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1. Introduction

In the multifaceted regime of modern science, the study of nanocrystals (NCs) 

has emerged as an exciting field and has captivated the keen interest of chemists, 

physicists, engineers, and material scientists. The first chemical synthesis of NCs was 

done by Faraday in 1857.1 Ever since the synthesis of Au NCs by Faraday, the unique 

properties of nano-sized crystals, particularly their tunable colours, have garnered 

significant attention. However, even before 1857, the colour tunability of crystals has 

long been utilized since medieval times to obtain vibrant stained glass as seen in church 

windows today. This was done by varying the baking time and duration of the glass 

with gold and silver salts.2 Exploration of the properties of NCs later led to the 

attribution of the different colours of stained glass to localized surface plasmon 

resonance (LSPR) arising from the collective oscillation of conduction band electrons 

on the surface of gold and silver metal nanoparticles.2 Later in the 1930s, Herbert 

Fröhlich first demonstrated the idea of material properties’ dependency on particle 

size. The discovery of the quantum confinement effect was a breakthrough, 

particularly in the field of semiconductor NCs, which enabled precise control over 

their electronic and optical properties by variation of their size and shape.1 When the 

size of a semiconductor material is reduced to the nanoscale, typically below the 

exciton Bohr radius, the quantum confinement effect becomes pronounced, leading to 

discrete energy levels with size-dependent energetic positions and hence electronic 

transitions.3, 4 This effect allows tuning of the bandgap of the NCs by simply altering 

their size and shape, which in turn adjusts their colour and optical properties. A 

photograph of CdSe NCs of different sizes emitting different colours under an UV 

lamp is shown in Figure 1. Pioneering work in this area was conducted by A. Ekimov,4 

A. Efros,5 T. Itoh,6, and colleagues, who studied the size effects on the optical spectra

of CuCl NCs embedded in alkali-halide matrices. Additionally, Brus and his team

presented both experimental and theoretical evidence of the quantum size effect in CdS

NCs.7 Introduction of the hot-injection approach, for colloidal synthesis of

semiconductor NCs by the Bawendi group in 1993 enabling precise control over the

reaction offered even more boost to the rapidly growing research area.8 This method

allowed for the synthesis of monodisperse CdSe NCs at high reaction temperatures in
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high-boiling organic solvents. Since then, continuous research has expanded the 

horizons of this fascinating field. The rigorous efforts of many scientists working in 

this field of science received much-deserved recognition when the pioneers of the 

field, namely M. Bawendi, L. E. Brus, and A. Ekimov were awarded the Nobel Prize 

in Chemistry 2023. Today, the tunable optical properties of semiconductor NCs have 

been harvested in a wide range of applications, including optoelectronics, 

photovoltaics, and biomedical imaging, as it provides a customizable platform for 

designing materials with specific and desired properties. 

 

Figure 1: Colloidal CdSe QDs of different sizes under a UV lamp. 

One of the most extensively studied NC systems are CdSe quantum dots (QDs). 

The CdSe QDs are particularly attractive for their exemplary optical properties that 

include a narrow photoluminescence band width and high photoluminescence 

quantum yields etc. These make CdSe QDs highly suitable for device applications such 

as light-emitting diodes (LEDs)9-11 or in sensors.12-16 The variation in the size of CdSe 

QDs allows for the tunability of the valence and conduction band levels, which in turn 

enables the optimization of band gaps. This facilitates the variation in emission colors 

and ensures the availability of sufficient driving force for energy and electron transfer 

processes. This has made CdSe QDs attractive light-absorbing candidates in 

photocatalytic reactions,14, 16 LEDs,9-11 and sensors.12, 13 The synthesis of high quality 
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(with respect to crystallinity and control over size distribution) CdSe QDs has been 

achieved via the well-established colloidal hot-injection method.8, 17 Such colloidal 

CdSe QDs are usually capped with surface ligands with long aliphatic chains, e.g., tri-

octylphosphine oxide (TOPO), octadecylphosphonic acid (ODPA), oleic acid (OA), 

hexadecylamine (HDA) etc.18 These surface ligands provide colloidal stability, 

stabilize the QD surface, and passivate dangling bonds. The dangling bonds are 

detrimental to the properties of QDs since they act as a source of surface trap states or 

introduce additional trapping states depending on the anchoring group of the surface 

ligand.19-21 Surface functionalization can also alter the dispersibility of the QDs in 

different solvents, rendering them suitable for applications in various solvent 

environments, e.g., in aqueous environments for sensor applications in biological 

systems12 or photocatalytic applications.16, 22  

In such NC-based applications, the photophysical mechanism is governed by 

the properties of a photoexcited electron-hole pair, known as an exciton. The exciton 

generation, recombination, dissociation, and separation into free charge carriers play a 

pivotal role in determining the efficiency of NC-based applications, e.g., 

photocatalysis and photovoltaics.14, 16, 23-25 One of the highly interesting phenomena 

exhibited by semiconductor NCs is the formation of multiple excitons or 

multiexcitons, coherent states involving multiple electron-hole pairs, formed upon 

high excitation density photoexcitation26, 27 or via a process called multiexciton 

generation27 (MEG), where a single photon (having atleast twice the higher energy 

than the band gap) absorption leads to the formation of multiple excitons. The 

formation of multiexciton states is facilitated by the high degree of degeneracy and 

large absorption-cross-section of NCs.28, 29 Multiexcitons are of interest for potential 

applications of NCs in optical amplification30 and could also be valuable for generating 

charge carriers in photovoltaics27, as well as for photochemical and photocatalytic31, 32 

processes that involve multielectron mechanisms. The multiexciton lifetime is crucial 

in such applications because it directly influences the efficiency and effectiveness of 

the targeted processes. Longer multiexciton lifetimes allow the effective separation 

and utilization of charge carriers before they recombine, thus enhancing the overall 

efficiency of energy conversion and photochemical reactions.33 Moreover, the 

formation of multiexcitons concurrently gives rise to population inversion in the NC 

ensemble, thereby enhancing the stimulated emission probability and rendering it 

eminently suitable for NC lasers. In NC lasers, longer multiexciton lifetimes increase 
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the probability of achieving stimulated emission, thereby lowering the lasing threshold 

and improving optical gain.34 However, the spatial confinement of charge carriers in 

NCs leads to stronger Coulombic interactions between electrons and holes, which 

results in enhanced non-radiative Auger processes, e.g., Auger recombination, 

compared to the bulk semiconductors.35 Auger recombination involves multiexciton 

annihilation via promoting a third carrier to a higher energy level by the electron-hole 

exchange energy.36 Hence, in NC-based applications, Auger recombination represents 

a dominant carrier-loss mechanism.36 Unfortunately, the strong carrier wavefunction 

overlap in NCs results in fast Auger recombination of multiexciton states in the time 

range of 10s  to 100s of ps.26, 31, 35, 37 With rigorous research in the last several years, it 

has been demonstrated that both exciton and multiexciton lifetimes can be tuned via 

structural parameters like size, shape, and surface functionalization of NCs. To this 

end, CdSe QDs have been of the prime interest due to the established electronic 

structure which helps in a comprehensive understanding of excitonic properties.38-40 

Prolonged multiexciton lifetimes in CdSe QDs have been shown upon formation of 

CdS shells, either spherical or rod-shaped, which is attributed to the reduced carrier 

wavefunction overlap resulting in the suppression of Auger recombination due to the 

carrier delocalization to the CdS part.41 Spectroscopic studies of multiexciton 

dynamics in CdSe QDs have been primarily focused on biexciton properties. However, 

higher order multiexciton states are equally important, offering valuable insights into 

underlying mechanisms and providing opportunities for material engineering. These 

high-order multiexciton states are particularly relevant for applications such as NC 

lasers and photovoltaics, where enhanced control over exciton interactions can lead to 

improved device performance and new functionalities. Moreover, thin films of 

colloidal QDs, can be produced via solution processing of colloidal QDs with 

controlled homogeneity and packing density, enabling fine-tuning of optoelectronic 

properties.42, 43 Such assemblies of colloidal QDs are widely used in applications such 

as photovoltaics, NC laser etc. Therefore, the investigation of multiexciton properties 

is not only limited to QD solutions but also needs to be extended to QD thin films. 

Closely packed QD thin films are highly interesting for multiexciton dynamics. Unlike 

in the solution, the Auger processes can get more complex because of dominating inter-

QD electronic coupling in thin film. In such films, close coupling between QDs 

facilitates rapid energy transfer and promotes the generation of multiple excitons from 

a single high-energy photon.27 This process, known as MEG, can significantly boost 
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the number of charge carriers available for electricity generation. By minimizing non-

radiative recombination and enhancing exciton dissociation, strongly coupled QD thin 

films can lead to more efficient solar energy conversion, making them a promising 

material for advanced photovoltaic technologies.27 This presents a scenario in which it 

becomes essential to unravel the complex dynamics of multiexciton within QD thin 

films, particularly under conditions of strong electronic interactions. In such films, 

exciton-exciton interactions and charge carrier behavior are significantly influenced 

by quantum confinement, inter-dot coupling, and surface ligand effects. These factors 

complicate the understanding of multiexciton dynamics, requiring detailed 

investigation to isolate and analyze the individual processes contributing to the overall 

excitonic behavior. Such insights are critical for optimizing QD thin films for advanced 

optoelectronic applications. 

1.1 Motivation and Goals of the Work 

Inspired by the potential of multiexcitons for the applications in photocatalysis, 

photovoltaics, NC lasers, and optoelectronic devices, this thesis work investigates the 

influence of size and surface functionalization on exciton and multiexciton properties 

in colloidal CdSe QDs. The objectives of this work are (i) to develop colloidal CdSe 

QDs of different sizes and to perform surface modification with surface ligands known 

to introduce surface traps, (ii) to determine exciton and multiexciton lifetime and 

spectral shape as a function of QD size and surface ligands, (iii) fabricate QD thin 

films and evaluate the influence of electronic interactions between nanocrystals in 

densely packed QDs on exciton and multiexciton properties, and finally (iv) to develop 

methods for fabricating QD thin films in templates such as porous silica matrix with 

the goal of achieving high-performance optoelectronic devices.  

To address the objectives outlined, the work is divided into four chapters. 

Figure 2 illustrates a graphical representation of the overall thesis work. The Chapter 

3 presents a discussion of the synthesis of colloidal TOPO capped CdSe QDs with 

varying sizes via the hot-injection method. Additionally, post-synthetic surface 

modification is performed via ligand exchange with mercaptopanoic acid (MPA), 

mercaptoundecanoic acid (MUA), and sulfide (S2−) ligands, and their impact on optical 

properties are evaluated by absorption and photoluminescence spectroscopy. Different 

surface ligands with varying molar masses exert a pronounced effect on the acoustic 
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phonon frequencies of QDs, which in turn affect properties, such as carrier trapping 

and photoluminescence linewidth. Therefore, Raman spectroscopy is additionally 

utilized to examine the influence of the surface ligands on the acoustic phonons of 

CdSe QDs. Subsequent to the QD synthesis and ligand exchange protocols established 

in Chapter 3, Chapter 4 demonstrates the implementation of intensity-dependent 

transient absorption spectroscopy (TA) to investigate the exciton and multiexciton 

properties of different sizes of colloidal CdSe QDs functionalized with TOPO and S2− 

ligands. The evaluation and identification of the exciton and multiexciton species 

contributing to the intensity-dependent TA spectra, their lifetimes, and spectral shapes 

are simultaneously determined by a special global fitting routine based on Markov 

Chain Monte Carlo (MCMC) sampling. Further in Chapter 5, these investigations are 

extended to thin films of QDs, wherein the analysis of exciton and multiexciton 

properties in QD thin film is undertaken. This work is devoted to the fabrication of a 

QD thin film to examine the multiexciton properties under the conditions of strong and 

weak electronic coupling between QDs in thin films. Lastly, in Chapter 6, a strategy 

for immobilizing and embedding colloidal QDs in porous silica matrices is explored 

to prepare new luminescent materials. A comparative analysis of QD synthesis has 

been conducted using the successive ionic layer adsorption and reaction (SILAR) 

method in addition to the hot-injection method, dedicated to the fabrication of QD thin 

film using porous silica matrix as a template. This includes the fabrication of CdSe QD 

thin films embedded in porous layers, which serves to mitigate issues such as 

photooxidation and photodegradation. 
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Figure 2: Graphical illustration of the thesis work divided into four chapters. The top 
left panel represents the Chapter 3, illustrating the influence of carrier trapping 
introduced by surface ligands on photoluminescence property. The top right panel 
represents the Chapter 4, illustrating the influence of carrier trapping on Auger 
recombination of multiexcitons observed by TA spectroscopy. Chapter 5 is represented 
in the bottom left panel, illustrating the effect of surface functionalization on exciton 
delocalization in QD thin film, and the impact on Auger recombination process probed 
by TA spectroscopy. The bottom right panel illustrates Chapter 6, with the methods to 
fabricate QD thin film by depositing it in a porous silica matrix.  
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2. Scientific Background and Methodology 

2.1 Colloidal Synthesis of Semiconductor NCs and 
Surface Modification 

A plethora of methodologies have been developed for the synthesis of NCs, 

like chemical vapor deposition, molecular beam epitaxy, laser ablation, magnetron 

sputtering, etc.44 Amongst the diverse synthetic approaches available, colloidal 

synthesis of semiconductor NCs has proven to be significantly advantageous.8 In this 

approach, the NCs are grown in liquid phase yielding particles comprising an inorganic 

core and a shell of organic surface ligands, which can then be dispersed in different 

solvents depending on the nature of the surface ligands. Usually, colloidal synthesis 

employs high-boiling organic solvents that provide the scope for harvesting a wide 

temperature range for the growth of NCs resulting in the fine-tuning of their shape and 

size.45 Colloidal synthesis has been exploited to synthesize different classes of 

materials including the III-V groups (e.g., InP, InAs),46 metal chalcogenides of II-VI 

group (e.g., CdSe, CdS, ZnSe),8, 17 IV-VI group (e.g., PbSe, PbS),47 and perovskites, 

etc.  

