite NCs (Figure 1.15a): i) the substitution of Pb (II) with other divalent cations, such 

as Sn (II), Ge (II), and rare earth elements; ii) the replacement of two Pb (II) cations with a 

monovalent  M(I) cation and a trivalent M(III) cation, forming double perovskite (DP) 

structure. [124] Many attempts have been made to synthesize CsSnX3 NCs, and as-obtained 



 

Development of Colloidal Halide Perovskite and Pnictide Nanocrystals for Optoelectronics 

24 |Page 

 

CsSnX3 NCs are characterized by the monodispersed nanoparticles with a narrow PL peak 

(Figure 1.15 b1, b2). [116]But a major challenge for CsSnX3 NCs is that Sn (II) can be easily 

oxidized to Sn (IV), resulting in an inevitable transformation in crystal structure and 

composition. [125] The same issue is present in the Ge(II)-based perovskite NCs. [126]There are 

also several reports about rare-earth-based halide perovskite NCs, in which the divalent rare-

each cation replace Pb2+ cation in the perovskite structure. For example, Huang et al. employ 

colloidal chemistry synthesis to prepare CsEuCl3 NCs featuring a uniform size distribution 

centered around 15 nm and a violet PL emission peaked at 435nm (Figure 1.15 b3). [117] CsYbI3 

NCs with an average size of 9.5 ± 1.4 nm, synthesized by Moon et al., exhibit a strong emission 

peak centered at 671 nm and a PLQY of 58% (Figure 1.15 b4) [118] Another alternative to lead-

free halide perovskite is DP materials. Since 2018, a series of lead-free halide DP NCs have 

been successfully developed, which are in the form of Cs2M(I)M (III)X 6 (where, M(I) = Ag+, 

Na+, K+, M(III) = In3+, Bi3+, Sb3+, and X = Cl-, Br-, I-) (Figure 1.15c). [119-123, 127-130] The resulting 

compounds still keep a three dimensional connection between [M+X6] octahedra and [M3+X6] 

octahedra with a sharing corner. However, due to the nature of indirect bandgap or direct 

bandgap with a parity forbidden band-edge transition, most DP NC systems have a week PL 

emission intensity or even no PL. [119, 120, 131, 132] To explore advanced optical properties of DP, 

researchers develop the doping and alloying approaches. [119, 121-123, 128-130] For example, Luo et 

al. reported Bi-doped Cs2Ag1-xNaxInCl6 bulk crystals featuring a bright emission with a 

maximal PLQY value of ~86%. [133] The corresponding Bi-doped Cs2Ag1-xNaxInCl6 NCs are 

successfully synthesized by Locardi et al, yet with a relatively low PLQY of ~22% (Figure 

1.15 c4, c5). [122] In the few past years, researchers continually make progresses in this field 

and have developed DP systems such as Cs2AgInCl6, Cs2NaInCl6, Cs2NaBiCl6, Cs2AgSbCl6, 

Cs2AgBiCl6, Cs2AgBiBr6,  Cs2AgBiI 6 NCs, and their derivatives through various strategies . 

[119-123, 128-130, 134-137] Contrary to the Pb-based halide perovskite NCs, such these DP NCs feature 

a broad PL emission and a large stokes shift, which give them diversities for working on 

optoelectronics.[138] To date, the exploration and improvement of lead-free halide DP NCs is 

still ongoing. 

1.4 Introduction to metal pnictide nanocrystals 

Since the start of the colloidal chemistry synthesis method in 1993,[139] the Cd-based 

semiconductor NCs have been rapidly developed in field of material synthesis and 
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optoelectronic application.[14, 140-144] Whereas, due to the health and environment concerns, Cd-

based NCs are asked for the restriction on the use in electronics in many countries, which 

accelerates the search for alternatives to substitute Cd-based NCs. Metal pnictide NCs are the 

ones of the most promising alternatives. Among metal pnictide NCs, indium pnictide 

(pnictide=P, As, Sb) NCs featuring a tunable bandgap ranging from Vis to NIR, even to short-

wavelength infrared region, attract wide research interest. [75, 145-148] Bulk InP, InAs and InSb 

materials have direct bandgaps of ~1.34 eV, ~ 0.35eV and ~0.18eV at 300K, respectively, 

along with Bohr exciton radius of ~9.8 nm, ~35.9nm, and ~60.0nm.[149]  Thank to their large 

Bohr exciton radius, their bandgap cover a wide spectral range through tailoring their size. In 

general, InP NCs feature a PL emission in the Vis region ranging from the blue (~480nm) to 

the red (up to 750nm), making them good candidates for LED and display applications. [150-155] 

InAs NCs exhibit a tunable bandgap in Vis and NIR range from 600nm to 1600nm, which 

makes them beneficial for applications such as biological imaging, detector, and NIR LED. [75, 

146, 156-159]  InSb NCs are characteristic of a spectral range from NIR to short-wavelength 

infrared range, which renders them promising materials for the NIR and infrared optoelectronic 

devices like photodetectors. [145, 160] The production of high-quality indium pnictide NCs is of 

significance for the utilization in optoelectronic devices. To date, the preparation of InP and 

InAs NCs have gained great exploration, meanwhile, the synthesis of InSb NCs is still 

challenging due to the difficulty in controlling antimony precursors.  

In terms of NIR region, the emitting semiconductor NCs mainly consist of IV-VI (Pb-based 

chalcogenide), III-V (InAs, InSb) and II-VI (Hg-based chalcogenide) NCs. [145, 161-164] Among 

them, Pb-based and Hg-based chalcogenide NCs display remarkable optical characteristics, 

but the toxicity of Pb and Hg elements severely limits their applicability in the commercial 

application, adhering to the EUôs ñRestriction of Hazardous Substancesò (RoHS) directives. 

[165-170] Thus, with an aim to develop the safer alternatives for NIR NCs, InAs NCs are 

considered as the most promising candidates. [11, 48, 75, 146, 157]  

The classical synthesis route to InAs NCs employs the dehalosilylation reaction, in which the 

tris(trimethylsilyl)arsine ((Me3Si)3As, TMS-As) react with InCl3 at high temperature, resulting 

in the formation of InAs NCs. [11, 75, 146, 157, 171-173] With the aim to produce high-quality InAs 

NCs, Alivisatos group in 1996 successfully synthesized InAs NCs via a colloidal chemistry 

synthesis method, in which tri-n-octylphosphine (TOP) servers as both the solvent and the 
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surface ligand to assist the dehalosilylation reaction between InCl3 and TMS-As.[11] This 

approach become the classic route to synthesize InAs NCs via TMS-As (Figure 1.16 top panel). 

Whereas, the several drawbacks of TMS-As, such as high reactivity, pyrophorisity, toxicity 

and limited commercial availability, result in the limitation on the large-scale synthesis and 

the use of applications. [174-176] Currently, tris(dimethylamino)arsine (As(NMe2)3, amino-As) 

is identified as the most promising As precursor to yield InAs NCs, which is less toxic, cheaper, 

and commercially available. [156, 159, 174-180] Since Grigel et al. first synthesized InAs NCs via 

the amino-As route in 2016, [175] researchers have made considerable effort to explore amino-

As-based InAs NCs. [156, 159, 174, 176-183] The synthetic mechanism of InAs NCs made with amino-

As precursors is given (Figure 1.16 bottom panel) [178]: Firstly, amino-As precursors undergo 

a transamination reaction with oleylamine, forming As(NHR)3; Subsequently, As(NHR)3 is 

reduced through the use of a reducant, in which the valence of As elements is changed from 

As3+ to As3-; Finally, the reduced As3- species react with oleayamine-InCl3 species to deliver 

final InAs NCs. 

 

Figure 1.16. Schematic illustration of the formation mechanism of InAs NCs via TMS-As route (top 

panel) [11] and via amino-As routes, where DIBAL-H acts as reducing agent (bottom panel). [178] 
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Upon the amino-As route, the various synthetic approaches for InAs NCs have been developed 

to enable the precise control of InAs NCsô size, size distribution and corresponding optical 

properties. Talapin group concludes several reductants featuring different reducing power in 

the synthesis of InAs via amino-As precursor (Figure 1.17a). [177] They find that the control of 

reducing power for reducing agents can effectively influence the size distribution of InAs NCs. 

Among different reducing agents, like tris(diethylamino)phosphine (P(NEt2)3, amino-P), 

diisobutylaluminum hydride (DIBAL-H), Alane N,N-dimethylethylamine complex (DMEA-

AlH 3) and lithium triethylborohydride (LiEt3BH), the use of DMEA-AlH 3 generates InAs NCs 

with a narrow exciton absorption peak and the smallest half-width at half-maximum (HWHM) 

value (Figure 1.17a). The HWHM value of the first exciton absorption peak generally reflects 

the size distribution of semiconductor NCs. [146, 157, 174] The reaction can not proceed in the 

absence of reducing agents (i.e., only the presence of As(NMe2)3), and the LiEt3BH, the 

strongest reducing agent, results in  the reduction of In3+ cation to metallic In(0) (Figure 1.17a). 

Thus, a modest reducing ability plays a key role on the formation of InAs NCs. [177]  
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Figure 1.17. (a) The comparison of reducing agent with different reducing ability, and corresponding 

absorption spectra and HWHM of InAs NC keeping a similar size and the first exciton absorption peak 

position. [177] Absorption spectra of InAs NCs synthesized using different reducing agents: (b, 

c)P(NEt2)3
[159, 175], (d)DIBAL-H[178], (e) DMEA-AlH3

[177]. (f)Absorption spectra of InAs NCs 

synthesized by employing In(I)Cl as both the In precursors and reducing agent.[176] (g) Absorption spectra 

of InAs NCs obtained via tailoring metal halides from Cl to I.[181] 

A good control over the amino-As-based InAs size and the first exciton absorption peak has 

been obtained in the different reducing agents. [159, 175-178, 181] In details, the InAs NCs made by 

P(NEt2)3 feature exciton absorption peaks ranging from ~720nm to 1400nm with a size 

increasing from 3.4nm (800nm), to 5.0nm (1140nm) and 7.4nm (1400nm) (Figure 1.17b, c). 