Understanding the formation mechanism of semiconductor NCs in colloidal 

synthesis necessitates a grasp over the concepts of nucleation and growth.48 Nucleation 

is the first event during the formation of a crystal which essentially is the formation of 

a kinetically stable assembly of atoms that tends to minimize its Gibbs free energy by 

accumulating more monomers. For an isotropic spherical NC, the Gibbs free energy 

change upon nucleation can be expressed as the sum of the energetic gain due to bond 

formation and the total surface energy as described in Eq. (1). 

 
∆𝐺𝐺 =  

4
3
𝜋𝜋𝑟𝑟3|∆𝐺𝐺𝜐𝜐| + 4𝜋𝜋𝑟𝑟2𝛾𝛾 

(1)  

Here, 𝑟𝑟 is the radius of the nuclei formed, 𝐺𝐺𝜐𝜐 is the Gibbs bulk free energy per 

unit volume and 𝛾𝛾 is the surface free energy per unit area. ∆𝐺𝐺𝑐𝑐 in Figure 3 corresponds 

to a maximum in the plot of Gibbs free energy change vs. radius of the nucleus, which 
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depicts the activation energy needed to overcome for nucleation to occur.48 𝑟𝑟𝑐𝑐 

corresponding to ∆𝐺𝐺𝑐𝑐 in Figure 3 is the minimum critical radius above which the 

nucleus can proceed to the growth stage, while those smaller than 𝑟𝑟𝑐𝑐 will redissolve 

into atoms.  

 

Figure 3: Plot of Gibbs free energy vs. radius of nucleus. 

The growth phase proceeding nucleation is the actual deposition of monomers 

on the growing crystal. The aggregation of monomers is marked by two events, first is 

their transport to the NC surface and second is their reaction at the surface of the 

growing NC. The first event occurs via diffusion and thus the rate can be dominated 

by the diffusion coefficient 𝐷𝐷, whereas the rate of the second process can be defined 

as simply the rate of reaction between monomers and the NC surface. Generally, an 

excess of precursors is used to initiate growth and, therefore, the effect of diffusion 

can be neglected, and thus the rate entirely depends on the rate of the reaction between 

free monomers and the NC surface. In such a scenario, the growth regime is called a 

reaction-controlled growth rate.17 In this time the growth rate is proportional to the 

surface area of the particle and a decrease in relative size distribution commences 

during this stage. The growth rate can be expressed as described in Eq. (2), 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑉𝑉𝑚𝑚(𝑆𝑆𝑏𝑏 − 𝑆𝑆𝑟𝑟) 
(2)  

Here, 𝑘𝑘 is the reaction rate constant, 𝑉𝑉𝑚𝑚 is the molar volume of the solid, 𝑆𝑆𝑏𝑏 is 

the bulk concentration of the monomer, and 𝑆𝑆𝑟𝑟 is the solubility of the particle as a 
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function of its radius 𝑟𝑟. However, as time progresses the concentration of monomers 

decreases, and subsequently the rate also becomes dependent on the diffusion of the 

monomers, and when this becomes the rate-limiting step then the growth rate is a 

‘diffusion-controlled growth rate’.17 The growth rate according to Fick’s law of 

diffusion is given as 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐷𝐷𝑉𝑉𝑚𝑚 �
1
𝑟𝑟

+
1
𝛿𝛿
� (𝑆𝑆𝑏𝑏 − 𝑆𝑆𝑟𝑟) 

(3)  

where 𝐷𝐷 is the diffusion coefficient and 𝛿𝛿 is the thickness of the diffusion layer. 

 

Figure 4: LaMer model depicting the three phases of the NC formation. 

The LaMer model49 establishes a relation between nucleation and growth of 

colloidal NCs and is depicted in Figure 4. The model recognizes three phases in the 

formation of NCs. In the first phase, the concentration of monomers increases due to 

the availability of many precursors or changes in reaction parameters. Following this, 

the monomer concentration reaches the critical concentration (𝐶𝐶∗), which marks the 

commencement of the second phase i.e., nucleation, wherein the addition of monomers 

forms nuclei. The termination of the nucleation process takes place when the 

concentration of monomers falls below 𝐶𝐶∗. Subsequently, the third growth phase of 

the NCs starts with monomer deposition on existing nuclei until the monomer 

concentration decreases below the critical level. The LaMer model describes three 
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separate events, however, in a practical scenario, additional nuclei other than the ones 

undergoing the growth, can also be simultaneously formed. This often leads to a broad 

size distribution of NCs, a drawback of the LaMer model. Subsequently, Sugimoto 

proposed a relation between the size distribution and growth rate considering the 

particle solubility based on the Gibbs-Thomson equation for the diffusion-controlled 

growth rate.50 This model suggests that when the size of the NCs is slightly larger than 

the critical radius then the smaller particles grow faster than the larger ones that 

facilitates focusing of the size distribution. With time, the concentration of monomers 

decreases, and the critical radius becomes larger than the average size. When this 

occurs, the smaller particles start shrinking and eventually redissolve into monomers, 

with the possibility of redepositing on larger particles. The dissolved monomers can 

deposit on smaller crystals resulting in larger particles. This defocusing of size 

distribution is known as ‘Ostwald ripening’, which is a common contributor to the 

broad size distribution. An experimental investigation of the relation of the size 

distribution of NCs with the growth rate for the synthesis of CdSe and InAs NCs was 

done by Alivisatos and coworkers.51 During their study they found that during the 

initial event of injection, after a certain time, a narrow size distribution is observed 

(focusing), when the size of the particles is slightly larger than the critical radius. Upon 

monomer consumption the growth rate is predominantly diffusion controlled, resulting 

in low supersaturation of monomers, which in turn leads to defocusing of size 

distribution. They introduced a second event of injection of precursors after the 

broadening of the size distribution resulted in a second focusing regime. Therefore, it 

was shown that a high supersaturation of monomers is essential to keep the average 

size slightly larger than the critical radius which results in a narrow size distribution. 

This separation in the nucleation and growth phases has been obtained via hot injection 

and heat-up methods. Both these strategies have been shown to facilitate the growth 

of monodisperse NCs. In the first hot-injection approach, separation of nucleation and 

growth is achieved through a ‘nucleation burst’, wherein the concentration of the 

monomers rapidly increases above the nucleation threshold on rapid injection of 

precursors at a high temperature. Typically, these reactions are carried out in the 

presence of high-boiling organic solvents, like TOPO, tri-n-octylphosphine (TOP), 1-

octadecene (ODE), alkane amines, alkanethiols, etc.44 The hot-injection method was 

first carried out by Murray et al.8 in 1993, which resulted in considerably monodisperse 

Cd chalcogenide NCs. The metal and chalcogenide precursors were prepared in high 
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boiling solvents of TOP and TOPO. Rapid injection of Cd precursors into hot solvents 

at 300°C resulted in monodisperse CdSe and CdTe particles. This synthesis paved the 

way for the synthesis of monodisperse colloidal semiconductor NCs of the II-VI family 

and since then multiple reports with narrow size distribution have been published. 

Contrary to the hot-injection method, in the heat-up approach supersaturation of 

nucleation is achieved by in-situ formation of reactive species by increasing the 

temperature. Here, the precursors have lower reactivity at low temperatures and upon 

reaching a particular temperature, a nucleation burst is attained, since the reactivity of 

the precursors increases at this temperature. Monodisperse high-quality CdSe NCs 

synthesized via the heat-up method were reported by Cao et al.52 In addition, the 

SILAR method is commonly employed for the synthesis of QDs.53 In this technique, 

thin films of QDs are fabricated by alternately immersing a substrate into precursor 

solutions, where ionic adsorption and surface reactions occur sequentially. This 

stepwise deposition allows for layer-by-layer growth of QDs, with each cycle 

contributing to a uniform and controlled increase in QD size. Unlike the hot-injection 

method, room-temperature synthesis of QD is performed in the SILAR method. The 

synthesis of CdS NCs has been demonstrated by the SILAR method by successive 

growth of Cd2+ and S2− ions .53 Typically, the SILAR method is used to grow NCs on 

porous matrices, where the porous structure provides defined space for NC growth 

allowing precise control of NC size.54 55, 56  

In colloidal QDs, the surface ligands play a critical role both in the synthesis 

and applications, due to which surface engineering of QDs has been a highly 

interesting topic of research. The organic ligands usually contain a polar head 

(anchoring group), which binds to the NC surface, and a non-polar organic chain 

(functional group) which determines the colloidal stability.22 A surface ligand in the 

context of colloidal synthesis serves several roles like stabilizing NCs in colloidal form 

through sufficient repulsive forces (steric or electrostatic), providing a medium for the 

reactants to form molecular precursors, and passivating the trap states on the core 

surface, which act as centers for non-radiative recombination.19-21 Over the years 

various high boiling organic solvents have been tested as ligand sources for 

semiconductor NCs. Initial studies showed that the ligand and NC surface interacted 

with a dative bond between neutral electron donors with metal atoms, as in the case of 

the interaction of TOPO molecules with surface cadmium atoms of CdSe. However, 

as other molecules were investigated it was found that ligand species which act as 
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neutral acceptors, bound ion pairs, and ionic species can be utilized as well. A 

classification of ligands was done by Owen which was based on the number of 

electrons involved in the bonding and the electron donating or accepting nature of 

ligands.57 According to Owen’s classification ligands that behave as neutral two-

electron donors with a lone electron pair that coordinates surface metal atoms are 

termed as L-type ligands (e.g., phosphines, phosphine oxides, and amines). Ligands in 

a neutral form that have an odd number of valence-shell electrons, requiring one 

electron from the NC surface site to form a two-electron covalent bond were grouped 

as X-type. Its examples include carboxylates (RCOO–), thiolates (RS–), phosphonates 

(RPO(OH)O–), and inorganic ions (such as S2–, Cl–, InCl4–, AsS3
3–), or bound ion pairs 

(e.g., NEt4+I–). Lastly, neutral electron acceptors with an unoccupied orbital that 

coordinates surface nonmetal atoms were classified as Z-type ligands (e.g., 

Pb(OOCR)2 and CdCl2). Apart from the type of bonding between the ligand and the 

surface, the affinity of a ligand to the NC surface is also governed by the well-known 

Pearson’s hard and soft acid base theory (HSAB).58 According to this theory, Lewis 

acids and bases can be classified into hard and soft ones, where soft-soft and hard-hard 

acid-base interactions are favoured over soft-hard acid-base interactions. Extending 

this theory to colloidal NCs, a soft ligand will have a higher affinity towards a soft 

metal cation residing on the surface of the NC due to the favoured soft-soft interaction. 

E.g., thiols being soft bases have stronger interaction with soft cations like Cd2+, 

Pd2+etc. 