[159, 175] The synthesis protocol, based on the use of DIBAL -H, can produce InAs NCs with the 

first exciton absorption peaks (760-1450nm) and sizes (2-7nm) (Figure 1.17d), while that 

performed by the use of DMEA-AlH 3 deliver InAs NCs presenting the first exciton absorption 
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peaks only ranging from ~720nm to ~920nm (Figure 1.17e) [177, 178] Apart from above reducing 

agents, InAs NCs, synthesized by the use of In(I)Cl as both the In precursor and the self-

reducing agent, enable an extended first exciton absorption peak as far as 1400nm (Figure 

1.17f). [176] Tietze et al. explore the influence of metal halide on InAs NCs and they observe a 

blue shift of the first exciton absorption peak when halide ion changes from Cl- to I- anions 

(Figure 1.17g) [181]  Up to now, despite a wide tunability in size (ranging from 2 to 7.5 nm) of 

amino-As-based InAs NCs, a significant challenge that they face is to improve their size 

distribution, to reach a level analogous to that of TMS-As-based InAs NCs. Typically, InAs 

NCs made with TMS-As precursors feature a HWHM as low as 40meV, while that synthesized 

by amino-As precursors have HWHM values above 100meV. [146, 157, 174, 177, 182] 

 

Figure 1.18. (a) Schematic of surface properties of In(As,P) NCs synthesized by InCl3, oleylamine and 

amino-As (sole left part) and after surface ligands exchange between Cl-, oleylamine and  protic surface-

active compounds RX-H (fatty acids, alkanethiols and H2O).[179] (b) Schematic diagram of InAs NCs 

synthesized in the presence ZnCl2 and without ZnCl2, and corresponding density of states. [174]  (c) High-

resolution (HR)TEM images, the fast-Fourier transforms (FFT) and shape analysis of In(As,P) NCs.[179] 

Additionally, the surface characteristics of amino-As-based InAs NCs have been studied in 

recent years. [174, 179] As shown in the Figure 1.18a, the typical In(As,P) NCs, synthesized by 

employing InCl3, oleylamine, amino-As and P(NEt2)3, feature a surface bound by Cl- ions (X-

type) and oleylamine (L-type). [179] For these In(As,P) NCs, a ligand exchange reaction can 

proceed through exposing them to protic surface-active compounds RX-H (such as fatty acids, 
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alkanethiols and H2O). The RX-H compounds can strip bound Cl- ions and oleylamine from 

the NCs surface, to form RNH3
+Clī complexes that are free in the solution, and the resulting 

In(As,P) surface are bound by new RX- ions (X-type). [179] Z-type ligands are also identified 

to bind to the surface of amino-As-based InAs NCs. Zhu et al. discover that ZnCl2, acting as a 

Z-type ligand, passivates the surface of InAs NCs, resulting in eliminating surface trapping 

states and enhancing PL efficiency (Figure 1.18b).[174] Considering the morphology of amino-

As-based InAs NCs, researchers observe that when employing oleylamine (namely primary 

amine) as surface ligands,  In(As,P) NCs feature a tetrahedral shape with the slight truncations 

in the corner, where the In(As,P) NCs are terminated mostly by (111) facets and by a minor 

fraction of the truncated (110) and (ρρρ) facets (Figure 1.18c).[179, 182] To date, most of InAs 

NCs exhibit a tetrahedral shape via various synthetic protocols, while anisotropic InAs NCs 

are rarely reported. [159, 176-179, 182]  
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Chapter 2: Synthesis of CsPbBr3/m-SiO2 

Nanocomposites via Molten-Salts Method as Green 

Phosphors for LCD Display Devices 

Abstract 

In this chapter, I employed a molten-salts synthesis method to produce CsPbBr3 nanocrystals, 

encapsulating them together with inorganic salts (KNO3, NaNO3 and KBr, namely molten salts) 

inside mesoporous SiO2 (m-SiO2) host matrices whose sizes are in the range from 100 to 300 

nm. In terms of optical properties and stability for these small-sized composites and a large-

sized (Ó600 nm) CsPbBr3/m-SiO2 product, we observed that the 100-nm-sized CsPbBr3/m-

SiO2 particles have the best stability against humidity, light irradiation and heat, as well as, 

they feature a green PL emission at 517 nm with a narrow full width at half maximum (FWHM) 

of 18 nm and a high PLQY of 77%. Such properties make them ideal green phosphors for LCD 

devices. Therefore, we employed a polymer film loaded with 100-nm-sized CsPbBr3/m-SiO2 

nanocomposites as the green color conversion layer in a proof-of-concept 7-in. LCD device. 

This device gives an optimal white emission with a correlated color temperature (CCT) of 

6861 K as well as a 92% coverage of national television system committee (NTSC) standard 

color gamut area of CIE1931, indicating a superior performance compared to a reference 

commercial LCD (Dell XPS 15 7590 laptop). This work opens a new door for metal halide 

perovskite NCs in real display devices.  
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2.1 Introduction   

As introduced in the Chapter 1.3, lead halide perovskite NCs still face the challenge in practice 

optoelectronic applications due to their stability problem. Among various methods to improve 

stability, encapsulating CsPbX3 (X=Cl-, Br-, I-) perovskite NCs into m-SiO2 matrixes is one of 

the most promising strategies. [1-9] The interest in m-SiO2 matrixes resides in three advantages: 

i) the inherent chemical and thermal stability, low toxicity and low cost; [10, 11] ii)  the facile 

synthesis approach and controllable particle sizes and pore diameters, in which the size of m-

SiO2 particle can be precisely tuned from ~25 nm to microns, [12-15] and their pore diameters 

cover a range from 2 to 50 nm; [16-18] iii)  a functionalized surface that can be easily modified 

to enable hydrophilicity or hydrophobicity. [19-22] To date, the strategies to encapsulate CsPbX3 

NCs inside m-SiO2 mainly include the simple impregnation method, the colloidal synthesis in 

the presence of m-SiO2, and the high temperature solid-state reaction (above 700°C). [1-5, 7, 9] 

However, the resulting composites always exist several shortcomings, such as insufficient 

stability (impregnation and colloidal synthesis) and bulk-like aggregation (the high 

temperature solid-state reaction), which restrict the use of perovskites in real optoelectronics 

devices.  

Recent, our group developed a molten-salt synthesis approach to produce CsPbBr3/m-SiO2 

composites that feature a high stability against temperature, water and even against aqua regia 

(a mixture of HCl and HNO3) environment for months.[9] Notably, the used molten salts, 

composed of KNO3, NaNO3, and KBr, play several important roles: i) acting as a reaction 

medium to dissolve perovskite precursors; ii) allowing for the nucleation and growth of 

CsPbBr3 NCs; ii i) sealing the m-SiO2 pores through a partial etching of m-SiO2.[9] Although 

the produced composites are characteristic of a bright PL emission with a PLQY value as high 

as 90% and a good stability against polar solvents, they can still not meet requirements of 

commercial applications in display devices, [23] due to the large size (Ó600 nm) and low 

stability under a high flux (HF) irradiation. When embedded inside polymer films, large-sized 

composites result in a non-uniform particles distribution as well as an excessive light scattering 

and mass-loading of the phosphors, which decreases the energy efficiency of display devices. 

On the other hand, the low stability under the HF irradiation directly leads to a fast declined 

lifetime of display devices.  
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In order to promote the commercial use of CsPbBr3/m-SiO2 composites, in this work, we 

designed a synthesis of composites by using small-sized m-SiO2 particles (ranging from 100 

to 300 nm) via the molten-salts synthesis approach. With the aim of improving the stability 

and morphology of small-sized CsPbBr3/m-SiO2 composites, we systematically optimized 

reaction parameters, including the reaction temperature (which impacts on the extent of etching 

of the m-SiO2 and modulates the pore size) and the perovskite precursor salts: molten salts: m-

SiO2 molar ratio (which influence the extent of filling of the pores by salts and CsPbBr3). 

Among produced composites, we found that 100-nm-sized CsPbBr3/ m-SiO2 composites, as 

the best ones, feature a green PL emission along with a high PLQY of 77%, and when 

embedded into a polymer film, they exhibit an outstanding stability against heat, water, and 

light irradiation, outperforming our previously reported large-sized (Ó600 nm) composites and 

a film loaded by standard perovskites NCs. [9, 24] Such small-sized composites were employed 

as the green color conversion layer in a proof-of-concept 7-in. LCD device. It provides an 

optimal white light with a CIE coordinate of (0.3067, 0.3271) and a CCT of 6861K that is 

close to the NTSC reference white point of NTSC. The prepared LCD device have a 92% 

coverage of NTSC standard color gamut area of CIE1931, indicating a higher color gamut 

coverage compared with that of a reference commercial display (namely, Dell XPS 15 7590 

laptop). 

2.2 Results and Discussion 

2.2.1 Synthesis of CsPbBr3/m-SiO2 nanocomposites. 
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Figure 2.1. TEM images of the starting m-SiO2 nanoparticles: (a) C1, (b) C2, (c) C3 and (d) C4. The size 

distribution histogram of m-SiO2 nanoparticles: (e) C1, (f) C2 and (g) C3, measured from the TEM 

images. (h) DLS curve obtained from m-SiO2_C4 particles dispersed in water. 

Before the synthesis of perovskites/m-SiO2 composites, we firstly prepared m-SiO2 

nanoparticles with various sizes ranging from 100 nm to 300 nm. In detail, based on a synthesis 

approach reported by Llopis-Lorente et al.,[25] we synthesized m-SiO2 particles with different 

sizes by tuning the amount of the template agent (cetyltrimethylammonium bromide), and by 

controlling the injection speed of the silica precursor (tetraethyl orthosilicate). The resulting 

m-SiO2 nanoparticles are characteristic of a spherical shape with a mean diameter of 91  14 

nm for m-SiO2_C1 and 196  18 nm for m-SiO2_C2, measured by TEM images (Figure 2.1a, 

b, e and f), and a mean pore size of ~3.0 - 3.5 nm analyzed by Brunauer-Emmett-Teller (BET) 

(Figure S2.1 and Table S2.1). Additionally, we also employed an alternative synthesis scheme 

reported by Chiang et al. [26] It delivered m-SiO2 (C3) particles featuring an average size of 

169  26 nm and a mean pore size of 3.0 nm (Figure 2.1c, g, Figure S2.1 and Table S2.1). 

Even though C2 and C3 m-SiO2 particles had sizes around 170-200 nm, the difference of them 

lay in the pore volume (i.e., the volume of the pores per gram of silica), which results in a 

different loading volume of perovskite and inorganic salts inside m-SiO2 particles. The pore 

volume of m-SiO2_C2 was 0.10 cm3 gī1 and that of m-SiO2_C3 was 0.04 cm3 gī1, revealed by 

BET analysis (Figure S2.1 and Table S2.2). Meanwhile, we obtained ~300nm m-SiO2 (C4) 

particles through a size selection for commercial mesoporous silica MCM-4 that is the same 

one employed in our previously reported large-sized CsPbBr3/m-SiO2 composites (ƌ

600nm).[9] The m-SiO2_C4 particles showed a mean size of  311 ± 114 nm measured by 

dynamic light scattering (DLS)(Figure 2.1h) and an average pore size of 3.4 nm by BET 

analysis (Figure S2.1 and Table S2.1). The selected m-SiO2_C4 particles featured an irregular 

shape (Figure 2.1d) which results in a challenging to identify their mean size via TEM images, 

thus we did not report it in the work. 
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Figure 2.2 Schematic illustration of preparation of CsPbBr3/m-SiO2 composites via a molten-salts 

synthesis approach. The red words represent molten salts in this scheme. 