One of the key advantages of colloidal QDs is that the parent surface ligands 

(e.g., TOPO in CdSe QDs of hot-injection sythesis8) can be replaced via ligand 

exchange, a method that allows for the modification of the QD surface depending on 

the desired application and dispersion medium.59-61 The selection of a stabilizing 

ligand generally depends on factors such as the solvent, the size of the QD, and its 

surface chemistry. Ligands that bind strongly to the QD surface form stable ligand 

layers, ensuring the stability of the nanoparticles in the solution. On the other hand, 

with the choice of functional groups, dispersion medium can be tuned. The long alkyl 

chains provide colloidal stability in non-polar solvents and aqueous dispersions, and 

polar or charged ligands facilitate effective solubility. In aqueous media, charged 

groups such as carboxylates or hydroxylates stabilize QDs effectively, depending on 

the pH and concentration of the solution. In addition to the alkyl chain surface ligands, 

inorganic surface ligands are also commonly employed to enhance the stability, 
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functionality, and dispersibility of QDs in various media. These ligands typically 

consist of atoms or molecules that can form strong, covalent, or coordinate bonds with 

the QD surface, often improving the optical and electronic properties. Examples of 

inorganic ligands include metal chalcogenides, such as sulfide (S2−), selenide (Se2−), 

halides, and phosphonates, which can effectively passivate surface defects.62 Using 

such ligands the distance between QDs can be tuned. For example, in photovoltaics 

high carrier mobility is achieved via small inorganic ligands or short organic ligands. 

 

Figure 5: Different surface ligands used for surface passivation of QD surface. 

Over the last several years, different ligand exchange procedures with different 

ligands have been reported.12, 59 The most commonly used ligand exchange method is 

to stir the QD solution by mixing it with a highly concentrated solution of the new 

ligand. The efficiency of ligand exchange is highly dependent on the binding affinity 

of the new ligand compared to the parent ligand. Another ligand exchange method 

which is widely used is the biphasic ligand exchange.61, 62 Biphasic ligand exchange 

with QDs involves a two-phase solvent system where QDs are transferred from one 

solvent to another, typically involving both a nonpolar and a polar phase. In this 

process, QDs initially stabilized in a nonpolar solvent are treated with a new ligand in 

a polar solvent phase, facilitating the replacement of the original ligands. This method 

leverages the different solubility characteristics of the QDs in the two phases to achieve 
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efficient ligand exchange. This method is widely used to perform ligand exchange with 

inorganic ligands.62  

In this thesis work, the synthesis of colloidal CdSe QDs with organic surface 

ligands via hot injection method and surface modification strategies are described for 

the materials used in the spectroscopic investigations. Exploiting the tunability of size 

via variation of injection temperature and growth time, different sizes of QDs are 

synthesized. Additionally, the SILAR method was also explored to perform in-situ 

growth of CdSe NCs in a porous silica matrix. The biphasic ligand exchange method 

is utilized to perform surface modification of the synthesized QDs. 

2.2 Confinement effect and electronic structure of 
CdSe QDs 

As opposed to bulk materials, semiconductor NCs are minute crystals that have 

dimensions in the nanoscale ranging from 1–100 nm.44 The electronic structure of bulk 

semiconductors is described by energy bands that are made of a multitude of molecular 

orbitals (MO) formed from the linear combination of atomic orbitals (LCAO). The 

constituent MOs in a bulk semiconductor have very little energy difference thus 

creating a continuum. The low energy filled energy band is known as the valence band, 

and the high energy empty energy band is known as the conduction band, while the 

energy difference between these is known as the band gap (𝐸𝐸𝑔𝑔).63 Upon, 

nanostructuring the crystals undergo a phenomenon known as the quantum 

confinement effect63 which increases the energy difference between the individual 

MOs and the band gap increases when the size decreases. Figure 6 depicts the 

evolution of band structures on moving from bulk-structured to nanostructured 

crystals. 
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Figure 6: Effect of semiconductor nanocrystal size on band structure. 

Absorption of a photon in a semiconductor can promote an electron from the 

valence band to the conduction band forming an electrostatically bound electron-hole 

pair called exciton. The exciton generated due to photoexcitation resides in a finite 

space within the crystal. The space occupied by the exciton varies with the material, 

and the radius of this allowed space is called the exciton Bohr radius (𝑎𝑎𝐵𝐵). Eq. (4) is 

used to denote the exciton Bohr radius 𝑎𝑎𝐵𝐵. 

 
𝑎𝑎𝐵𝐵 =  

𝜖𝜖0𝜖𝜖𝑟𝑟ℎ2

𝜋𝜋𝜋𝜋𝑒𝑒2
 

(4)  

Here 𝜖𝜖0 𝑎𝑎𝑎𝑎𝑎𝑎 𝜖𝜖𝑟𝑟 are the permittivity of free space and relative permittivity of 

the semiconductor, 𝜇𝜇 is the reduced mass of the electron and hole, and 𝑒𝑒 is the charge 

of the electron. From Eq. (4) it can be inferred that the Bohr radius is dependent on the 

effective mass of the electron and hole and therefore is different for different materials. 

The quantum confinement effect described earlier becomes more pronounced when 

the size of a NC becomes closer to its corresponding Bohr radius. Brus equation7 

denoted in Eq. (5) is used to define the band gap (𝐸𝐸𝑔𝑔(𝑅𝑅) ) for a spherical crystal with 

radius 𝑅𝑅, which also demonstrates the size effect of quantum confinement.  
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� −  
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(5)  

Here 𝐸𝐸𝑔𝑔 is the bulk band gap, ℎ is the Plank’s constant, 𝑚𝑚𝑒𝑒 and 𝑚𝑚ℎ are the 

effective masses of electron and hole, 𝜖𝜖𝑟𝑟 is the bulk optical dielectric constant or 

relative permittivity, and 𝜖𝜖0 is the permittivity of free space. The second term of the 

equation indicates that the 𝐸𝐸𝑔𝑔 is inversely proportional to 𝑅𝑅2, i.e., increases with a 

decrease in size. The opposite relation is shown in the third term, due to the increase 

in Coulombic interaction. However, when 𝑅𝑅 is in the range of a few nanometers, the 

second term dominates, and the band gap increases as 𝑅𝑅 or the size of the crystal 

decreases. This behavior is described by a particle in a box model, wherein the energy 

level spacing increases as the dimensions of the box decrease. The expression (Eq. (5)) 

stated earlier can be applied only to QDs (spherical NCs). Spherical NCs are spatially 

confined in all three dimensions and are known as 0D NCs. However, in practice 

different morphologies of NCs have been explored that have different spatial 

confinement. In the case of nanorods, nanotubes, and nanowires, confinement occurs 

within two dimensions (2D confinement) with unrestricted carrier motion along the 

length of the 1D NCs. Thirdly, quantization occurs within one dimension, e.g., in the 

case of nanoplatelets (NPLs), wherein the NCs are confined only in the thickness 

dimension (1D confinement). 2D materials like nanosheets and NPLs are included in 

this category.  

In contrast, bulk materials are not confined, and free carrier motion is allowed 

in all dimensions and consequently, these are 3D materials. Dimensionality can also 

be explained in terms of density of states (DOS), as depicted in Figure 7. DOS 

describes the number of electronic states available per given energy. As shown in 

Figure 7a, for a bulk material, wherein excitons are free to move in all dimensions, a 

3D DOS can be derived which is proportional to √𝐸𝐸. In a 2D NC, free carrier motion 

is allowed in two dimensions while the exciton is confined in one dimension, resulting 

in a DOS that is independent of energy (∝  𝐸𝐸0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). If there are several 

confined states within a 2D quantum well, then the DOS is a step function, as depicted 

in Figure 7b. In the case of 1D nanorods and wires the exciton is confined in two 

dimensions, with free motion along their length, resulting in 1D DOS with inverse 

square energy dependence. Figure 7c shows this dependence which reveals that the 
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DOS increases in fixed amounts and decreases between every step. Lastly, a 0D QD 

with excitons confined in all three dimensions exhibits 0D DOS with states allowed at 

only certain energy levels. Figure 7d shows a DOS for a 0D system which depicts a 

variation like that of a 𝛿𝛿 function. 

 

Figure 7: DOS for (a) 3D bulk, (b) 2D quantum well, (c) 1D quantum wire, and (d) 
0D QD. 

As a consequence of the quantum confinement effect, CdSe QDs exhibit 

discrete energy levels. To obtain the electronic structure of CdSe QDs, the confined 

electron-hole pair was described by the ‘particle-in-a-sphere model’.64 With this, the 

energy levels are defined by the typical atomic notation 𝑛𝑛𝑛𝑛, with the principal quantum 

number, 𝑛𝑛 = 0, 1, 2 …, and the angular momentum quantum number, 𝐿𝐿 =

0, 1, 2 …labeled as 𝑆𝑆,𝑃𝑃,𝐷𝐷 etc.65 Therefore, the three lowest energy levels could be 

written as 1S, 1P, and 1D. However, this model provides a reasonable description for 

only the conduction band levels whereas the valence band levels with higher 

degeneracy cannot be explained with 𝑛𝑛𝑛𝑛. The atomic origin of the conduction band 

levels is the 5s level of Cd with spin-degeneracy 𝐽𝐽 = 1
2� . On the other hand, the 

valence band originates from the 4p orbitals of Se and exhibits 6-fold degeneracy. Due 

to the spin-orbit coupling, the 6-fold degeneracy is broken to form two upper and one 

lower level. The upper two levels with total angular momentum quantum number 𝐽𝐽 =
3

2� , termed as heavy hole (HH, 𝐽𝐽𝑚𝑚 = ± 3
2� ) and light hole (LH, 𝐽𝐽𝑚𝑚 = ± 1

2� ). The 

lower valence band level with 𝐽𝐽 = 1
2� , termed as split-off band. 
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Figure 8: (a) Electronic level structure, and (b) an absorption spectrum of CdSe QDs 
with the three lowest energy transitions (1S, 2S, and 1P) marked by the three lines. 

To determine the electronic configuration of the valence band levels, the 

coupling of Bloch wave function angular momentum (𝒥𝒥) cannot be ignored due to the 

heavier effective mass of holes in CdSe.65 Hence, the total angular momentum of the 

valence band can be written as 𝐹𝐹 = 𝐽𝐽 + 𝒥𝒥 and the valence band levels can be denoted 

as 𝑛𝑛𝐿𝐿𝐹𝐹. To determine the hole energy levels, Ekimov et al.66 developed a quantum 

mechanical calculation, and based on that the lowest three hole levels can be defined 

as 1S3/2, 1P3/2, and 2S3/2. With this, the electronic structure of CdSe QDs can be drawn 

as shown in Figure 8a. Figure 8 additionally shows the lowest three electronic 

transitions termed as 1S3/2-1Se (1S), 2S3/2-1Se (2S), 1P3/2-1Pe (1P) as assigned by 

Norris et al.38 which are typically observed in the steady-state absorption spectra of 

CdSe QDs (Figure 8b). 

On the other hand, due to the strong confinement effect in CdSe QDs, processes 

such as electron-hole recombination cannot be explained by the particle-in-a-sphere 

model and need to consider the coupling of electron and hole levels (simply as an 

exciton but not electron and hole as different particles). This is particularly necessary 

to explain the photoluminescence properties. In this case, the excited state or the 

excitonic states are denoted as coupled conduction band and valence band levels, e.g., 

the lowest energy excitonic state is 1S3/21Se, originating from electron-hole exchange 

interaction between 1Se (in conduction band) and 1S3/2 (in valence band) levels.65, 67 

The total angular momentum for the 1S3/21Se state can be N = 1 or 2 (obtained linear 
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combination of 1S3/2 and 1Se). The N = 1 or 2 states are further split by the exchange 

interaction forming a high-energy N = 1, bright exciton, and a lower energy N = 2, 

dark exciton. These states further split into five states due to the crystal field interaction 

originating from crystal anisotropy, e.g., in wurtzite lattice. These states are called 

exciton fine structures. The upper energy states denoted by U represent the states 

involved in light absorption states and the lower energy states denoted by L represent 

the emitting states. After photoexcitation, the transition (~ 200 meV) between U states 

to L is facilitated by phonon emission. This is one of the major reasons for the Stoke’s 

shift observed in CdSe QD photoluminescence. After the crystal field splitting, the 

nature of the low energy state remains the same, Nm = 2 being the low energy dark 

state and Nm = 1 being the bright state. The bright and the dark states are separated by 

a few to 10s of meV and the population can be thermally redistributed. This also 

contributes to the Stoke’s shift depending on temperature. At low temperatures, the 

low-energy dark state contributes to photoluminescence. At sufficiently high 

temperatures (i.e., when kT >> Stokes’s shift energy, k is Boltzmann constant), the 

exciton population is equally distributed over the dark and the bright states. The 

photoluminescence spectrum of CdSe QDs is described in the next section. 