Subsequently, CsPbBr3/m-SiO2 nanocomposites were prepared by following the molten-salts 

approach reported in our previous work. [9] We employed a mixture of KNO3, NaNO3, and 

KBr as molten salts. The molten-salts mixture was grinded together with perovskite precursor 

salts (CsBr and PbBr2) and m-SiO2 particles at room temperature, followed by heating up to a 

desired temperature (Figure 2.2). In our previous work, the optimal synthesis parameters for 

large-sized CsPbBr3/m-SiO2 composites(Ó600nm) is identified as KNO3:NaNO3:KBr molar 

ratio of 10:5:5, CsBr:PbBr2:(KNO3+NaNO3+KBr):m-SiO2 molar ratio of 2:2:20:5, reaction 

temperature 350 °C and reaction time 1 h.[9] However, when employing the small-sized m-

SiO2, produced CsPbBr3/m-SiO2 composites had a severe degradation/melting, leading to the 

loss of nanoscale characteristics (Figure S2.2), which indicates that the same synthesis 

parameter for large-sized m-SiO2 is not suitable for current small ones. As a result, we 

performed an optimization of reaction parameters by the use of the smallest-sized m-SiO2 (C1) 

that is more prone to melting and degradation among different-sized m-SiO2. We 

systematically tuned the perovskite precursor salts: molten salts: m-SiO2 molar ratio, and the 
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reaction temperature, aiming to enable small-sized CsPbBr3/m-SiO2 composites with a high 

stability against aqua regia and a good morphology (namely shape and size retention w.r.t. the 

starting m-SiO2) (Table S2.2). Firstly, upon a fixed KNO3:NaNO3:KBr (molten salts) molar 

ratio at 10:5:5 , [9] we varied the perovskite precursor salts: molten salts:m-SiO2 molar ratios. 

A comparison of stability against aqua regia was tested (sample A-F in Figure S2.3 and Table 

S2.2), and among various feeding ratios, the one (i.e., CsBr:PbBr2:(KNO3+NaNO3+KBr):m-

SiO2 molar ratio of 6:6:20:5) showed that the yielded products had the best stability with a 

bright PL emission when immersed in aqua regia for five days. Then, we modulated the 

reaction temperature from 310 °C to 350 °C through the use of the optimized 

CsBr:PbBr2:(KNO3+NaNO3+KBr):m-SiO2 molar ratio (namely 6:6:20:5). The resulting 

products, in term of stability against aqua regia, had a good stability when the reaction 

temperature was in the range of 320-350 °C (sample B, G-J in Figure S2.3 and Table S2.2). 

However, for the morphology, the reaction running at 310-330°C could deliver CsPbBr3/m-

SiO2 composites that maintained a same shape as the starting m-SiO2 (Figure S2.4). Overall, 

we found that the optimal reaction parameter for small-sized composites was performed by 

KNO3:NaNO3:KBr molar ratio of 10:5:5, CsBr:PbBr2:(KNO3+NaNO3+KBr):m-SiO2 molar 

ratio of 6:6:20:5, and reaction temperature of 320 °C for 1 h (Table S2.2, sample B). 

 

Figure 2.3 TEM images of the yielding CsPbBr3/m-SiO2 nanoparticles: (a) CsPbBr3/m-SiO2 _C1, (b) 

CsPbBr3/m-SiO2 _C2, (c) CsPbBr3/m-SiO2 _C3 and (d) CsPbBr3/m-SiO2_C4. (e) HAADF STEM image 

of a CsPbBr3/m-SiO2_C1 particle with the corresponding EDX maps. 

In parallel, the same synthesis approach was also employed to synthesize CsPbBr3/m-SiO2 

composites starting from C2, C3, and C4 m-SiO2 particles. All produced CsPbBr3/m-SiO2 (C1-
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C4) composites kept the similar size and shape with respect to their respective starting m-SiO2 

(Figure 2.3 a-d and Figure S2.5), indicating that the optimized molten-salts method did not 

lead to the degradation/melting of host matrixes. The smallest-sized CsPbBr3/m-SiO2_C1 

sample, as a representative of small-sized composites, was characterized by the high-angle 

annular dark field (HAADF) STEM. The HAADF-STEM images displayed that the 

mesoporous structure of m-SiO2 was partially collapsed upon the formation of composites 

(Figure 2.3e and Figure S2.6), which is also observed in our previous work (i.e., the large-

sized CsPbBr3/m-SiO2 (ƌ 600 nm) sample).[9] The HAADF-STEM equipped energy-

dispersive X-ray (EDX) mapping revealed that the presence of Cs, Pb, Br, K, and Na 

elements were inside each composite particle (Figure 2.3e and Figure S2.6). The X-ray 

diffraction (XRD) patterns of CsPbBr3/m-SiO2 (C1-C4) samples indicated that the crystal 

phase was comprised mostly of orthorhombic CsPbBr3 (inorganic crystal structure database 

(ICSD) number 98-0097851) together with a minor fraction of KNO3, NaNO3, and KBr 

(Figure 2.4a). A broad bump ranging from 15° to 35° in XRD patterns was attributed to the 

amorphous SiO2 matrix. [9] The CsPbBr3/m-SiO2_C1 sample featured an absorption peak 

(513nm) and a green PL emission (517nm) with a narrow FWHM (18nm) and a high PLQY 

(77%± 7%) (Figure 2.4b, c, Figure S2.7 and Table 2.1). When the CsPbBr3/m-SiO2_C1 sample 

was immersed in aqua regia for 365 days, it still had a bright green PL emission under UV 

light (Figure 2.4d). The other CsPbBr3/m-SiO2 (C2, C3 and C4) nanocomposites also showed 

absorption peaks at 514-517 nm along with PL emission peaks at 516-519 nm with a FWHM 

of 17-20 nm, while their PLQY values changed from 55% ± 5% (CsPbBr3/m-SiO2_C2 sample) 

to 80% ± 8% (CsPbBr3/m-SiO2_C4 sample) (Figure 2.4b, c, Figure S2.7 and Table 2.1).  
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Figure 2.4 (a) XRD patterns of the CsPbBr3/m-SiO2 nanocomposites with the bulk reflections of CsPbBr3 

(ICSD 98-009-7851), KNO3 (ICSD 98-003-6113), NaNO3 (ICSD 98-0180918), and KBr (ICSD 98-005-

3826). (b) PL emission spectra (b) and PLQY (c) of the CsPbBr3/m-SiO2 nanocomposites. (d) 

Photographs of CsPbBr3/m-SiO2_C1 immersed in aqua regia for 1 year, taken under visible light (upper) 

and under UV excitation at 365 nm (bottom). 

Table 2.1 Optical properties and composition, measured via SEM-EDX of the different CsPbBr3/m-SiO2 

composites. 

Sample 
CsPbBr3/m-

SiO2_C1 

CsPbBr3/m-

SiO2_C2 

CsPbBr3/m-

SiO2_C3 

CsPbBr3/m-

SiO2_C4 

CsPbBr3/m-

SiO2Ó600nm 

PL peak 517nm 519nm 519nm 516nm 520nm a) 

FWHM 18nm 17nm 17nm 20nm 22nm a) 

PLQY 77±7% 55±5% 68±6% 80±8% 89±10% a) 

Pb/Si b) 0.05 0.13 0.03 0.14 0.12 

Pb/(K+Na) b) 1.90 1.01 1.01 1.35 0.38 

a) Data are taken from Mai et al. reported in our group previous work.[9] 

b) The compositions result from SEM-EDX. 
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2.2.2 Preparation of CsPbBr3/m-SiO2 polymer films. 

Among these small-sized composites, the two samples with the highest PLQY (i.e., 

CsPbBr3/m-SiO2_C1 and CsPbBr3/m-SiO2_C4 samples) were selected as the best candidates 

to prepare CsPbBr3/m-SiO2 polymer films. Each nanocomposite (C1 and C4) was loaded in a 

polymer resin (K-129B) onto a barrier transparent film (FTB3-50) made of polyethylene 

terephthalate with few layers of metal oxide (which has a water vapor transmission rate of 

~10ī3 g mī2 per day at 20 °C). In addition, standard perovskite NCs reported by Protesescu et 

al.,[24] and the large-sized CsPbBr3/m-SiO2 sample (Ó600 nm) in our previous work,[9] were 

preformed the same process to prepare polymer films as counterparts. Three accelerated 

reliability tests were conducted: (i) high flux (HF), in which sample-polymer films are exposed 

to a blue emitting light source (450 nm) with a power of 100 mW cmī2 at 60 °C and 60% 

relative humidity (RH); (ii) high temperature (HT), which makes sample-polymer films 

irradiated under a 10 mW cmī2 blue light (450 nm) with a power of 10 mW cmī2 along with 

85 °C and 60% RH; (iii) high humidity (HH), in which the sample-polymer films are irradiated 

with a blue light (450 nm) with a power of 10 mW cmī2 at 60 °C and 90% RH. The results are 

reported in Figure 2.5. In general, these accelerated reliability tests were carried out for 1000 

h, roughly corresponding to a duration of 3 years under normal operation conditions (i.e., a 

display operated in the household). Upon a comparison with accelerated reliability tests, we 

found that, 100-nm-sized composites, namely CsPbBr3/m-SiO2_C1 sample, showed the best 

stability in all conditions (HF, HT and HH). After 1000 h test, their PL intensity remained: (i) 

94% in the HF, (ii) 58% in the HT, and (iii) 100% in the HH. In addition, the edge ingress, a 

typical issue affecting quantum dots polymer films due to lacking sufficient protection of 

polymer films when nanoparticles are near to film edges, was not observed for the CsPbBr3/m-

SiO2_C1 polymer film upon accelerated test conditions, which further demonstrates their 

stability (Figure S2.8).  
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Figure 2.5 Stability tests, under different conditions, of polymer films loaded with either on type of 

CsPbBr3/m-SiO2 nanocomposite (CsPbBr3/m-SiO2_C1, CsPbBr3/m-SiO2_C4, CsPbBr3/m-SiO2 Ó 600 

nm) or with standard CsPbBr3 NCs. The three plots are time-dependent normalized PL intensity of the 

films under the following conditions: (a) HF, (b) HT, and (c) HH. 

Notably, CsPbBr3/m-SiO2_C1 composites featured a remarkable stability, which represents 

breakthrough in overcoming the shortcomings of CsPbBr3 NCs. In order to figure out possible 

reasons for the high stability of CsPbBr3/m-SiO2_C1 composites, we considered some points: 

Firstly, standard CsPbBr3 NCs showed a rapid decline in PL intensity under HF test (Figure 

2.5a, blue curve); secondly, the SiO2 matrix itself cannot provide adequate protection for 

CsPbBr3 against HF, because not all composites had HF resistance; Thirdly, the composite 

made with the biggest-sized m-SiO2 (i.e., CsPbBr3/m-SiO2ƌ600 nm) did not have the highest 

HF stability, thereby, the thickness of m-SiO2 was not main reason. Ruling out the perovskite 

and m-SiO2, we hypothesize that inorganic salts that were sealed inside m-SiO2 pores together 

with CsPbBr3 NCs can be responsible for the high stability against HF. Indeed, K+ salts have 

been found to play a positive role on passivating colloidal perovskite NCs and improving 

stability reported in the literatures.[27, 28] We estimated a coverage of CsPbBr3 NCs with 
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inorganic salts by a relative molar ratio of perovskite NCs and inorganic salts, specifically, the 

composition ratio of Pb/(Na+K). The scanning electron microscopy (SEM) EDX analysis 

indicated that CsPbBr3/mSiO2_C1 had the highest Pb/(Na+K) ratio of 1.90, followed by 

CsPbBr3/m-SiO2_C4 (with a ratio of 1.01), and CsPbBr3/m-SiO2ƌ600 nm being the lowest 

Pb/(Na+K) ratio of 0.38 (Table 2.1). In line with the XRD analysis, the product of CsPbBr3/m-

SiO2_ C1 was dominated by CsPbBr3 (Figure 2.4a), while KNO3, NaNO3, and KBr salts were 

major products in CsPbBr3/m-SiO2ƌ600 nm (Figure S2.9). Comprehensively analyzing HF 

stability and each component in the composites involving the perovskite, inorganic salts and 

m-SiO2, we believe that an optimal coverage of CsPbBr3 NCs with inorganic salts inside m-

SiO2 pores plays a key role on the improved stability of the CsPbBr3/m-SiO2_C1 sample. 

2.2.3 Fabrication of CsPbBr3/m-SiO2-based displays 

Compared with large-sized CsPbBr3/m-SiO2ƌ600nm sample, the best composite, CsPbBr3/m-

SiO2_C1, not only featured a high stability, but also were composed of small-sized particles, 

which is beneficial to form polymer films with a uniform particle distribution. Indeed, the 

composites polymer film made with the CsPbBr3/m-SiO2_C1 sample featured a homogeneous 

texture, in which composite particles were uniformly dispersed in the film, except for a few 

spots containing aggregates (Figure 2.6a). In contrast, the CsPbBr3/m-SiO2ƌ600nm sample 

composites polymer film showed almost exclusively large aggregates (Figure 2.6b). With 

respect to the CsPbBr3/m-SiO2ƌ600nm composite polymer film, the composite polymer film 

made by small-sized CsPbBr3/m-SiO2_C1 sample presented a better green color point that is 

closer to the edge of the CIE1931 color diagram, indicating a higher color purity of emission 

(Figure 2.6c,d). Then, we employed a magenta LED backlight source, composed of a blue 

LED and a potassium fluorosilicate (KSF) phosphor, to test the green PL emission conversion 

efficiency of composites polymer films prepared under the same mass loading. In order to 

obtain a white light with an optimal ratio of Red, Green, and Blue (RGB), we firstly tune the 

mass of composites inside the polymer film and identified 0.625 wt% of CsPbBr3/mSiO2_C1 

as the appropriate value for the polymer film (Figure 2.6e, and Table 2.2). As a reference, 

CsPbBr3/mSiO2 ƌ600 nm polymer film was prepared with the same procedure. The PL 

spectra displayed that the film prepared by the use of CsPbBr3/m-SiO2_C1 featured a more 

intense green emission than that made by the use of CsPbBr3/m-SiO2ƌ600 nm, indicating that 
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small-sized composites resulted in a better blue-to-green conversion (Figure 2.6e,f). Overall, 

in terms of the texture (i.e., less aggregates and, thus, lower light scattering) and the color 

conversion (i.e., more energy conversion at the equal mass loadings), small-sized CsPbBr3/m-

SiO2_C1 sample exhibits a better performance than pervious large-sized CsPbBr3/m-SiO2ƌ

600 nm sample when used in green converting polymer layer. 

  

Figure 2.6. Optical microscopy images of: (a) CsPbBr3/m-SiO2_C1 and (b) CsPbBr3/m-SiO2ƌ600 nm 

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

polymer film based on: (c) CsPbBr3/m-SiO2_C1 or (d) CsPbBr3/m-SiO2ƌ600 nm samples are marked. 

Emission spectra of the magenta backlight source combined with the composite polymer film based on: 

(e) CsPbBr3/m-SiO2_C1 or (f) CsPbBr3/m-SiO2ƌ600 nm samples. 
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Table 2.2 Color gamut performance of LCD display utilizing CsPbBr3/m-SiO2_C1 as 

compared to commercial display using green phosphor. 

Sample 
CIE color 

coordinates 

Color 

temperature 

Gamut 

Coverage 
Vs. Adobe 

RGB 

Gamut 

Coverage 

Vs. DCI-P3 

Gamut 

Coverage 

Vs. NTSC 

Gamut 
Coverage 

Vs. 

Rec.2020 

area 

CsPbBr3/m-

SiO2_C1 

(0.3067, 

0.3271) 
6861.1K 92.4% 84.7% 92% 78% 

Dell XPS 

laptop Display 

(0.3088, 

0.3354) 
6666.7K 74% 74% 71% 53% 

 

The best CsPbBr3/m-SiO2_C1 polymer film with a size of 160mm×100mm was employed to 

set up into a customized 7-in. LCD display system. This LCD prototype display (from the 

bottom to up) was comprised by the cover, reflector, light guide plate with a magenta LED on 

the sides, CsPbBr3/m-SiO2_C1 polymer film, polarizer, and LCD panels (Figure 2.7a-c). As a 

comparison with commercial products, we chose a reference LCD display device (i.e., Dell 

XPS 15 7590 (year 2020) laptop display), in which blue spectrum and red spectrum are 

respectively resulted from a blue LED light and a KSF phosphor that are the same as our 

display setup of the CsPbBr3/m-SiO2_C1 based LCD display device. Therefore, any difference 

in the performance between our setup and the commercial device just come from the green-

converting layer. The CsPbBr3/m-SiO2_C1 based LCD display device exhibited a white light 

emission with a CIE color coordinate of (0.3067, 0.3271) and a CCT of 6861 K, which is close 

to the ideal white point of the NTSC standard (0.310, 0.316) (Figure 2.7d and Table 2.2). This 

CsPbBr3/m-SiO2_C1 based LCD device display featured a 92% coverage of NTSC standard 

color gamut area of CIE 1931, which outperformed the commercial LCD display (Dell XPS 

15 7590 laptop display) with a 71% coverage proportion (Figure2.7, Figure S2.10b and Table 

2.2). Moreover, commercial display device was characteristic of a very broad green emission 

(Figure S2.10a), which is not beneficial for the color gamut and performance of the display 

device, however, our small-sized CsPbBr3/m-SiO2 sample had a quite narrow emission (Figure 

2.6e). Such narrow emission and high stability features make small-sized CsPbBr3/m-SiO2 

being ideal green phosphors for practical LCD displays. 
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Figure 2.7 Prototype display utilizing the CsPbBr3/m-SiO2_C1 based polymer film as the green color 

conversion layer. Photographs of the: (a) CsPbBr3/m-SiO2_C1 polymer film, (b) the LCD display 

components with the magenta (blue LED and KSF phosphor) backlight, and (c) the assembled LCD 

display. (d) White color point and CIE color coordinates obtained (black line) as compared with NTSC 

standard (dashed line). 

2.3 Conclusion 

In summary, we successfully synthesized small-sized CsPbBr3/m-SiO2 composites via a 

molten-salts approach, in which a mixture of KNO3, NaNO3, and KBr (namely molten salts) 

not only promoted CsPbBr3 NCs to nucleate and grow inside m-SiO2 particles, but also partial 

etched silica to seal pores of m-SiO2. Among various sized composite, the best ones, 100-nm-

sized CsPbBr3/m-SiO2 composites, exhibited a narrow green PL emission with a FWHM of 18 

nm and a PLQY values as high as 77%, and they also featured a high stability against acidic 

solution. When CsPbBr3/m-SiO2 (~100nm) composites were embedded into polymer films, 

the PL intensity of polymer films was characteristic of a good stability after a 1000-hour 

accelerated reliability tests, in detail, remaining PL intensity: (i) 94% in HF,  (ii)  58% in HT; 
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(iii) 100% in HH. Besides, a uniform particle distribution was observed in the polymer film 

made by the use of 100-nm-sized CsPbBr3/m-SiO2 composites. Based on these remarkable 

characteristics, we fabricated a proof-of-concept 7-in. LCD display device by the use of small-

sized CsPbBr3/m-SiO2 composites as the green phosphor layer. This LCD display device 

showed an optimal white light featuring CIE color coordinates of (0.3067, 0.3271), CCT of 

6861 K, and 92% coverage of NTSC standard color gamut area of CIE1931, which 

outperformed the reference commercial display (Dell XPS 15 7590 laptop display). This work 

gives a step forward for the implementation of perovskite NCs in actual devices. 

2.4 Experimental section 

Preparation of m-SiO2 (C1, C2, and C3) Nanoparticles. The C1 m-SiO2 nanoparticles were 

synthesized by employing a modified Stöber method with several changes. [25] First, 2.74 

mmol of CTABr was dissolved in 480 mL of DI water and then extra 3.5 mL of a NaOH 

solution (2 M in DI water) was added to basify the solution. The mixture was heated up to 

70 °C, followed by the addition of 22.4 mmol of TEOS with an injecting speed rate of 10 mL 

min-1, during which the solution was vigorously stirred. The reaction mixture was kept for 3 

h at 70 °C and then the product was collected via the centrifugation at 10,000 rpm for 10 min. 

The precipitate was washed with DI water for five times again and then dried at 40 °C for 24 

h in vacuum. For C2 and C3 m-SiO2 nanoparticles, they were synthesized by using the same 

synthesis procedure with the following modifications: to produce C2 m-SiO2, we employed 

1.37 mmol of CTABr; to produce C3 m-SiO2, 67.2 mmol of TEOS was employed; in both C2 

m-SiO2 and C3 m-SiO2, TEOS was injected at a speed rate of 0.5 mL min-1. To remove the 

template agent and to get clean m-SiO2 particles, in all the cases, products were calcined at 

550 °C for 5 h in an oxidant atmosphere. 