 

Figure 9: Schematic of exciton fine structure splitting the first excitonic state 
(1S3/21Se) in CdSe QDs. G represents the ground state. 
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2.3 Exciton and Multiexcitons in CdSe QDs 

Upon photoexcitation of CdSe QDs, an electrostatically bound electron-hole 

pair is formed, called exciton. When the photoexcitation is in high energy, the electron 

and hole populate higher energy levels forming hot excitons or separately can be called 

as hot electron or hole. These hot carriers undergo Auger cooling or phonon-assisted 

cooling to populate the lowest energy level as shown in the schematic (Figure 10b). 

This process usually occurs in the ultra-fast time scale (~100s of fs). When the cooling 

process is completed, radiative electron-hole recombination takes place at the lowest 

energy transition (Figure 10b) resulting in the band-edge photoluminescence (Figure 

10a).  

 

Figure 10: (a) Photoluminescence spectra of 2.6 nm QD upon 400 nm photoexcitation. 
(b) Schematics of exciton cooling, radiative recombination, non-radiative surface 
trapping, and an example of radiative recombination involving a trap state.  

On the other hand, due to the small volume of QDs, a large proportion of atoms 

are located at or near the surface, leading to an increased impact of surface defects.68 
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These surface defects originate from the unsaturated surface atoms of the QDs, 

especially at the NC’s edges or corners, which are not fully coordinated or bonded, 

leading to dangling bonds or vacancies.69 The dangling bonds are responsible for the 

formation of a distribution of energy levels being close to the conduction band 

(originated from Cd-sites) and valence band (originated from the Se-sites) (Figure 

10b).59, 60 After photoexcitation, the electron-hole pair can non-radiatively get trapped 

to these surface sites (Figure 10b). Due to the localization of charge carriers on the trap 

states, electron-hole recombination can also take place involving the surface trap-state 

resulting in trap state emission appearing at the lower energy side to the band-edge 

position as shown in Figure 10a.69, 70 However, these surface trap-states can be reduced 

by passivating with surface ligands. In colloidal synthesis of CdSe QDs, phosphine 

and phosphonic acid-based surface ligands are used to passivate the surface resulting 

in a reduction of trap-state emission.59 On the other hand, surface trap states can 

additionally be increased with specific surface ligands.59, 60 The surface trap-states play 

a crucial role in applications like photocatalysis by facilitating charge separation and 

enhancing photocatalytic activity.71 These trap-states can capture electrons or holes, 

preventing their immediate recombination and allowing them to participate in surface 

chemical reactions. This extended carrier lifetime increases the likelihood of 

interactions with reactant molecules, driving redox processes essential for 

photocatalysis.71 Utilizing the advantage of surface modification in colloidal QDs, one 

can perform ligand exchange to achieve the desired trap-state density via suitable 

surface ligands.60 As discussed before, a variety of surface ligands, including 

phosphines, carboxylates, thiolates, amines, and inorganic ligands (e.g., S2−, I−, etc.) 

can be used to passivate the QD surface. All ligands exhibiting distinctive properties 

can be utilized for this purpose.59 Surface ligands having anchoring groups such as 

thiols, amines etc. introduces additional trap states within the band gap. The energetic 

position (with respect to the CdSe QD energy levels) can differ in different ligands 

depending on the anchoring group, due to which electron traps (positioning close to 

the conduction band) or hole traps (positioning close to the valence band) can be 

generated leading to strong effect in the photoluminescence properties. For example, 

thiols are known to be strong hole acceptors resulting in strong band-edge 

photoluminescence quenching.72 Similarly, inorganic ligands, e.g., S2− are also a strong 

hole quencher and on the other hand useful in QD thin films with improved carrier 

transport.62, 73, 74 The fundamental analysis of exciton properties upon ligand exchange 
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can be performed utilizing steady-state absorption, photoluminescence spectroscopy, 

and time-resolved spectroscopic techniques. The effect of hole trapping can be 

monitored by band-edge photoluminescence quenching and increased trap-state 

emission. 

Another important aspect of CdSe QDs, and semiconductor NCs in general, is 

their crystal vibration or phonon.75 A phonon is a quantized mode of vibration 

occurring in a crystalline solid, representing the collective vibration of atoms or ions 

within the material. Depending on the mode vibration, phonon modes in QDs are 

primarily classified as optical and acoustic modes. Acoustic phonons correspond to 

low-energy vibrations where atoms oscillate in phase, affecting the acoustic wave 

propagation through the crystal, whereas optical phonons involve out-of-phase 

vibrations between atoms in the lattice creating a dipole that can couple with 

electromagnetic waves.76 The acoustic phonon mode in colloidal QDs is particularly 

interesting as it exhibits a strong influence of quantum confinement effects and the 

mechanical coupling of the surface ligand with the inorganic core.77 In the recent years 

a mechanical influence (originating from the mass of the surface ligand) of surface 

ligands on the acoustic phonon frequency has been discuseed.77 The effect of surface 

ligands on the longitudinal acoustic (LA) mode in CdSe QD can be seen as a mass-

loading effect, where heavier surface ligand induce inertial resistance and reduce the 

LA phonon frequency. The LA phonon mode on the other hand modulates the 

photoluminescence linewidth via exciton-phonon coupling.78 Moreover, it has also 

been shown in previous work, that the LA mode plays a dominant role in non-radiative 

carrier trapping79 as well as charge carrier transport76 in QD thin films. This indicates 

that the investigation of the LA mode is not only important for size or surface ligand 

characterization but also for evaluating exciton dynamics in radiative and non-

radiative processes. 

One unique property of CdSe QDs and semiconductor NCs in general is the 

formation of multiple exciton pairs known as multiexcitons. This process is facilitated 

by the high absorption cross section and high degeneracy of energy levels. 

Multiexcitons are bound states involving two or more pairs of excitons. Different 

events can lead to the formation of multiexcitons, e.g., consecutive absorption of 

multiple photons, and multiexciton generation (MEG)27 where a single photon (having 

atleast twice the higher energy than the band gap) absorption leads to the formation of 
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multiple excitons. With the number of exciton pairs, multiexcitons are termed as 

biexciton (BX, two exciton pairs), triexciton (TX, three exciton pairs) etc. The energy 

level diagram of multiexciton states in CdSe QDs is shown in Figure 11. 

 

Figure 11: A schematic of electronic level diagram of BX, TX, and QX in CdSe QDs. 

The strong spatial confinement of charge carriers in NCs leads to stronger 

Coulombic interactions between electrons and holes, which results in enhanced non-

radiative Auger processes like impact ionization, Auger cooling, Auger recombination, 

and Auger ionization.35 Impact ionization occurs via relaxation of a charge carriers 

from a high energy level by exciting an electron from a valence band level. Auger 

cooling80, 81 is the process in which an electron-hole scattering results in simultaneous 

relaxation of one carrier and excitation of the other. On the other hand, Auger 

ionization and Auger recombination processes occur because of the scattering of 

similar carriers i.e., electron-electron or hole-hole. In Auger ionization, the electron-

hole exchange energy is transferred to a third carrier, promoting it to a surface defect 

state.82 The Auger recombination process plays the most dominating role in 

semiconductor NCs, involving the decay of multiexciton states via promoting a third 

carrier to a higher energy level by the electron-hole exchange energy.36 
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Figure 12: The three-carrier Auger recombination process in a (a) bulk material, and 
in a (b) semiconductor NC. (c) Multiexciton recombination process in CdSe QDs, via 
Auger recombination process.  

In a bulk semiconductor, when 𝑛𝑛 number of charge carriers are generated by 

photoexcitation, the annihilation process can be described by the rate law. 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝐴𝐴 𝑛𝑛 − 𝐵𝐵𝑛𝑛2  − 𝐶𝐶𝑛𝑛3 
(6)  

Where, A is the rate constant for trapping of charge carriers to defect sites 

following a first-order kinetics, B is the rate constant of radiative recombination 

following a second-order kinetics and C is the Auger constant. Hence, the rate law only 

for the Auger recombination can be written as, 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝐶𝐶𝑛𝑛3 
(7)  
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In the case of a NC ensemble, 𝑛𝑛 can be defined as the average number of 

excitons, < 𝑁𝑁 >,  per NC volume, 𝑉𝑉,  𝑛𝑛 = < 𝑁𝑁 >  𝑉𝑉−1.  With this, Eq. (7) can be 

modified as  

 𝑑𝑑 < 𝑁𝑁 >
𝑑𝑑𝑑𝑑

= −𝐷𝐷 < 𝑁𝑁 >3 

 

  

The parameter 𝐷𝐷 = 𝐶𝐶𝑉𝑉−2 and the lifetime of < 𝑁𝑁 > can be derived as  

 𝜏𝜏<𝑁𝑁> =  (𝐵𝐵 ×< 𝑁𝑁 >2)−1 (9)  

 

The average number of excitons < 𝑁𝑁 > depends on the photon density ( 𝐽𝐽) of 

excitation and the absorption cross section (𝛼𝛼): 

 < 𝑁𝑁 > =  𝐽𝐽 ×  𝛼𝛼 (10)  

 

However, in contrast to a bulk semiconductor (as shown in Eq. (7)), the Auger 

recombination process in NCs occurs via a cascade mechanism, i.e. stepwise relaxation 

of quantized multiexciton states (e.g., 𝑁𝑁 = 2, 3, 4 named as BX, TX, QX 

respectively).36 Briefly, when a 𝑁𝑁th order multiexciton is generated, the annihilation 

process will be  

 𝑁𝑁 → 𝑁𝑁 − 1 → 𝑁𝑁 − 2 … . 2 → 1 →  (11)  

 

until it ends up with a single exciton, following a first-order kinetic law in each 

relaxation step. The rate laws for each consecutive step can be written as, 

 𝑑𝑑[𝑁𝑁]
𝑑𝑑𝑑𝑑

 =  −  
[𝑁𝑁]
𝜏𝜏𝑁𝑁

 

𝑑𝑑[𝑁𝑁 − 1]
𝑑𝑑𝑑𝑑

 =  
[𝑁𝑁]
𝜏𝜏𝑁𝑁

−
[𝑁𝑁 − 1]
𝜏𝜏𝑁𝑁−1

 

(12)  
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𝑑𝑑[𝑁𝑁 − 2]
𝑑𝑑𝑑𝑑

 =  
[𝑁𝑁 − 1]
𝜏𝜏𝑁𝑁−1

−
[𝑁𝑁 − 2]
𝜏𝜏𝑁𝑁−2

 . . 𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 

 

where, 𝜏𝜏𝑁𝑁 is the lifetime of 𝑁𝑁𝑡𝑡ℎ order multiexciton state. [𝑁𝑁], [𝑁𝑁 − 1], are the 

concentration of the respective multiexciton states. The initial concentration of each 

𝑁𝑁𝑡𝑡ℎ order of exciton is characterized by the probability 𝑃𝑃𝑁𝑁 of population upon 

excitation. When the NC ensemble is excited in the high fluence regime with high 

degeneracy of energy levels, independent events of excitation will occur.83 Hence, the 

initial population probability 𝑃𝑃𝑁𝑁 can be described by Poisson distribution36 as follows:  

 
𝑃𝑃𝑁𝑁,0  =  

< 𝑁𝑁 >𝑁𝑁  × 𝑒𝑒−<𝑁𝑁>

𝑁𝑁!
 

 

(13)  

In the rate equations [𝑁𝑁] can be exchanged with the population probability and 

Eq. (12) can be rewritten as  

 

𝑑𝑑𝑃𝑃𝑁𝑁
𝑑𝑑𝑑𝑑

 =  −  
𝑃𝑃𝑁𝑁
𝜏𝜏𝑁𝑁

 

𝑑𝑑𝑃𝑃𝑁𝑁−1
𝑑𝑑𝑑𝑑

 =  
𝑃𝑃𝑁𝑁
𝜏𝜏𝑁𝑁

−
𝑃𝑃𝑁𝑁−1
𝜏𝜏𝑁𝑁−1

 

𝑑𝑑𝑃𝑃𝑁𝑁−2
𝑑𝑑𝑑𝑑

 =  
𝑃𝑃𝑁𝑁−1
𝜏𝜏𝑁𝑁−1

−
𝑃𝑃𝑁𝑁−2
𝜏𝜏𝑁𝑁−2

 . . 𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 

 

(14)  

Therefore, the lifetime of a multiexciton state can be determined by solving Eq. 

(14) provided 𝑃𝑃𝑁𝑁,0 as the initial occupancy is known. The relation between 𝑃𝑃𝑁𝑁 and <

𝑁𝑁 > is  

 
< 𝑁𝑁 > = �  𝑁𝑁 ×  𝑃𝑃𝑁𝑁

𝑁𝑁

 
(15)  

Hence, the expression of the overall decay process of < 𝑁𝑁 >, via the cascade 

kinetic model (Eq. (11)), can be written by combining Eq. (14) and Eq. (15) as  
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𝑑𝑑 < 𝑁𝑁 >

𝑑𝑑𝑑𝑑
= −�

𝑃𝑃𝑁𝑁
𝜏𝜏𝑁𝑁

1

𝑁𝑁

 

 

(16)  

When 𝑁𝑁 excitons are generated upon photoexcitation, and it is approximated 

that the relative distribution of NC occupancy is very small, i.e.,  < 𝑁𝑁 > ≈  𝑁𝑁, the 

ensemble average lifetime can be derived from Eq. 10 as, 

 𝜏𝜏<𝑁𝑁> = < 𝑁𝑁 > ×  𝜏𝜏𝑁𝑁  
(17)  

Now by comparing Eq. (9) and Eq. (17), one can derive two crucial 

expressions, 

  𝜏𝜏𝑁𝑁 ∝  𝑁𝑁3 (18)  

 

 𝜏𝜏𝑁𝑁 ∝  𝑉𝑉 (19)  

 

Eq. (18) shows cubic dependency on 𝑁𝑁, indicating that a three-particle model 

is followed through the cascade and Eq. (19) exhibits a linear dependency on the NC 

volume. Eq. (19) provides an important aspect in engineering materials for a desired 

multiexciton lifetime by controlling its size or shape. 

In the recent years, a substantial number of theoretical and experimental studies 

have been conducted to examine the spectral and dynamical characteristics of 

multiexcitons in semiconductor NCs.36, 65, 84-86 The spectroscopic techniques employed 

for the analysis of multiexciton formation and recombination dynamics primarily 

encompass TA84, 87 spectroscopy and time-resolved photoluminescence88-90 (tr-PL) 

spectroscopy. Both the methods are important in providing insights into multiexciton 

dynamics. The TA signal, with the complex combination of effects from state-filling 

and Stark shifts, offers a more comprehensive representation of the electronic 

population of multiexcitons, providing insights into their spectral shape and 

amplitude.65, 91, 92 In recent years, most of the studies have extensively focused their 

investigations on BX, the lowest multiexciton, and only a few up to TX. The major 
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focus has been to determine the size dependency on multiexciton lifetime. The cubic 

dependency of BX lifetime with CdSe QDs radius (i.e., linear with volume) as 

predicted by Eq. (19) has been previously reported.36, 93 Similar dependencies were 

observed in PbSe,36 HgTe,94 InAs95 QDs and perovskite NCs96, 97. Multiexciton 

lifetime is not only dependent on the size of the particle but also the surface structure.98 

When a QD has a high number of surface defects resulting in carrier trapping, it 

decouples the electron-hole wavefunctions leading to the suppression of Auger 

recombination. 

2.4 Transient Absorption Spectroscopy 

TA spectroscopy is a time-resolved technique commonly used to study the exciton 

dynamics of QDs. It involves exciting QD particles with a short pump pulse of light to 

promote electrons to higher energy levels, followed by a probe pulse at various time 

delays to measure changes in absorbance in the QDs. The technique captures how 

excitonic states evolve over time, providing insights into processes such as energy 

transfer, charge separation, and electron-hole recombination. The TA setup used in this 

work is illustrated in Figure 13. The experimental details are described in Appendix A. 

 

Figure 13: Schematic of the femtosecond TA set-up used in this thesis work. 

The method involves two primary sources, a pump and a probe originating 

from a femtosecond laser (for fs-TA). The short pump pulse excites the samples by 

promoting the majority of the samples in the ground state to the excited state. 

Immediately after that event, a probe pulse (usually spanning a broad range of 

wavelengths) is used to measure the absorption of the sample at different times after 

excitation. Experimentally, the arrival of the probe pulse (with respect to the pump 
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pulse) is controlled by an optical or an electronic delay state, so that the probe pulse 

can measure the absorption of the pump excited sample at different times after 

excitation. The use of a white light probe is crucial because it allows measurement 

across a wide spectral range, capturing multiple transitions that occur in the excited 

state. The key feature of TA spectroscopy is the pump-on and pump-off measurement 

approach. In a pump-on (𝑃𝑃𝑜𝑜𝑜𝑜) measurement, the pump pulse excites the sample, while 

in a pump-off (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜) measurement, the pump pulse is absent, and only the probe pulse 

interacts with the sample in its ground state. The difference between these two 

conditions is essential because it allows the isolation of the transient absorption signal, 

which results solely from changes in the sample due to excitation. This way a 

differential absorption (Δ𝐴𝐴 (𝜆𝜆, 𝑡𝑡)) spectrum is obtained as shown in Eq. (20).  

 
Δ𝐴𝐴 (𝜆𝜆, 𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑙𝑙 �

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟(𝜆𝜆, 𝑡𝑡)
𝑃𝑃𝑜𝑜𝑜𝑜(𝜆𝜆, 𝑡𝑡) ��

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟(𝜆𝜆, 𝑡𝑡)
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜(𝜆𝜆, 𝑡𝑡)�

 
(20)  

This spectrum as a function of wavelength (𝜆𝜆) and delay time (𝑡𝑡) reflects how 

absorption changes as a function of time after excitation, giving insights into the 

excited-state dynamics. The 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 is a reference probe pulse recorded without going 

through the sample.  

In a transient absorption spectrum, the observed signals are ground-state bleach 

(GSB), stimulated emission (SE), and photoinduced absorption (PIA). GSB arises 

when the ground-state population is depleted after excitation, causing a reduction in 

absorption at the wavelengths corresponding to ground-state transitions. SE occurs 

when the excited state radiatively relaxes back to the ground state, emitting light at 

characteristic wavelengths. The PIA is observed when the excited state itself absorbs 

further energy, corresponding to transitions from the excited state to higher energy 

levels. In combination with these signals a 2D data set as a function of 𝜆𝜆, and 𝑡𝑡 is 

collected which contains spectral development of excited species over the delay time 

(Figure 14a). A typical TA spectrum of CdSe QDs is shown in Figure 14c.  
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Figure 14: (a) 2D plot of TA data representing the evolution of 𝛥𝛥𝛥𝛥 as function of 𝜆𝜆, 
and 𝑡𝑡. (b) electronic level diagram of CdSe QD showing the lowest three electronic 
transitions. (c) steady-state absorption and TA spectra (at 1900 ps) of CdSe QD 
representing the spectral features of the lowest three electronic transitions.  

In Figure 14c, the typical spectral features of CdSe QDs are illustrated. The 

negative bleach signals of the lowest three electronic transitions in the steady-state 

absorption spectrum, 1S, 2S, and 1P are labeled as B1, B2, and B3. Additionally, two 

distinct positive PIA features red shifted from the B1, and B3 are observed and labeled 

as A1 and A3. These TA signals of CdSe QDs are caused mainly by two effects: the 

state-filling effect and the Coulomb effect or Stark effect. The state-filling effect is a 

phenomenon, where the filling of quantized electronic levels leads to the bleach of the 

corresponding transition populating this level in the transient spectra because of Pauli 

exclusion principle.84, 99 For example, when the 1Se level in the conduction band of 

CdSe QDs with 2-fold degeneracy is filled by the pump excitation, the corresponding 

optical transitions involving the 1Se level cannot take place, resulting in bleaching of 

this signal. Due to this effect, one can determine the carrier population by analyzing 

the relative change of bleach amplitudes with respect to pump intensity. On the other 

hand, the effect of Coulomb interaction on the TA signal arises from the carrier-

induced Stark effect.91 The local fields of the pump-generated carriers cause energetic 

shifts in optical transitions as well as changes in oscillator strengths. Unlike the state-

filling effect, the carrier-induced Stark effect modulates the spectral position optical 

transitions and effects also transition unoccupied energy levels. With the help of these 

distinctive features, one can locate the population of conduction band levels and 

consequently their temporal changes, for instance during, electron-hole recombination, 

electron transfer, and energy transfer etc. 

1Pe

1Se

1S3/2

2S3/2

1P3/2

1S2S1P

a) b)
c)

1S2S1P
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B2B3

A1

A3



33 
 

To investigate multiexciton properties, experiments with increasing pump 

intensity are performed. Increasing pump intensity allows simultaneous absorption of 

multiple photons leading to the formation of multiexcitons. The analysis of 

multiexciton dynamics in TA data is commonly conducted through single wavelength 

multiexponential fitting of the B1 kinetics, which corresponds to the band-edge 

decay.65, 84 With the formation of multiexciton states, the bleach signal increases, 

resulting from increasing state-filling effect. Additionally, the kinetics traces show 

with increasing pump intensity, hence multiexciton formation, additional fast decaying 

components which are assigned to multiexciton annihilation due to the fast Auger 

recombination processes. To extract the multiexciton lifetime, the data is modeled from 

the Auger recombination model (as previously described) Eq. (14) needs to be solved. 

However, when high-order multiexcitons populate simultaneously both the 1Se and 

1Pe (can also be higher levels with higher order multiexcitons) levels, the spectral 

signatures change over the whole spectral range. For instance, the A1 feature exhibits 

a negative signal in the multiexciton regime and a positive signal in the exciton regime. 

If the intensity-dependent TA spectra are evaluated by single wavelength fit, such 

spectral signatures will not be properly investigated. Due to this a global fit regarding 

the entire range of wavelengths probed and for varying intensities is necessary to 

extract complete temporal and spectral evolution.83, 100 In the global fitting, the 

intensity-dependent TA data is treated as a sum of the spectra (𝑆𝑆𝑁𝑁(𝜆𝜆)) corresponding 

to each multiexciton species, 𝑁𝑁. The spectral shape of 𝑆𝑆𝑁𝑁 is considered as independent 

of pump intensity and delay time but only its weight varies with an amplitude co-

efficient 𝐴𝐴𝑁𝑁(𝑡𝑡, 𝐽𝐽), which is dependent on pump intensity ( 𝐽𝐽). 𝐴𝐴𝑁𝑁(𝑡𝑡, 𝐽𝐽) is related to 𝑃𝑃𝑁𝑁, 

with which the initial concentration of multiexciton species is determined by using 

Poisson probability as shown in Eq. (13). With this, the intensity-dependent TA spectra 

are simulated as, 

 Δ𝐴𝐴(𝜆𝜆, 𝑡𝑡, 𝐽𝐽) =  �𝐴𝐴𝑁𝑁(𝑡𝑡, 𝐽𝐽) 𝑆𝑆𝑁𝑁(𝜆𝜆)
𝑁𝑁

 (21)  

To extract the multiexciton lifetimes, the Auger recombination model (as 

described in Eq. (14)) is used. Further, to determine the multiexciton spectra and 

lifetimes, a fitting routine capable of handling a large free parameter range is required. 

To this end, a method based on Markov Chain Monte Carlo (MCMC) sampling has 

been established by Ashner et al.101 to fit intensity-dependent TA data. In this fitting 
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routine, the multiexciton lifetimes, spectra, and an intensity parameter (corresponding 

to absorption cross section) are simultaneously fitted to deconvolute the three-

dimensional (Δ𝐴𝐴(𝜆𝜆, 𝑡𝑡, 𝐽𝐽)) TA dataset.  