Preparation of m-SiO2 (C4) Nanoparticles: C4 m-SiO2 nanoparticles were prepared from 

commercial MCM-41 silica via a size selection process. A total of 1,500 mg of commercial 

MCM-41 silica was dispersed in 750 mL of DI water and the mixture was heated to 60 °C for 

72 h to completely disperse silica particles. The colloidal dispersion was centrifuged at 1,157 

g for 5 min, and then the precipitate was discarded and the particles in the supernatant were 

collected by the precipitation (via the centrifugation at 12,857 g for 10 min). The precipitate 

was dried at 40 °C for 120 h in the vacuum.  
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Preparation of CsPbBr3/m-SiO2 Nanocomposites: CsPbBr3/m-SiO2 nanocomposites were 

prepared by following the molten-salts synthesis method previously reported by our group and 

via a systematic optimization of reaction parameters. [9] The detailed parameters explored are 

listed in Table S2.1 (Appendices 2.6). The optimized synthesis procedure consisted of grinding 

with a mortar and pestle for a mixture of 0.6 mmol of CsBr, 0.6 mmol of PbBr2, 2 mmol of 

molten-salts (comprising 1 mmol of KNO3, 0.5 mmol of NaNO3, and 0.5 mmol of KBr), and 

0.5 mmol of m-SiO2 (Figure 2.1). Then, the mixture was put into a ceramic crucible and heated 

up to 320 °C in a furnace for 1 h in the air atmosphere. The product was cooled down to room 

temperature by exposing the crucible under the ambient condition for ~12 h. The crude powder 

was washed by DMSO and ethanol for three times, during which each time sonicating the 

mixture for 10 min, centrifuging it at 10,000 rpm for 10 min, and collecting only the precipitate. 

The final product was eventually dried at 40 °C in a vacuum oven. 

Preparation of Composite-polymer Films. A desired amount of CsPbBr3/m-SiO2 

composites was dispersed in 2 mL of acetone and sonicated for 2 min, after which an UV 

curable polymer resin (K-129B from Emaxwin) was added and the resulting mixture was 

stirred overnight inside an open vial (under a fume hood) to evaporate all of acetone. The role 

of acetone in this initial step is that of ensuring the complete dispersion of the composite 

particles in the highly viscous resin. The mixture was deposited onto a barrier transparent film 

(FTB3-50 from 3M with a thickness of 50 µm) made of polyethylene terephthalate with a few 

layers of the metal oxide (featuring a water vapor transmission rate of ~10-3 g m-2 per day at 

20 °C) via the blade coating, producing a final film having a total thickness of ~250 µm, which 

was irradiated with an UV source for 1 min to cure the polymer resin. The cured film was 

eventually cut according to the size needed for the display. The concentration of the composites 

in the polymer film was 0.5 wt% in the stability tests, while for the display device we used a 

concentration of 0.625 wt%. The polymer film based on standard perovskite NCs was made 

using the same approach with the only difference being the preparation of the polymerizable 

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

Fabrication of the LCD display device. The 7-in. LCD display was purchased from Lincoln 

Technology Solution and customized. The polymer film made with CsPbBr3/m-SiO2_C1 

nanocomposites was cut into a size of 160 mm × 100 mm and placed in the LCD display stacks. 

The stacks of the final device, going from the bottom to the top, consist of: cover, reflector, 
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light guide plate with magenta LED on the side (backlight), CsPbBr3/m-SiO2_C1 

nanocomposite-polymer film polarizer, and LCD panel. The LCD panel and the backlight are 

controlled by an integrated circuit with power 12 V. 
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2.6 Appendices 

 

Figure S2.1. Nitrogen adsorption-desorption isotherms and corresponding pore size distributions (insets) 

of m-SiO2 particles: (a) C1, (b) C2, (c) C3, and (d) C4.   

Figure S2.1 is the nitrogen adsorption-desorption isotherms and the corresponding pore size 

distribution curves (insets) of m-SiO2 nanoparticle samples. According to the IUPAC 

classification, [1] the samples exhibit typical IV isotherm behavior with a pronounced 

adsorption at ca. 0.4 P/P0 indicating the presence of mesoporous structures. The small 

hysteresis loops suggest the formation of uniform pores without any pore-blocking effects 

occurring during desorption. [1] Moreover, the additional capillary condensation at high relative 

pressure (P/P0 > 0.90) indicates high degree of textural porosity. [2] The BET specific surface 

area, the average pore size, and the total pore volume are summarized in Table S2.1.  
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Table S2.1. BET specific surface area, average pore size, and total pore volume values of m-SiO2 samples 

determined by nitrogen sorption measurement. 

m-SiO2 Sample C1 C2 C3 C4 

BET specific 

surface (m2 g-1) 
1169.2 836.4 483.2 1035.2 

Pore size (nm) 3.42 3.05 3.05 3.42 

Pore volume (cm3 

g-1) 
1.21 0.10 0.04 0.05 

 

 

Figure S2.2. TEM image of the CsPbBr3/m-SiO2 composite prepared using C1 m-SiO2 particles and the 

following reaction parameters of our previous work: i) KNO3:NaNO3:KBr molar ratio of 10:5:5, ii)  

CsBr:PbBr2:(KNO3+NaNO3+KBr):m-SiO2 molar ratio of 2:2:20:5; iii) reaction temperature of 350°C; 

iv) reaction time of 1 hour. 
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Table S2.2. Experimental details for the preparation of the different composites and the corresponding 

properties taken in consideration. In all the cases the KNO3:NaNO3:KBr ratio was 10:5:5. 

Composites 
CsBr 

(mmol) 

PbBr2 

(mmol) 

molten 

salts 

(mmol) 

m-

SiO2 

(mmol) 

Reaction 

temperature 

Stability 

in aqua 

regia 

Merging 

from 

TEM  

A 0.3 0.3 2 0.50 320°C no / 

CsPbBr3/m-

SiO2_C1 (B) 
0.6 0.6 2 0.50 320°C yes no 

C 0.9 0.9 2 0.50 320°C no / 

D 0.6 0.6 2 0.70 320°C no / 

E 0.6 0.6 2 0.90 320°C no / 

F 0.6 0.6 2 0.11 320°C no / 

G 0.6 0.6 2 0.50 310°C no no 

H 0.6 0.6 2 0.50 330°C yes no 

I 0.6 0.6 2 0.50 340°C yes partial 

J 0.6 0.6 2 0.50 350°C yes yes 
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Figure S2.3. Digital photographs taken under UV light illumination (365nm) of the composites reported 

in Table S2.2 and immersed in aqua regia for 5 days. 
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Figure S2.4.. TEM images of CsPbBr3/m-SiO2 composites synthesized at different reaction temperatures 

(see Table S2.1): sample G at 310°C, sample H at 330°C, sample I at 340°C and sample J at 350°C. 

 

 

Figure S2.5. Size distribution histogram obtained from the TEM images of (a) CsPbBr3/m-SiO2_C1, (b) 

CsPbBr3/m-SiO2_C2 and (c) CsPbBr3/m-SiO2_C3 samples. 
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Figure S2.6. (a-c) HAADF-STEM images of CsPbBr3/m-SiO2_C1 particles. (d-e) HAADF-STEM 

images of a CsPbBr3/m-SiO2_C1 particles with the corresponding EDX maps.  
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Figure S2.7. The absorption spectra of CsPbBr3/m-SiO2 nanocomposites dispersed in the water.  

 

 

Figure S2.8. The appearance of the CsPbBr3/m-SiO2_C1-polymer film after 1000 hours under HF 

conditions (left) and the appearance of a commercial InP-based quantum dot polymer film after one year 

of use (right). 
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Figure S2.9. XRD pattern of CsPbBr3/m-SiO2Ó600nm composite with the bulk reflections of CsPbBr3 

(ICSD 98-009-7851), KNO3 (ICSD 98-003-6113), NaNO3 (ICSD 98-001-5333) and KBr (ICSD 98-005-

3826).    

 

Figure S2.10. The emission spectrum (left) and the color gamut area (black line) as compared to NTSC 

standard (white line) of a commercial LCD display (Dell XPS 15 7590 laptop display) which is based on 

a conventional green phosphor. 

Reference  

1.   Thommes, M.; Kaneko, K.; Neimark, A. V., et al. Pure Appl. Chem. 2015, 87, 1051-1069. 

2.   Han, L.; Zhou, Y.; He, T., et al. J. Mater. Sci. 2013, 48, 5718-5726. 
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Chapter 3: Synthesis of Bi-doped Cs2Ag1-x-yNaxK yInCl 6 

Nanocrystals with K+ Cations Modulating Surface 

Ligands Density and Photoluminescence Efficiency 

Abstract 

In this chapters, I focused on the synthesis of lead-free Bi-doped Cs2Ag1īxNaxInCl6 DP NCs 

for improving their PLQY values. We firstly developed a new synthesis protocol that avoids 

the formation of Ag0 species prior to the nucleation of DP NCs, and the resulting Bi-doped 

Cs2Ag1-xNaxInCl6 DP NCs feature a higher PLQY of 60% with respect to that synthesized in 

the presence of Ag0 species (PLQY of ~30%). The density functional theory (DFT) 

calculations revealed that the presence of Ag0 species on the surface, even a single Ag0, results 

in deep trapping states. Then, the PLQY value further reaches ~70% through forming alloyed 

Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs in which Na+ ions are partial replaced with K+ ions, up to 

a 7% K content. Such an improvement can be rationalized by a lattice expansion that results 

in a favorable surfactants packing on the NC surface. The quantitative 1H nuclear magnetic 

resonance (NMR) measurement indicated that the 7%K sample has a surface ligand density of 

2.3 ligands/nm2 much higher than that of the 0%K sample (1.3 ligands/nm2). However, a 

further replacement of Na+ ions with K+ ions leads to the reduction of PLQY values due to a 

lower oscillator strength of the BiCl6ŪAgCl6 transition and activated non-radiative quenching 

channels. Our study provides novel insights to the impact of the carrier trapping/relaxation on 

the PLQY of lead-free halide DP NCs.   
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3.1 Introduction 

In the past few years, Cs2AgInCl6 compound has emerged as ones of the most interesting DP 

material owing its direct-band gap.[1-3] However, either of Cs2AgInCl6 bulk crystals or 

Cs2AgInCl6 NCs feature a week PL emission with a PLQY of ~ 1% due to parity forbidden 

band-edge transition.[2-6] To date, several works report that the doping and alloying strategies 

can improve optical properties of Cs2AgInCl6-related compounds featuring an enhanced PL 

emission range from Vis to NIR region. In particular, researchers find that alloyed Cs2Ag1-

xNaxInCl6 bulk materials with a few dopant of Bi3+ cations can feature a bright yellow emission 

with a high PLQY up to 86%, which is an important milestone in the development of 