MCMC sampling is an efficient method to fit such a large data set to obtain 

multiple fit parameters with high precision. It is a technique used to sample complex 

probability distributions, especially when direct sampling is difficult. To establish the 

fitting routine in the TA data, a framework of Bayesian inference is used. Bayesian 

inference is a statistical method that updates the probability estimate of having a 

parameter. It is based on Bayes' Theorem, which combines the prior distribution of a 

parameter with the likelihood of observed data to produce a revised probability 

(posterior distribution). This means that the conditional probability of having a certain 

set of parameters, 𝜃𝜃, is described in terms of the observed data, 𝑥𝑥, which is the posterior 

probability. This can be calculated using Bayes' theorem as,  

 𝑃𝑃(𝜃𝜃|𝑥𝑥) ~ 𝑃𝑃(𝑥𝑥|𝜃𝜃) 𝑃𝑃(𝜃𝜃) (22)  

Here, the first term (𝑃𝑃(𝑥𝑥|𝜃𝜃)) is the likelihood function, and the second term is 

the probability of a set of parameters being correct (posterior probability). To derive 

the posterior probability, MCMC begins by initializing a set of walkers across the 

parameter space. Walker refers to an individual sample or point in the parameter space 

that represents a possible solution or combination of model parameters. These walkers 

traverse the parameter space, moving based on probabilistic rules that aim to explore 

regions of high likelihood. Each walker proposes new positions (sets of parameters), 

and whether these moves are accepted or rejected depends on the likelihood of the 

proposed set of parameters relative to the current set. The ensemble of walkers forms 

a Markov chain, gradually building a comprehensive representation of the posterior 

probability distribution of the parameters. Each walker corresponds to a unique 

combination of model parameters that, in turn, produces a distinct TA dataset. To 

explore the posterior distribution of these parameters, the walkers undergo random 

variations, with each new position evaluated based on the logarithmic likelihood of the 

corresponding model. The acceptance of random moves is dependent on the 

probability of occurrence, which is determined by the log-likelihood. The algorithm 

continues until a sufficiently large Markov chain is generated, representing the 

posterior distribution of the parameters. Once the chain converges, the samples from 
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the walkers are used to create histograms, yielding a comprehensive picture of the 

posterior distribution. Within the broader algorithm, MCMC functions as the 

optimization tool, proposing parameter sets and maintaining a record of every 

iteration, ultimately refining the estimation of model parameters. This algorithm 

exhibits a useful property, known as affine invariance, which states that the 

performance of the algorithm is independent of the relative scales or offsets of the 

different dimensions in parameter space. The key advantage of this algorithm is that it 

will run efficiently without any manual tuning of parameter steps in each dimension, 

in contrast to a simple random walk. Due to these properties, MCMC sampling is 

highly promising to be applied to complex datasets such as intensity-dependent TA 

data and will be used in this thesis for simultaneous evaluation of multiple fit 

parameters including, lifetime, spectra, intensity parameters. 
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3. Post-synthetic Modification of Colloidal 
CdSe QDs: Investigation of 
Photoluminescence and Phonon 
Properties  

This chapter is primarily focused on the development of a synthetic strategy 

for the generation of colloidal CdSe QDs and the implementation of surface 

modifications, in conjunction with an investigation of the fundamental exciton and 

phonon properties. In this chapter, the basic materials for the investigation of 

multiexciton properties in CdSe QDs with varying QD size and surface ligands are 

developed. To this end, TOPO capped colloidal CdSe QDs of different sizes have been 

synthesized using the hot-injection method. Furthermore, ligand exchange methods 

have been employed for the purpose of modifying the surface with MPA, MUA, and 

S2−. The impact of surface trap-state modification caused by the surface ligands on the 

exciton properties has been evaluated through photoluminescence spectroscopy. 

Additionally, the acoustic phonon mode, which influences carrier trapping, 

photoluminescence line width etc., is monitored by Raman spectroscopy. To evaluate 

the effect of surface ligands, the LA phonon frequencies are analyzed as a function of 

the molar mass of the surface ligands. 
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TOPO capped colloidal CdSe QDs of four different sizes of 2.4 nm, 4.0 nm, 

4.8 nm, and 8.2 nm were synthesized via the hot injection method.102 The experimental 

protocol is described in the Appendix A. Steady-state absorption spectra of the four 

QDs are shown in Figure 15a. The spectra exhibit the typical 1S3/2-1Se (1S), 2S3/2-1Se 

(2S), 1P3/2-1Pe (1P) electronic transition features observed in CdSe QDs (Figure 

15a).38 The energy level diagram explaining these transitions is shown in Figure 8a. 

The 1S peak positions corresponding to the lowest energy band-edge transition are 

shown in Table 1. The QD sizes were estimated from the 1S transition in the steady-

state absorption spectra using an empirical formula described by Yu et al.103 which is 

additionally validated by determining QD size from TEM images (Figure 15b, c, d, 

and e & Figure A 2). The size distribution obtained from TEM image analysis (using 

imageJ 1.53A 104) is shown in Figure A 2. With increasing size, the 1S position in the 

absorption spectra is redshifted because of the quantum confinement effect.4 Similar 

to the 1S peak position in absorption spectra, the band edge photoluminescence peak 

is redshifted with increasing QD size. The band edge photoluminescence occurs due 

to the radiative electron-hole recombination at the band gap.69, 72 The band edge peak 

positions of the QDs are listed in Table 1.  

Figure 15: (a) Steady-state absorption and normalized photoluminescence spectra 
(λex = 400 nm) of TOPO capped 2.4 nm, 4.0 nm, 4.8 nm, and 8.2 nm QDs. 
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Table 1: Size determined from absorption spectra, TEM images, 1S peak position in 
absorption spectra, and band-edge photoluminescence peak positions of 2.4 nm, 4.0 
nm, 4.8 nm, and 8.2 nm TOPO capped QDs. 

QD size/ diameter 

(abs. spectra) 

nm 

QD size/ diameter 

(TEM) 

nm 

1S 

peak 

nm           eV 

band-edge 

photoluminescence 

nm               eV 

2.4 3.0±0.5 528 2.35 561 2.21 

4.0 4.2±0.4 585 2.12 595 2.08 

4.8 4.9±0.7 606 2.05 613 2.02 

8.2 7.7±2.8 652 1.9 653 1.89 

Additionally, for 2.4 nm QD, a broad emission band at wavelengths longer than 

600 nm is observed originating from trap state emission (Figure 15a). Surface trap-

state emission appears more pronounced in smaller QDs due to the higher surface-to-

volume ratio as compared to larger QDs.20 This effect can be quantified by determining 

the peak areas from a multi-gaussian fit of the photoluminescence spectra. The 

photoluminescence spectra were fitted with two Gaussians describing the band-edge 

and trap-state emission bands as shown in Figure 16a exemplarily for 2.4 nm QD. The 

relative contributions of band-edge and trap state emission to the total spectra in each 

QDs were determined from the peak areas of the fitted Gaussians (Figure 16b). It 

shows that the trap-state emission contribution gradually decreases with increasing QD 

size with good agreement with a decreasing surface-to-volume ratio, as is expected. 

When the QD size is small, the density of surface trap states increases due to the 

relatively higher number of surface atoms and dangling bonds, which results in strong 

trap-state emission.63 
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Figure 16: (a) Gaussian fitting of the photoluminescence spectra of 2.4 nm QD. The 
band-edge peak (BE) is denoted by gauss 1 and the trap-state (TS) peak is denoted by 
gauss 2. (b) The relative contribution of band-edge (BE) and trap-state (TS) emission 
to the overall spectra of 2.4 nm, 4.0 nm, 4.8 nm, and 8.2 nm TOPO capped QDs. 

However, the surface trap-state density can be modulated by passivating 

surface traps by exchanging ligands on the QD surface.60 To investigate further, surface 

modification of the TOPO capped QDs with 2.4 nm, 4.8 nm, and 8.2 nm sizes was 

performed with a series of surface ligands including MPA, MUA, and S2−. For this a 

one phase ligand exchange method was adopted, where the QD solids were stirred with 

a concentrated ligand solution. This however didn’t appear as an efficient method of 

ligand exchange with drastic changes in the absorption spectra (after ligand exchange), 

poor solubility, and irreproducibility. The major disadvantage of the one phase ligand 

exchange method is that it doesn’t provide a solvent phase where the parent TOPO 

ligand after removal can be solubilized, due to which an efficient ligand exchange is 

challenging. To overcome this problem, ligand exchange of MPA, MUA, and S2− 

ligands was performed via a biphasic ligand exchange method.74, 105 The experimental 

details are described in Appendix A. A successful ligand exchange was validated by 

the FT-IR spectra (Figure A 1). In Appendix B, a detailed description of the FT-IR 

spectra is provided with all the vibration bands assigned according to previously 

reported literatures.106-108 
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Figure 17: (a) Steady-state absorption spectra and (b) photoluminescence spectra (λex 
= 400 nm) of 2.4 nm QD with TOPO, MPA, MUA, and S2− ligands. The 
photoluminescence spectra are normalized to the respective absorbance at λex (400 
nm). (c) The relative contribution of band-edge (gauss 1) and trap-state (gauss 2) 
emissions obtained from the Gaussian fitting (as shown in Figure 16a) in the 
photoluminescence spectra of TOPO, MPA, MUA, and S2− capped 2.4 nm QD. 

Figure 17a shows the changes in the absorption spectra of the 2.4 nm TOPO, 

MPA, MUA, and S2− capped QDs. The 1S peaks are nearly identical (in terms of 

spectral position and width) indicating no significant change in QD size or size 

distribution during ligand exchange. However, a slight change in size distribution 

could be expected in the S2− capped QDs with a relatively broad 1S peak. The 

corresponding photoluminescence spectra exhibit drastic change upon ligand 

exchange (Figure 17b). The band-edge photoluminescence peaks are strongly 

quenched, and trap-state emissions are heavily increased after ligand exchange with 

MPA, MUA, and S2− (Figure 17b). For a quantitative comparison, the Gaussian fitting 

(as shown in Figure 16a) was applied. The relative contribution of band-edge (gauss 

1) and trap-state (gauss 2) emissions in all four ligands are shown in Figure 17c. TOPO

capped QD shows the highest band-edge photoluminescence contribution with 0.686,

which reduces by roughly two times in MPA and MUA and shows the lowest in S2− 

with 0.087. On other hand, the trap-state emission contribution increases from 0.314
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in TOPO to 0.913 in S2− capped QD. The strong band-edge photoluminescence 

quenching upon MPA, MUA, and S2− ligand exchange is attributed to increased non-

radiative electron-hole recombination pathways due to surface hole trapping.71 These 

ligands lead to the formation of new states near the valence band, in which holes, in 

particular, can be trapped very fast (~ 1 ps) after photoexcitation.71 The efficiency of 

hole trapping among MPA, MUA and S2− can be different majorly due to their different 

energetic positions with respect to the CdSe energy levels and number of surface 

ligands.60  However, a similar effect was observed for 4.8 nm and 8.2 nm QDs (Figure 

18). The MPA, MUA, and S2− ligands strongly quench the band-edge 

photoluminescence and enhance trap-state emission with S2− showing the maximum 

influence. This effect seems to be stronger when the QD size is smaller. For instance, 

with S2− ligand exchange, the band-edge photoluminescence contribution in 2.4 nm 

QD was reduced by 7.8 times, and in 8.2 nm QD, it was reduced by 1.02 times only 

(i.e., nearly identical). This can mainly be because of two reasons, firstly due to the 

quantum confinement effect the valence band level positions differ resulting in 

different energy gaps between the valence band and surface trap states originating from 

surface ligands effecting the efficiency of trapping.60, 109 Secondly, with the larger QD, 

confinement energy gets lower resulting in the smaller driving force for an efficient 

carrier trapping.   
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Figure 18: Photoluminescence spectra (λex = 400 nm) of (a) 4.8 nm QD, and (b) 8.2 
nm QD with TOPO, MPA, MUA, and S2− ligands. The photoluminescence spectra are 
normalized to the respective absorbance at λex (400 nm). The relative contribution of 
band-edge (gauss 1) and trap-state (gauss 2) emissions obtained from multi-gaussian 
fitting (as shown in Figure 16a) in the photoluminescence spectra of TOPO, MPA, 
MUA, and S2− capped (c)4.8 nm, and (d) 8.2 nm QD. 

The size and surface functionalization not only influence the 

photoluminescence properties but also the crystal vibration of QDs. Crystal vibration 

in QDs occurs as quantized collective vibration of atoms in the crystal lattice, which 

is also called as phonon. Phonon modes in QDs are primarily classified as optical and 

acoustic modes. The acoustic phonons correspond to low-energy vibrations where 

atoms oscillate in phase, affecting the acoustic wave propagation through the crystal, 

whereas the optical phonons involve out-of-phase vibrations between atoms in the 

lattice creating a dipole that can couple with electromagnetic waves.76 Acoustic 

phonon modes in colloidal QDs are particularly interesting to see the mechanical 

influence of surface ligands.77 Simply, the impact of surface functionalization can 

alternatively be probed by observing the acoustic phonon modes. To do this, Raman 

spectroscopy was performed on colloidal QDs deposited on CaF2 substrates 

(experimental details in Appendix A) with a 808 nm laser (not resonant with QD 

electronic transitions). A volume holographic notch filter with 5 cm−1 cut was used to 

probe the low wavenumber acoustic modes.  

Figure 19: (a) Raman spectra showing the LA modes of 2.4 nm, 4.0 nm, 4.8 nm, and 
8.2 nm TOPO capped QDs deposited on CaF2 substrates. (b) Representation of LA 
phonon frequency with QD size. The Raman spectra were cut between −10 cm−1 to 10 
cm−1 to ignore the Rayleigh Scattering. 
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Table 2: LA phonon frequencies of 2.4 nm, 4.0 nm, 4.8 nm, and 8.2 nm TOPO capped 
QDs. 

QD size/ diameter 

nm 

LA 

Phonon frequency 

cm−1 

2.4 22.4 

4.0 20.4 

4.8 17.7 

8.2 14.9 

Figure 19a shows the LA phonon modes of 2.4 nm, 4.0 nm, 4.8 nm, and 8.2 

nm TOPO capped QDs deposited on CaF2 substrates. The LA phonon frequencies of 

2.4 nm, 4.0 nm, 4.8 nm, and 8.2 nm QDs appear at 22.4 cm−1, 20.4 cm−1, 17.7 cm−1, 

and 14.9 cm−1 respectively (Table 2), which is in good agreement with previous 

literature.110 With increasing QD size, the LA phonon mode frequency decreases 

because larger QDs have more atoms, i.e., higher effective vibrating mass, leading to 

lower wavenumber for the vibrational modes. Briefly, as the QD size increases, the 

spatial extent of the LA vibrations expands, causing a longer phonon propagation and 

their frequencies to decrease. This size-dependent behavior of LA phonon modes is a 

direct consequence of quantum confinement effects.76, 110 As a result of the quantum 

confinement effect, smaller QDs have higher frequency acoustic phonon modes. 
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Figure 20: LA phonon modes of TOPO, MPA, MUA, and S2− capped (a) 4.8 nm, and 
(b) 8.2 nm QDs. (c) The variation of LA phonon mode frequencies with respect to the
molar mass of TOPO, MUA and MPA ligands in 4.8 nm and 8.2 nm QDs. (d) The LA
phonon mode frequencies of TOPO, MUA, MPA and S2− capped 4.8 nm and 8.2 nm
QDs.

Table 3: LA phonon frequency of TOPO, MUA, MPA, and S2− capped 4.8 nm, and 8.2 
nm QDs.  

QD size/ 
diameter 

nm 
LA phonon frequency 

cm−1 

TOPO MUA MPA S2− 

4.8 17.7 20.1 21.8 21.2 

8.2 14.9 25.4 36.2 12.3 

Further to investigate the effect of surface ligands, Raman spectroscopy was 

performed on TOPO, MPA, MUA, and S2− capped 4.8 nm, and 8.2 nm QDs deposited 

on CaF2. Figure 20a & b show the LA modes of TOPO, MPA, MUA, and S2− capped 

4.8 nm, and 8.2 nm QDs. The LA frequencies in different ligands seem to be 

significantly changing (Figure 20d). For instance, the LA modes in TOPO, MUA, 
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MPA, and S2− capped 4.8 nm QDs are respectively 17.7 cm−1, 20.1 cm−1, 21.8 cm−1, 

and 21.2 cm−1 (Figure 20d). There is a correlation between the molar mass of the 

surface ligands (TOPO, MUA, and MPA) and the LA phonon frequencies as shown 

(Figure 20c). The LA phonon frequencies in both the 4.8 nm and 8.2 nm QDs are 

decreasing with increasing molar mass of the surface ligands, TOPO, MUA, and MPA 

(Table 3). Similar observations have previously been reported in the literature.77 These 

observations indicate that mass-loading on the QD surface is the key mechanism by 

which surface ligands influence the vibration frequency of QDs. During LA (and 

acoustic vibration in general) vibration, as the QD coherently expands and contracts, 

the surface-bound ligands experience acceleration either outward or inward. In that 

case, heavier ligands exhibit greater inertial resistance to this surface displacement, 

resulting in a lower resonant frequency as illustrated in Figure 20c. However, S2−, with 

the lowest molar mass among all the used surface ligands, does not show the highest 

LA frequency for both the QDs (Table 3 & Figure 20d). Additionally, the LA peaks for 

S2− capped QDs seem to be relatively broader. These observations need to be carefully 

analyzed as S2− is a single atom entity, and it can facilitate highly closed packed QD 

film when drop casted (as the QD solutions were drop casted for Raman spectroscopy, 

Appendix A). This implies that, in the S2− capped QDs, the QD surface is majorly 

covered by neighboring QDs with very small spacing. In that case, the mechanical 

strain developed on a QD surface during LA vibration might also propagate to the 

neighboring QDs which will provide greater inertia. Consequently, the LA vibration 

will lose coherence at the surface resulting in faster damping which is in good 

agreement with the broad LA peak in S2− capped QDs. Such effect of broad phonon 

peak and short damping has previously been observed with S2− , Se2− capped CdTe and 

CdSe QDs.111 However, the high LA frequency in 4.8 nm S2− capped QD remains 

unclear.  

To summarize, the photoluminescence and phonon properties of four different 

sizes of CdSe QDs have been investigated in dependence on different surface ligands. 

Upon ligand exchange, MPA, MUA, and S2−capped QDs exhibit strong band-edge 

photoluminescence quenching and enhancement of trap-state emission. Among these 

three ligands, S2− shows the maximum effect on photoluminescence properties. The 

modulation of photoluminescence properties upon MPA, MUA, and S2− ligand 

exchange is primarily due to their introduction of additional energy levels within the 

band gap which can trap, particularly, holes after photoexcitation. The ligand exchange 
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process was additionally monitored by probing the LA phonon modes of CdSe QDs. 

A size-dependent quantum confinement effect on LA frequency was observed for four 

different sizes of QDs. LA phonon frequency exhibits a mass loading effect due to the 

mechanical strain caused by the surface ligands due to which LA frequency is lower 

in heavier surface ligands. Additionally, in good agreement with previous literature, 

the LA modes exhibit broader peak in S2− capped QDs in comparison to the TOPO 

capped ones, owing to faster damping to LA vibration. The S2− ligand exerts a 

pronounced influence on the photoluminescence properties of CdSe QDs, which can 

be attributed to its efficient hole trapping. This motivates a special focus on further 

investigation to explore the exciton dynamics. In the next chapter, the exciton and 

multiexciton properties of different sizes of TOPO capped QDs are investigated, which 

is further extended to the corresponding S2− capped QDs to evaluate the effect of strong 

hole trapping on exciton and multiexciton properties using intensity-dependent TA 

spectroscopy. 
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4. Determination of High-order Multiexciton
Properties by Transient Absorption
Spectroscopy

In this chapter, the exciton and multiexciton properties of QDs with different 

sizes and surface ligands have been discussed. The properties of TOPO and S2− capped 

QD series of varying sizes are investigated and compared with the aim to evaluate the 

impact of strong hole trapping on exciton and multiexciton lifetime. The spectral and 

dynamical features of multiexcitons extending up to QX are investigated via intensity-

dependent TA spectroscopy. To evaluate the spectral and temporal changes in the 

collected data set, a global fitting routine based on the MCMC sampling method is 

applied, which allows the determination of the spectral characteristics of the 

contributing exciton and multiexciton species. This additionally permits the 

determination of their respective population dynamics and their lifetimes. 

Furthermore, a multi-gaussian fitting routine is employed for the quantitative analysis 

of multiexciton species spectra and the determination of the multiexciton binding 

energy. 
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To investigate the exciton and multiexciton properties, TOPO and S2− capped 

CdSe QDs with four different sizes of 2.6 nm, 3.4 nm, 4 nm, and 4.8 nm were prepared 

by the methods described in the previous chapter. The experimental details are 

described in Appendix A. Figure 21a shows the steady-state absorption spectra of the 

TOPO and S2− capped CdSe QDs. The estimated QD size and the respective 1S3/2-1Se 

(1S), 2S3/2-1Se (2S), 1P3/2-1Pe (1P) electronic transitions are shown in Table 4. The 

photoluminescence spectra of the TOPO and S2− capped CdSe QDs shown in Figure 

A 3 describe the effect of hole trapping with strong band-edge photoluminescence 

quenching and enhanced trap-state emission.62, 74, 112  

Figure 21: (a) Steady-state absorption spectra of TOPO capped (solid lines) and S2− 
capped (dashed lines) CdSe QDs of four different sizes. (b) steady-state absorption 
spectra (top panel) of the TOPO capped 4.8 nm QD with the marked 1S, 2S and 1P 
transitions, and the corresponding transitions are marked in the TA spectra (bottom 
panel) as B1, B2, and B3. 

a)

b)
1S2S1P

B1

B2B3

A1

A3
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Table 4: Table describing the three lowest optical transitions in the four TOPO capped 
QDs. 

QD size/ diameter 
nm 

1S
nm               eV 

2S
nm               eV 

1P
nm eV 

2.6 528 2.35 496 2.50 426 2.91 

3.4 564 2.20 537 2.31 458 2.71 

4.0 585 2.12 555 2.23 504 2.46 

4.8 606 2.05 581 2.13 529 2.34 

Intensity-dependent transient absorption spectroscopy was performed with a 

pump pulse (~100 fs) of 400 nm central wavelength with varying intensities between 

1.0 × 10−4 µWµm−2 to 1.0 × 10−2 µWµm−2 (details in Appendix C). Comparison of the 

TA spectra (at 1.0 × 10−4 µWµm−2 at 1900 ps) with steady-state absorption spectra 

(Figure 21b) of the TOPO capped 4.8 nm QD demonstrates the characteristic bleach 

signals B1, B2, and B3 originating at 1S, 2S, and 1P transitions. These transitions occur 

in the other three QDs in different spectral positions as described in Table 4. The 

intensity-dependent TA spectra at 2 ps for the series of TOPO capped QDs are depicted 

in Figure 22. The bleach amplitudes of B1, B2, and B3 for all the QDs gradually 

increase with increasing intensity (Figure 22). For the 4 nm and 4.8 nm QDs, the B3 

shows a stronger contribution than B1 and B2 at 2 ps at high intensities while at low 

intensities B1, and B2 are dominant. At low intensities, the transient spectra show 

strong PIA features redshifted from the B1 and B3 signals at 2 ps, which gradually 

disappear with increasing intensity in the TOPO capped QDs. The PIA features are 

labeled as A1, A3 as depicted in Figure 21b. However, irrespective of the intensity, A1 

and A3 reappear around 100 ps in the TOPO capped QDs. At the latest recorded delay 

time of 1900 ps, all the intensity-dependent spectra of the respective QDs look 

identical when normalized to the B1 (Figure A 4).  Similar features are observed for 

the S2− capped QDs, with intensity-dependent increase of B1, B2, and B3 bleaches at 

2 ps (Figure 22b) and an identical spectral shape at 1900 ps (Figure A 4). Unlike the 

TOPO capped QDs, S2− capped QDs do not exhibit the A1 feature irrespective of 

intensity and delay time. Additionally, the A3 feature is also relatively weak in 

comparison to the TOPO capped QDs. 
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Figure 22: Intensity-dependent TA spectra at 2 ps of (a) TOPO capped (b) S2- capped 
CdSe QDs of four different sizes. Increasing intensity is indicated by the lines right to 
the panels.  

Increasing intensity not only increases the amplitude but also alters the 

temporal development by introducing some fast-decaying components. Figure 23a & 

b show the kinetics of B1 and B3 of the TOPO capped QDs. The B1 feature reaches a 

maximum amplitude at around 1.5 ps followed by a bleach recovery. When the 

intensity is increased, the B1 kinetics show additional fast components between 2 ps 

to 500 ps. The kinetics after 500 ps shows an identical decay independent of the 

intensity. On other hand, the B3 maximum is observed at around 0.5 ps followed by 

bleach recovery. Similar to the B1 kinetic traces, the B3 kinetics also exhibit fast 

decaying component with increasing intensity. The kinetics of the A1 features are 

shown in (Figure A 4). When the intensity is increased, the A1 exhibits a negative 

signal in the early time region which develops into a positive signal showing similar 

decay kinetics independent of intensity. However, unlike the TOPO capped QDs, in 
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S2− capped QDs the B1 kinetics exhibit relatively slow decaying components in the 

early time (~ 2ps). On the other hand, the B1 decay is relatively faster in the later delay 

time (from ~500 ps) in S2− capped QDs (Figure 23c). 

Figure 23: Kinetics of B1 and B3 bleach of (a) & (b) TOPO capped, and (c) & (d) S2− 
capped CdSe QDs of four different sizes. Increasing intensity is indicated by the lines 
right to the panels. B1 position of TOPO capped 2.6 nm, 3.4 nm, 4 nm, and 4.8 nm 
QDs are at 530 nm, 576 nm, 590 nm, and 614 nm respectively. B1 position of S2− 
capped 2.6 nm, 3.4 nm, 4 nm, and 4.8 nm QDs are at 540 nm, 575 nm, 585 nm, and 
610 nm respectively. 