Cs2AgInCl6-related materials.[6] The DFT calculations reveal that the yellow emission is 

originate from the BiCl6ŸAgCl6 transition in Bi-doped Cs2Ag1-xNaxInCl6 crystal, in which the 

excitons are located at both Bi3+ cations and Ag+ cations.[7, 8] Therefore, the Cs2NaInCl6 

structure can be regarded as a basic framework for this system, followed by the addition of an 

emitting center composed of the connected Bi3+ and Ag+ cations. [6-8]  

Whereas, the corresponding Bi-doped Cs2Ag1-xNaxInCl6 NCs just had a PLQY of 40-60%.[7, 8] 

Compared with the high PL efficiency of bulk Bi-doped Cs2Ag1-xNaxInCl6, the low PLQY of 

their counterpart NCs, revealed by DFT theoretical calculations, mainly attributed to the 

presence of deep trap states resulting from unpassivated/uncoordinated surface Cl atoms. [7, 8] 

This is also evidenced by experimental observations that Wang et al. employed GeCl4 as halide 

precursors to synthesize Bi-doped Cs2Ag1īxNaxInCl6 NCs with a maximal PLQY of ~60%.[9] 

Such high PLQY is ascribed to Cl-rich surfaces in the NCs, which lowers the density of 

unpassivated surface Cl atoms. Besides, an additional material on the surface of NCs can 

somehow result in surface trapping states that reduce the PL efficiency. Recently, Levy et al. 

report that the formation of Ag0 particles leads to a drop of PL emission intensity in the 

synthesis of Ag-related DP NCs, i.e., Cs2AgMCl6 (M = In, Sb or Bi) NCs.[10]. These produced 

Ag0 particles arise from a reduction of Ag+ cations by alkylamines before the nucleation of DP 

NCs. [10, 11]  

With the aim to achieve high PLQY and to better passivate surface trap states for Bi-doped 

Cs2Ag1-xNaxInCl6 NCs, in this work, we firstly clarify the influence of Ag0 species on the PL 

efficiency. To unravel it, we employed a synthesis procedure reported by our previous work, 

and preciously modulated the temperature at which metal slats were firstly solubilized into a 
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mixture solvent (including oleic acid (OAc), oleylamine (OAm) and dioctyl ether (DOE) 

before the injection of benzoyl chloride.[7, 8] We observed that the formation of Ag0 species 

can be prevented by solubilizing metal precursors into a mixture of OAc, OAm and DOE at 

75°C, and the resulting DP NCs featured a PLQY value as high as ~60%, compared to DP NCs 

in the presence of Ag0 species with a PLQY of ~30%. DFT calculations indicated that the Ag0 

species, even one Ag0 particle on the surface of a NC, provided non-radiative trapping channels 

to capture carriers. Then, we would like to reduce the unpassivated/uncoordinated Cl surface 

sites in Bi-doped Cs2Ag1-xNaxInCl6 NCs. We attempted to synthesize alloyed Bi-doped 

Cs2Ag1-x-yNaxKyInCl6 NCs, in which Na+ cations are substituted by K+ cations in the M(I)  sites 

of DP NCs. The choice on potassium is inspired by several reports, in which researchers 

observe that the use of K+ cations in the synthesis of halide perovskite NCs can generate an 

efficient surface passivation, thus enabling an improvement of PL efficiency. [12-14] Herein, we 

found that introducing K+ cations into DP NCs can yield Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs 

with a maximal PLQY value as high as ~68% when the amount of K+ cations is around 7% 

(with respect to In3+ cations). Such an improvement of PLQY value can be rationalized by 

NMR analyses which indicated an improved surface ligand density upon a small amount of K+ 

cations incorporated into DP NCs, resulting in an increase of the surface trapping passivation. 

However, a drop of PLQY value was observed when further increasing K+ cations. The DFT 

calculation pointed out that a high K+ cations content in DP NCs leads to a lower oscillator 

strength of the BiCl6ŸAgCl6 transition and activated non-radiative quenching channels by 

local orthorhombic distortions upon the photoexcitation, which are responsible for the drop in 

PLQY. This work presents new views on the passivation of trap states in DP NCs and provides 

viable pathways to enhance the PLQY for lead-free metal halide DP NCs  

3.2 Results and Discussion 

3.2.1 Synthesis of Bi-doped Cs2Ag1-xNaxInCl 6 nanocrystals 

We started the synthesis of Bi-doped Cs2Ag1-xNaxInCl6 NCs using a hot-injecting benzoyl 

chloride method previously reported by our group, [7, 8] in which metal acetates/carbonates 

were firstly  solubilized into the OAc, OAm and DOE at a desired temperature, followed by 

heating up the mixture to 120°C and then injecting benzoyl chloride at 120°C (Figure 3.1). It 

is known that OAm has reducing power to result in the reduction of Ag+ cations to generate 

metallic Ag0 particles. In order to clarify the influence of Ag0 species that were generated 
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before the nucleation of Bi-doped Cs2Ag1-xNaxInCl6 NCs, we prepared two metal precursors 

with a fixed Cs:Ag:Na:In molar ratio of 2:0.15:0.85:1, but solubilized at different temperatures 

at 75°C and 90°C respectively. The absorption spectra indicated that the solubilization of 

precursors at 90°C (for a short time around 5min) generated an absorption peak around 425nm 

that was determined by the localized surface plasmon resonance (LSPR) absorption peak of 

Ag0 species (Figure 3.2a). [10] In contrast, when metal precursors mixture was solubilized at 

75°C for 10 min, it was observed by the absence of the LSPR absorption peak of Ag0 species 

(Figure 3.2a). The XRD patterns further indicated that the diffraction peak of metallic Ag 

(ICSD card 96-901-2432) was present in the metal precursors prepared at above 90°C, but not 

metallic Ag diffraction peak was observed in the metal precursors solubilized at 75°C (Figure 

3.2b). Then, we heated up the mixture to 120 °C at a rate of 45°C/min, followed by the injection 

of benzoyl chloride. In both cases (solubilizing precursors at either 75°C or 90°C), XRD 

patterns of obtained Bi-doped Cs2Ag0.15Na0.85InCl6 NCs could be indexed with a cubic 

Cs2NaInCl6 phase (ICDS 132718), with diffraction peaks slightly shifting toward lower 2ɗ 

angles due to the replacement of Na+ with Ag+ cations (Figure 3.3a, b), without the presence 

of secondary phases. The resulting NCs both were characterized by a cubic shape with minor 

differences: the DP NCs synthesized by avoiding the formation of Ag0 species showed a better 

control of the size distribution with an average size of Ḑ10.5 ± 1.1 nm (~10% size distribution); 

the DP NCs synthesized in the presence of Ag0 species were identified as a mean size of Ḑ16.5 

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

 

Figure 3.1. The Reaction scheme developed for the synthesis of Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs.  
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Figure 3.2. (a) Absorption spectra and (b) XRD patterns of metal precursor mixtures employed for the 

synthesis of Bi-doped Cs2Ag0.15Na0.85InCl6 NCs, in which the precursors were solubilized at 90°C for 

5min and 75°C for 10 min respectively. The bulk reflections in the (b) correspond to Ag (ICSD 96-901-

2432), Na2O (ICSD 96-101-0877) and In(OH)3 (ICSD 98-003-5637). 

Both as-obtained Bi-doped Cs2Ag0.15Na0.85InCl6 NCs had a similar absorption peak at 3.73 eV 

and a broad PL emission centered at 2.11eV (Figure 3.3e, f), in agreement with previous 

reports. [7, 8] Notably, the DP NCs made in the absence of Ag0 species featured a bright yellow 

PL emission with a high PLQY of 57 ± 5%, which was much higher than that of DP NCs 

synthesized in presence of Ag0 species (i.e., 34 ± 3%). The results indicated that the formation 

of Ag0 species, prior to the nucleation of NCs, could be responsible for the decrease of PLQY 

in Bi-doped Cs2Ag1-xNaxInCl6 systems. Then, we employed the X-ray photoelectron 

spectroscopy (XPS) further to detect Ag0 particles in final DP NCs. We observed that although 

the Ag0 species can be generated at the initial solubilizing stage, no trace of metallic Ag0 was 

detected by XPS in both two DP NCs (Figure S3.1). Thus, we hypothesize that Ag0 species 

can be dissolved during the nucleation and growth of Bi-doped Cs2Ag1-xNaxInCl6 NCs so that  

in the final DP NCs, the residual amount of Ag0 species are below the detection limit of XPS.[15] 

Nevertheless, a few Ag0 atoms remained in the NCs still provide a possibility to influence the 

PL efficiency of Bi-doped Cs2Ag1-xNaxInCl6 NCs. To verify this hypothesis, we carried out 

DFT calculations for a ~3.5 nm Cs2Ag0.6Na0.4InCl6 NCs model, [8] in which we added only one 

Ag0 atom on the surface of a NC. The electronic structure, computed by DFT, indicated the 

emergence of a deep trap state spatially localized at the added Ag0 atom (Figure 3.4). This 

demonstrated that Ag0 species on the surface of DP NCs (even one Ag0 atom per NC) can act 
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as a trapping capture to form non-radiative trapping channels and thus to decrease the PL 

efficiency of DP NCs.  

 

Figure 3.3.  XRD patterns (a,b), TEM images and corresponding the size distribution histograms (c,d), 

absorption and PL spectra (e,f) of the Bi-doped Cs2Ag0.15Na0.85InCl6 NCs prepared with metal precursor 

is solubilized either at 90°C for 5min (a,c,e) or 75°C for 10 min (b,d,f). The bottom bulk reflection in the 

(a, b) corresponds to cubic Cs2NaInCl6 DP structure (ICSD number 132718) 
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Figure 3.4. The electronic structure of the reduced Cs2Ag0.6Na0.4InCl6 NC model computed at the 

DFT/PBE level of theory (left panel). The relaxed structure of the DP NC model with the position of the 

added Ag circled in black (right panel). 

Table 3.1. Composition of Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs measured via XPS and ICP analyses. 

Na/K/In precursor ratio  Stoichiometry Bi/In%  Sample Name 

0.85/0/1 Cs1.76Ag0.21Na0.74InCl5.78 0.47 0%K 

0.8/0.05/1 Cs1.92Ag0.20Na0.75K0.07InCl6.00 0.47 7%K 

0.75/0.1/1 Cs2.03Ag0.13Na0.76K0.14InCl5.84 0.62 14%K 

0.65/0.2/1 Cs1.90Ag0.17Na0.58K0.22InCl5.95 0.57 22%K 

0/0.85/1 Cs1.63Ag0.12K0.89InCl5.37 0.54 89%K 

 

3.2.2 Synthesis of Bi-doped Cs2Ag1-x-yNaxK yInCl 6 nanocrystals 

Following optimized synthesis route above, we figured out a pathway to further improve 

PLQY by forming Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs. Here, we replaced Na+ with K+ 

cations in the DP NCs, and a series of NCs were synthesized by a varied K/Na/In feeding molar 

ratios from 0/0.85/1 to 0.85/0/1 along with a fixed amount of Bi and Ag, namely Bi/In=0.5% 

and Ag/In=0.15, in which we observed that when the amount of Ag was kept at Ag/In of 0.15, 

the produced DP NCs had a maximal PL efficiency (Figure S3.2). Table 3.1 showed the 

composition of these DP NCs determined by XPS and inductively coupled plasma optical 

emission spectrometry (ICP-OES), in which the latter are employed to measure the %Bi 
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doping. The measured composition results were in agreement with the feeding molar ratios of 

Na/K/In precursors. 

 

Figure 3.5. (a) XRD patterns, together with a magnified range from 32° to 36°, of Bi-doped Cs2Ag1-x-

yNaxKyInCl6 NCs with the variable K amount. (b-f) The corresponding TEM images: (b) 0%K, (c)7%K, 

(d) 14%K, (e) 22%K and (f) 89%K (Samples names are reported in Table 3.1). 

All of DP NCs were characterized by a cubic &ÍσÍ DP structure, compatible with the bulk 

cubic Cs2NaInCl6 DP structure (ICSD number 132718), with no presence of secondary phases 

(Figure 3.5a, left panel). In particular, the X-ray diffraction peak in a magnified range from 32° 

to 36Á indicated a shift toward lower 2ɗ angles, suggesting an expanding lattice space in these 

DP NCs (Figure 3.5a, right panel). This is in agreement with ionic radii of  K+ (138 pm) and 

Na+ (102 pm) in octahedral coordination.[16] The structural analysis determined the formation 

of alloyed NCs that present different Na/K/In compositions (shown in Table 3.1). Most of Bi-

doped Cs2Ag1-x-yNaxKyInCl6 DP samples featured a cubic shape with a mean size of 10-12 nm, 

apart from that the sample, synthesized in the absence of Na, showed a spherical shape and a 

mean size of 20.8±2.7 nm (Figure 3.5b and Figure S3.3). Then, we investigated the optical 

properties of these samples with variable K cation amounts. All DP NCs exhibited an exciton 

absorption peak at ~ 3.72eV and a broad yellow PL emission (Figure 3.6a). The PL emission 

of the 0%K sample was peaked at 2.11eV with the Stokes shift of 1.62 eV, while the 89%K 

sample had a PL emission peak at 1.73eV with a Stokes shift of 1.95 eV. A shift of PL emission 

peak to low energy (long wavelength) was observed with the introduction of K content in DP 

NCs, resulting in an increase of Stokes shift (Figure 3.6b). The PLQY of these samples 

displayed an increase from 57 ± 5% (the 0%K sample) to 68% ± 6% (the 7%K sample), and 

then it gradually decreased, reaching down to 10 ± 1% when DP NCs was synthesized in the 
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absence of Na (Figure 3.6b). Interestingly, the trend of PLQY as a function of K contents had 

a bell shape with the maximum value of ~68%±6% for the 7%K sample. We further 

investigated PL emission intensity against air for 7%K sample (that had the highest PLQY 

value) and 0%K sample (in the absence of K+ cations). Both 0%K sample and 7%K samples 

were charaterized by a stable PL intensity when exposed to air for 15 days (Figure S3.4). The 

PL decay curves of theses samples collected at the corresponding emission maximum 

exhibited an increasing PL lifetime from 2.4 ɛs (0%K) to 4.2 ɛs (89%K) as the amount of K 

incorporated (Figure 3.6c and Table S3.1).  

 

Figure 3.6. (a) Absorption, PL and PLE spectra, (b) PLQY and Stokes shift values and (c) normalized 

time-resolved PL decay traces of Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs with the variable K amount. 

To understand the effect of K on the optical properties of Bi-doped Cs2Ag1-x-yNaxKyInCl6 DP 

NCs, we performed DFT calculations. We took into account two models (i.e., 1 × 1 × 1 

Cs2NaInCl6 and Cs2KInCl6 cubic unit cells), in which either 1 Na+ or 1 K+ cation was replaced 

by 1 Ag+ cation and 1 In3+ cation was replaced by 1 Bi3+ cation (Figure 3.7a). The spin-orbit 

coupling (SOC) was included in the DFT calculation to illustrate the electronic structure of Bi-

containing system. [3, 7]  

The calculated band structure showed that the CBM consisted of the antibonding Bi(6p)-Cl(3p) 

orbitals at the M point, and the VBM was composed of the antibonding Ag(5d)-Cl(3p) orbitals 



                             Chapter 3: Synthesis of Bi-doped Cs2Ag1-x-yNaxKyInCl6 Nanocrystals 

with K+ Cations Modulating Surface Ligands Density and Photoluminescence Efficiency 

71 |Page 

 

at the ũ point (Figure 3.7a, left and central panels). Either of Na+ or K+ cations did not 

contribute to the band edges of Bi-doped Cs2Ag1-xNaxInCl6 and Cs2Ag1-yKyInCl6 NCs. It is 

worth noting that the inclusion of SOC made Bi(6p)-Cl(3p) orbitals transferring from the high 

energy level to the low energy level (Figure 3.7a), in agreement with our previously reported 

work. [7] The photogenerated carriers were located at the BiCl6 and AgCl6 octahedra, which 

resulted in the self-trapped PL emission belonging to BiCl6ŪAgCl6 transition (Figure 3.7a, 

right panel).  

Then, we focused on the transition dipole moments for the lowest energy transition in both Bi-

doped Cs2Ag1-xNaxInCl6 and Bi-doped Cs2Ag1-xKxInCl6. We constructed more realistic DP 

matrices of 2 × 2 × 2 Cs2NaInCl6 and Cs2KInCl6 supercells, in which 1 Na+ or 1 K+ cation is 

replaced by 1 Ag+ cation, and 1 In3+ cation is substituted by 1 Bi3+ cation, maintaining the 

charge natural in the entire system. The DFT calculations revealed that the oscillator strength 

of lowest BiCl6ŪAgCl6 electronic transition was 1.58 for the K-based DP, lower than that of 

Na-based DP (the oscillator strength of 2.11). Such a lowering oscillator strength was 

responsible for the increase of PL lifetimes and the decrease of PLQY values when the system 

of Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs changed from Na-based DP to K-based DP (Figure 

3.6b,c). Besides, the extent of the Stokes shift was estimated through computing the ground 

state (singlet) and lowest excited state (triplet) potential energy surfaces (Figure 3.7b). We 

changed the Bi-Cl bond along the Bi-Cl-Ag axis, and then qualitatively analyze the partial 

breaking of this bond (i,e., one of the 3-fold-degenerate Bi(6p)-Cl(3p) antibonding molecular 

orbitals in the CBM) upon photoexcitation. We found that regardless of the stretching distance, 

the computed Stokes shift of the Cs2NaInCl6:Ag,Bi system was slightly smaller than that of 

Cs2KInCl6:Ag,Bi (Figure 3.7b), which was in consistent with the experimental results (Figure 

3.6 a,b). Interestingly, the Cs2KInCl6:Ag,Bi system featured a sudden drop of both ground state 

(singlet) and lowest excited state (triplet), when the Bi-Cl bond was elongated from 2.920 to 

2.945 Å. A corresponding structural distortion was observed in the 2 × 2 × 2 Cs2KInCl6:Ag,Bi 

supercell, along with a phase transformation from cubic to orthorhombic of Cs2KInCl6:Ag,Bi 

structure (Figure 3.7b). Whereas, a stretching distance of Bi-Cl bond (and thus a phase 

transformation) occurred for a short-lived time only in the photoexcited state, which is a 

challenge to detect it in the experiment. Therefore, we hypothesis that at high K+ cations 

contents Bi-doped Cs2Ag1-x-yNaxKyInCl6 structure could be locally distorted from cubic to 
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orthorhombic arrangement upon photoexcitation. This large energy (and structural) 

reorganization/relaxation in the excited state induces non-radiative channels to decrease the 

PL efficiency. Additionally, the phase transformation also leads to an energy loss for the 

exciton, which makes Cs2KInCl6:Ag,Bi having larger Stokes shift than that of 

Cs2NaInCl6:Ag,Bi, in agreement with experimentally observed results (Figure 3.6a,b)  

 

Figure 3.7. (a) Band structure of the Cs2NaInCl6 and Cs2KInCl6 bulk systems doped with 1 Ag+ and 1 

Bi3+ cation in the unit cell, computed at the DFT/PBE level of theory on the 1 × 1 × 1 unit cell (b) Trend 

of the ground state and triplet state (mimicking the first excited state) energies by stretching the Bi-Cl 

bond computed for both Cs2NaInCl6 and Cs2KInCl6 bulk systems (2 × 2 × 2 supercell) and doped with 1 

Ag+ and 1 Bi3+ cations. The ground state relaxed structures of both systems are taken as the reference 0 

energy values. For the K-based system, we observe a distortion from the cubic to the orthorhombic 

structure when the bond is stretched above a threshold length of 2.92 Å. 
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Table 3.2. The summary of surface ligands density and surface sites occupancy. 

Sample size 
Surface ligands 

density 

surface sites occupancy 

A site 

(Cs+Oleylammonium) 

X site  

(Cl+Oleate) 

0%K sample 10.52nm 1.3 ligands/nm2 35% 22% 

7%K sample 10.14nm 2.3 ligands/nm2 88% 57% 

Given that an improvement of PLQY obtained from 7%K sample which presents a low amount 

of K+ cations, we expected that structural reorganization upon photoexcitation played a 

negligible role for PL efficiency. To rationalize this improvement of the PLQY at a low amount 

of K+ cation, we considered the impact of surface defects/traps on these DP system. Then, we 

preformed DFT calculations on two Ḑ3.5 nm Cs2Ag0.6Na0.4InCl6 and Cs2Ag0.6K0.4InCl6 NC 

models with different displacement of surface CsCl ion pairs to simulate the displacement of 

ionic ligand pairs (e.g., Cs-oleate, Oleylammonium-Cl) on the NC surface.[8] The calculations 

results indicated that both Na-based and K-based systems had the deep Cl surface trapping 

states in the bandgap, suggesting that the concentration of surface traps have an influence on 

the PL efficiency. To evaluate the concentration of surface traps, we employed the NMR 

techniques to analyze the surface ligands of two samples (i.e., 0%K and 7%K sample). The 1H 

NMR spectra showed that both two samples was passivated by OAc and OAm, measured in 

toluene-d8 (Figure S3.6). Theses samples were then dissolved in the DMSO-d6, which can 

release bound surface ligands as free molecules (1H NMR spectra shown in the Figure S3.7). 

The 2D NMR spectra, including 1H-13C Heteronuclear Single Quantum Coherence (HSQC) 

and Heteronuclear Multiple Bond Correlation (HMBC) spectra, to further confirm the presence 

of OAc and OAm. In details, the 1H-13C HSQC spectra indicated the CH2 in position Ŭ to a 

nitrogen group of OAm, and 1H-13C HMBC spectra showed the CH2 in position Ŭ to the -

COOH group of OAc (Figure S3.8). We performed quantitative 1H NMR on samples that were 

dissolved in the DMSO-d6, to obtain the surface ligands density. The 7%K sample featured a 

surface ligands density of 2.3 ligands/nm2, higher than that of the 0%K sample (1.3 

ligands/nm2) (Table 3.2). Based on analyses of the size, composition, and surface ligand 

density (determined by TEM, XPS and NMR respectively), the 7%K sample was estimated to 

have a surface coverage of 88% A site (i.e., Cs+Oleylammonium) and 57% X site (i.e., 

Cl+Oleate), which is higher than that of the 0%K sample (35% A site and 22% X site) (Table 

3.2 and Table S3.2). Such a high surface ligand density can be attributed to the lattice 
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expansion when a small amount of K cations was incorporated into the Bi-doped Cs2Ag1-

xNaxInCl6 NCs (demonstrated by a shift of XRD peak). The corresponding lattice parameter 

(a) was calculated as 10.47 Å for the 0%K sample and 10.53 Å for the 7%K sample (Figure 

3.5a). The large lattice space (and parameter) is beneficial for the ligands packing on the 

surface and results in a high surface passivation, which is responsible for the improved PLQY 

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

3.3 Conclusion 

In this work, we improved the PLQY of Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs by two strategies: 

i) avoiding the formation Ag0 species, prior to the nucleation of NCs and ii) incorporating K+ 

cation into the Bi-doped Cs2Ag1-xNaxInCl6 NCs. In detail, we firstly adopted a new synthesis 

protocol, i.e., by solubilizing metal precursors at a relatively low temperature, to avoid the 

formation of Ag0 species prior to the nucleation of NCs. The resulting Bi-doped Cs2Ag1-

xNaxInCl6 NCs featured a PLQY as high as 57% ± 5%, compared to those prepared in the 

presence of Ag0 species (PLQY 34 ± 3%). Indeed, a deep trapping state resulted from Ag0 

particle on the NCsô surface was found in bandgap, which generated non-radiative 

recombination channels to reduce the PLQY of NCs. Then, a further improvement of the 

PLQY was observed through alloying K+ cations into the Bi-doped Cs2Ag1-xNaxInCl6 NCs. 

With a low concentration of K+ cations, namely 7% K+, the produced Bi-doped Cs2Ag1-x-

yNaxKyInCl6 NCs were characteristic of a high PLQY reaching ~70%. This was rationalized 

by an expansion in the lattice parameters that resulted in a high surface ligands density capable 

of passivating surface traps on the Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs. However, a drop of 

PLQY was found when the K+ cation concentration in the NCs was further increased. With 

respect to Na-based DP, K-based DP has a lower oscillator strength for the BiCl6ŪAgCl6 

transition and activated non-radiative decay channels originated from the structural distortion, 

both of which lead to a detrimental influence on PL efficiency. This work gives a deeper 

understanding of PL efficiency from surface defect/trap perspectives, and provides an effective 

pathway to boost the PLQY for lead-free halide DP NCs.   
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3.4 Experimental section 

Synthesis of Bi-doped Cs2Ag1-x-yNaxK yInCl 6 Nanocrystals.  In a typical synthesis, Cs2CO3 

(0.25 mmol), Ag(ac) ((1-x-y)*0.25 mmol), Na(ac) (x*0.25 mmol), K(ac) (y*0.25 mmol), 

In(ac)3 (0.25mmol), Bi(ac)3 (1.25 µmol, 0.5% with respect to In(ac)3), degassed OAm 

(0.5mL), degassed OAc (1.2 mL) and DOE (4 mL) were mixed in a three neck flask under 

inert atmosphere (i.e. N2) . The mixture was heated up to 75°C under vigorous stirring for 10 

min to dissolve the metal cation precursors, followed by heating up to 120°C (at a rate of 

45°C/min) and then a solution of 220 µL Bz-Cl in 0.5 mL of degassed DOE was swiftly 

injected into the flask. After the injection, the reaction was cooled down by an ice-water bath. 

The crude reaction solution was centrifuged at 4000 rpm for 5 min and the supernatant was 

discarded. The precipitate was dispersed in 4 ml of hexane and then further cleaned by adding 

extra 8mL of ethyl acetate and the centrifuging at 4000rpm for 5min. The precipitated NCs 

were redispersed in 4ml of hexane and was stored in a vial for further characterizations. All 

the washing procedures were carried out under inert atmosphere. The synthesis procedure 

employed to monitor the formation of Ag0 species prior the nucleation of NCs was identical 

to the one just described, except that no K precursor was employed and the solubilization of 

the precursors (before the injection of Bz-Cl) was performed at 75°C or 90°C. 
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3.6 Appendices 

 

Figure S3.1. XPS Ag 3d spectra collected on Bi-doped Cs2Ag0.15Na0.85InCl6 NCs prepared with either 

(a) the metal precursor is solubilized at 90°C for 5min, or (b) the metal precursors is solubilized at 75°C 

for 10min and then the temperature was quickly raised up to 120°C). In both cases, the main Ag peak 

(Ag 3d5/2) is centered at (368.0±0.2) eV, in line with reports on Ag(I) compounds. [1] Panel c reports, for 

comparison, the Ag 3d spectrum collected on a freshly cleaned (by Ar+ ion sputtering) Ag foil. The 

spectrum shows the presence of two intense, narrow, and slightly asymmetric peaks, separated by 6 eV, 

typical of Ag0, together with low-intensity loss features at the higher binding energy side of each spin-

orbit component. The position of the Ag 3d5/2 is (368.1±0.2) eV, in agreement with literature reports on 

Ag0. [2] Given the observed positions, it is hardly possible to determine by XPS if Ag0 is present in our 

DP NCs. However, the similarity between the spectra of panels (a) and (b) suggests that, within the 

detection limits of XPS, the oxidation state of Ag in the two samples is the same (and it is Ag+, given 

peak width, symmetry and the absence of high-binding-energy loss features). 
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Figure S3.2. PLQY values measured for Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs synthesized by fixing the 

K content (y=0.07) and by varying the Ag/Na precursors ratio. 

 

Figure S3.3. The size distribution histograms measured by TEM images of Bi-doped Cs2Ag1-x-

yNaxKyInCl6 NCs: (a) 0%K, (b)7%K, (c) 14%K, (d) 22%K and (e) 89%K. 
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Table S3.1 PL lifetime extracted from time-resolved PL decay traces of Bi-doped Cs2Ag1-x-yNaxKyInCl6 

NCs. 

Sample PL lifetime (µs) 

0%K 2.4 

7%K 3.5 

14%K 4.1 

22%K 4.1 

89%K 4.2 

 

 

Figure S3.4. Absorption and PL spectra of 0%K and 7%K NC samples dispersed in toluene and exposed 

to air up to 15 days.  
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Figure S3.5. Electronic structure of pure Na and K-alloyed Cs2Ag1-xNa(K)xInCl6 double perovskite 

systems of 3.0 nm in size computed at the DFT/PBE level of theory. Each molecular orbital has been 

decomposed according to each atom type. In both systems, the removal of CsCl ionic pair from the 

surface indicate the emergence of deep hole trap states.    

Nuclear Magnetic Resonance analysis 

Preparation of NMR specimens. Bi-doped Cs2Ag1-x-yNaxKyInCl6 NCs analyzed via 

NMR techniques were washed through the following steps: (1) the crude reaction solution (6 

ml) was centrifuged at 6000 rpm for 5 min. (2) The precipitate was dispersed in 2 ml of 

anhydrous toluene followed by vigorous shaking to get a turbid brown suspension; (3) The 

turbid suspension was left to sediment overnight and the transparent supernatant was then 

collected; (4) 2ml of ethyl acetate were added to 1ml of supernatant and then the mixture was 

centrifuged at 5000 rpm for 5 min; (5) the precipitate was dispersed in 1 ml of anhydrous 

toluene again and precipitated via the addition of 2ml of ethyl acetate and centrifugation at 

5000rpm for 5min; (6) the precipitate was collected and re-dispersed in 1 ml of toluene-d8.  

1H NMR spectra of the NC samples were performed in toluene-d6 before their dissolution in 

DMSO-d6 to evaluate the quality of the surface ligands in order to exclude impurities deriving 

from the synthesis, e.g., solvent residue. 
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Figure S3.6. 1H NMR stacked spectra in toluene-d8 of (i) the 0%K NCs  in black and (ii) the 7%K NCs 

in red. In the 1H NMR spectra, peak broadening is due to species (namely OAm and OAc) which are 

dynamically interacting with the NCs surface.  

 

 

Figure S3.7. 1H NMR stacked spectra of (i) the 0%K sample in black and (ii) the 7%K sample in red, 

after their dissolution in DMSO-d6. The inset reports the superimposed 1H spectral region of diagnostic 

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

diagnostic signal of OAm and that of OAc. 

 

Figure S3.8. 2D NMR spectra recorded for the 0%K NC sample after dissolution in DMSO-d6. (i) The 

1H-13C HSQC experiment in which the CH2 in position Ŭ to a nitrogen group (of OAm) returns a 

diagnostic cross correlation between the resonances at 2.69 (1H) and 39.0 (13C) ppm. (ii) 1H-13C HMBC 

experiment was used to assign the CH2 in position Ŭ to the -COOH group (of OAc) by a 1,2-HMBC cross 

correlation between the resonances of 1H at 2.15 ppm and that of 13C at 181.8 ppm, the latter characteristic 

of acidic function. 

The quantitative NMR analysis 

The 0%K NC sample yielded 658 OAm and 201 OAc molecules per NC. Considering that the 

size of these NCs is 10.52nm (see Figure S3.3), corresponding to a surface of 665nm2, the 

surface ligands density is 1.3 ligands/nm2 with 76.6% OAm and 23.4% OAc. 

The 7%K NC sample yielded 1283 OAm and 156 OAc molecules per NC. Considering that 

the size of these NCs is 10.14nm (see Figure S3.3), corresponding to a surface of 617nm2, the 

surface ligands density is 2.3 ligands/nm2 with 89.1% OAm and 10.9% OAc. 

Surface sites occupancy 

We started from an ideal atomistic model of a cubic Cs2Ag1-x-yNaxKyInCl6 NC of 10.5 nm in 

size, terminated with CsCl species as this is the expect termination of metal halide perovskites 

systems. [3] The number of atoms for each atom type is listed in Table S3.2, where we also 


































































































