The observed features can be assigned according to reports in the literature.65, 

84, 113 A detailed description of the origin of TA signals in CdSe QDs is given in Section 

2.4. The primary contribution to the TA bleach signal in NCs such as CdSe QDs is the 

state filling, i.e., the population of conduction band levels with electrons.87 For CdSe 

QDs, holes do not have a comparable contribution due to the higher degeneracy of the 

valence band states, the higher effective mass of the hole which reduces the occupation 

probability, and the presence of states in the valence band that are not coupled to the 

optical transition.87 However, in recent studies, hole contribution to bleach signals has 

been reported.114, 115 The increasing bleach contributions with increasing intensity 

indicate the increasing electron population in the conduction band levels.  
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Figure 24: The energy level diagram (not scaled) of CdSe QDs, representing the 
conduction band and valence band population with increasing intensity (𝐽𝐽) which lead 
to the formation of, e.g., exciton (X), BX, TX, and QX.  

1Se and 1Pe levels in the conduction band have different spin degeneracies. 

1Se exhibits 2-fold degeneracy and 1Pe exhibit 6-fold degeneracy.38 This means that 

when the 1Se level is fully occupied with two electrons, the 1Pe level gradually starts 

to fill up. The strong contribution of B3 in 4 nm and 4.8 nm QDs indicates that there 

are higher multiexcitons than a BX which gradually fills up the 1Pe level (Figure 22). 

The electronic structure of exciton, BX, TX, and QX are shown in Figure 24. The B3 

feature is also observable at the low intensity regime when there is majorly exciton 

and BX population, i.e., only the 1Se level is populated (Figure 22). Such bleach 

signals do not originate from the state-filling effect but from the Stark effect.65 The 

local fields of the carriers in exciton and BX states (as shown in Figure 24), modulate 

the oscillator strengths of the electronic transition, leading to the bleaching of optical 

transitions, e.g., the B3 feature, without having any state-filling effect.65, 91 The PIA 

(A1) redshifted from the B1 is ascribed to the biexciton effect.65, 83 At low intensities 

when the 1Se level is singly occupied, the probe pulse generates another exciton (as 

1Se has 2-fold degeneracy) and the attractive interaction between the excitons lower 

the B1 transition energy resulting in a red-shifted PIA. The shift between A1 and B1 is 

the biexciton binding energy. The same effect occurs with the interaction at the 1Pe 

level leading to a PIA (A3) redshifted from the B3. Once the 1Se level is fully occupied 

with 2 electrons (i.e. a BX is present) at high intensity, further probe absorption cannot 

happen resulting in a decrease of A1. The same effect will be observed with the A3, 

once the 1Pe level is fully occupied with 6 electrons. When the intensity increases, 1Pe 

level gradually fills (as shown in Figure 24) resulting in decreasing A3 amplitude 

(Figure 22). At high intensity, A3 is also superimposed with B2 and B3 with strong 
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negative contributions. The development of spectral features with intensity strongly 

suggests the population of multiple carriers in the conduction band levels i.e., the 

formation of multiexcitons. The absence of A1 at high intensity is an indication of 

filling up of the 1Se level. Additionally, increasing B3 with intensity indicates the 

population of 1Pe levels (Figure 22). On the other hand, the absence of the A1 feature 

at both 2 ps and 1900 ps (Figure 22b) for the S2− capped QDs might indicate a low 

biexciton binding energy which might lead to a strong overlap of the A1 and B1 

features leading to absence of the A1 feature. 

The temporal changes observed in the kinetics (Figure 23) with increasing 

intensity have previously been reported.65, 84, 113The 400 nm pump excitation, which is 

above the 1Pe level, forms a hot exciton that gradually cools down to the 1Se level via 

the 1Pe level in hundreds of femtoseconds which are observed in the initial rise of the 

B1 and B3 kinetics as shown in Figure 23.84, 116, 117 Once the hot excitons start to cool 

down, the 1Pe levels fill up earlier than the 1Se, resulting in an early bleach maximum 

at 0.5 ps of B3 followed by the B1 at 1.5 ps. In low intensities (excitonic regime), the 

decay in the sub-ps regime can be attributed to the cooling of hot electrons from 1Pe 

to 1Se. At high intensities, the 1Pe level is populated with multiexcitons (as shown in 

Figure 24), and hence the decay kinetics additionally contain components of 

multiexciton recombination. However, at the same time scale, hot carriers can get 

trapped in surface trap states.117, 118 After these initial ultrafast processes, the band 

relaxation (i.e., hot carriers cooled down to the lowest energy level) is completed up 

to ~1.5 ps indicated by the B1 bleach maximum (Figure 23). On the time scale beyond 

2 ps, decay of the signal occurs due to the recombination of the band edge excitonic 

states. The additional fast-decaying components in B1 kinetics with increasing 

intensities, can be attributed to multiexciton recombination processes. When there are 

multiexcitons generated under high pump intensities, they undergo Auger 

recombination on a time scale up to a few hundreds of ps (as described in Section 2.3) 

until only exciton remains.65 In the end, exciton recombines via both radiative and non-

radiative processes on timescales up to tens of nanoseconds.119, 120 Hence, the identical 

decay kinetics of B1 as shown in Figure 23 after ~ 500 ps contain contribution majorly 

from exciton decay.  

Such spectral and dynamical variation with pump intensity is well established 

for the formation and recombination of multiexciton via the Auger recombination 
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process.65, 83 The comparison of the TA spectra (Figure 22)  and kinetics (Figure 23) 

between TOPO and S2− capped QDs indicate that the exciton and multiexciton spectral 

shapes and lifetimes have strong influence of hole trapping which needs to be precisely 

evaluated. In CdSe QDs, the multiexciton recombination via Auger recombination is 

described as a cascade of sequential decay of multiexciton states (detailed description 

in Section 2.3). When 𝑁𝑁 order of multiexcitons is formed, the kinetic model can be 

described as,  

 𝑁𝑁 → 𝑁𝑁 − 1 → 𝑁𝑁 − 2 → 𝑁𝑁 − 3 … … .→ 2 → 1 (23)  

 

i.e., when a TX is formed it will decay via BX to exciton (which will undergo 

radiative recombination). To extract multiexciton lifetime and spectra, the kinetic 

model as shown in Eq. (23) needs to be solved according to the differential equations 

described in Eq. (14). The analysis of multiexciton dynamics in TA data is commonly 

conducted through single wavelength multiexponential fitting of the B1 kinetics.65, 84 

However, the intensity-dependent TA data (Figure 22) suggests that the spectral 

signatures of multiexcitons are not only observed in B1, but also in B3, A1 , and A3, 

e.g., the A1 feature is positive in exciton regime (low intensity, Figure 22), and negative 

in multiexciton regime (high intensity,  Figure 22). Due to this, a global fitting over 

the entire range of wavelengths and intensities is necessary to extract complete 

temporal and spectral evolution. The multiexciton lifetime and spectral shape of CdSe 

QDs from intensity-dependent TA data have recently been demonstrated by applying 

a global fitting routine.83, 100 To perform the global fitting of all the intensity-dependent 

TA data, the MCMC based target analysis established by Ashner et al was employed.101 

A Python-based package, KiMoPack, was used for the initial processing such as chirp 

correction of the intensity-dependent TA data.121 In the global fitting, TA data is treated 

as a sum of the spectra (𝑆𝑆𝑁𝑁(𝜆𝜆)) corresponding to each multiexciton species, 𝑁𝑁. The 

spectral shape of 𝑆𝑆𝑁𝑁 is independent of pump intensity and delay time but only its 

concentration (or weight) varies with an amplitude co-efficient 𝐴𝐴𝑁𝑁(𝑡𝑡, 𝐽𝐽), which is 

dependent on pump intensity ( 𝐽𝐽). The initial concentration (𝐴𝐴𝑁𝑁(0, 𝐽𝐽)) of the 

contributing exciton and multiexciton states are determined with Poisson probability 

distribution as, 

 
𝑃𝑃𝑁𝑁  =  

< 𝑁𝑁 >𝑁𝑁  × 𝑒𝑒−<𝑁𝑁>

𝑁𝑁!
 

(24)  
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i.e., 𝑃𝑃𝑁𝑁 determines the weight (𝐴𝐴𝑁𝑁(𝑡𝑡, 𝐽𝐽)) of the contributing species spectra 

(𝑆𝑆𝑁𝑁(𝜆𝜆)). Here < 𝑁𝑁 > is the average number of excitons generated by pump excitation, 

which is determined as, 

 < 𝑁𝑁 > =  𝜎𝜎 ×  𝐽𝐽 
 

(25)  

Where 𝜎𝜎 is a fitting parameter which incorporates the intrinsic absorption 

cross-section (𝛼𝛼) at pump wavelength (400 nm) and the pump spot size. 𝐽𝐽 is the pump 

intensity in ‘µWµm−2’. Therefore, 𝜎𝜎 is obtained in ‘µW-1µm2’, which can further 

derive 𝛼𝛼 in ‘cm2’as, 

 
𝛼𝛼 =  𝜎𝜎 ×  

𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 108

2.01 ×  1012
 

 

(26)  

With the known initial concentration of pump-excited exciton and multiexciton 

species (as shown in Eq. (24)), the intensity-dependent TA data is simulated as,  

 Δ𝐴𝐴(𝜆𝜆, 𝑡𝑡, 𝐽𝐽) =  �𝐴𝐴𝑁𝑁(𝑡𝑡, 𝐽𝐽) 𝑆𝑆𝑁𝑁(𝜆𝜆)
𝑁𝑁

 (27)  

 

The 2.6 nm and 3.4 nm QDs were fitted with the TX kinetic model shown in 

Eq(28) and 4.0 nm and 4.8 nm QDs are fitted with the QX kinetic model shown in 

Eq(29). 

 𝑇𝑇𝑇𝑇  
𝜏𝜏𝑇𝑇𝑇𝑇��  𝐵𝐵𝐵𝐵 

𝜏𝜏𝐵𝐵𝐵𝐵�⎯�  𝑋𝑋  
𝜏𝜏𝑋𝑋�� (28)  

 

 𝑄𝑄𝑄𝑄  
𝜏𝜏𝑄𝑄𝑄𝑄�⎯� 𝑇𝑇𝑇𝑇  

𝜏𝜏𝑇𝑇𝑇𝑇��  𝐵𝐵𝐵𝐵 
𝜏𝜏𝐵𝐵𝐵𝐵�⎯�  𝑋𝑋  

𝜏𝜏𝑋𝑋�� (29)  

MCMC fitting is advantageous for the simultaneous determination of species 

spectra of exciton and multiexciton states (i.e., all the 𝑆𝑆𝑁𝑁 corresponding to Eq. (28) 

and Eq. (29)), multiexciton lifetime, and 𝛼𝛼. In the subsequent discussion, the spectra, 

and lifetime of multiexciton states derived from MCMC fitting of the TA data will be 

focused. The MCMC analysis begins at 2 ps, where all the ultrafast cooling and 

trapping processes are expected to be completed. Additionally, the contributions of 

higher order multiexcitons with much shorter lifetimes, below 2 ps cannot be 

determined. The longest probe delay time point in our data is 1900 ps, which does not 
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include the complete exciton recombination regime. Consequently, the exciton lifetime 

may be subject to a relatively high degree of error in the fitting and will not be 

discussed. The MCMC fit results of the four TOPO capped QDs are shown in Figure 

26a and Figure A 5 to Figure A 12 . The goodness-of-fit and accuracy of the kinetic 

model are reflected in the kinetics along with the fits and the contour plots of the fitted 

parameters (Figure A 5 to Figure A 12). The independent parameters or non-correlated 

parameters in the contour plot indicate a correct choice of the kinetic model for the 

fitting.101  

 

Figure 25: Absorption-cross section (𝛼𝛼) (at 400 nm) determined from MCMC fit and 
absorption-cross section (𝛼𝛼) (at 400 nm) determined from the extinction co-efficient 
(at 400 nm) of the four TOPO capped QDs. 

The correct choice of the kinetic models can additionally be validated by 𝛼𝛼 

(derived from the fitted parameter 𝜎𝜎, as shown in Eq. (23)) by comparing with the 

literature reported values (where 𝛼𝛼 is determined from the extinction coefficient28). 

Figure 25 shows the 𝛼𝛼 (obtained from MCMC fit) of the four QDs along with the 𝛼𝛼 

determined from the extinction coefficient as demonstrated by Leatherdale et al.28. 𝛼𝛼 

(at 400 nm) determined from MCMC fitting is in the same order magnitude as the one 

determined from extinction co-efficient. 𝛼𝛼 of the QDs increase with size, in agreement 

with previous literature.28 As 2.6 nm and 3.4 nm QDs have smaller 𝛼𝛼 as compared to 

the 4.0 nm and 4.8 nm QDs, < 𝑁𝑁 > is also smaller when 𝐽𝐽 is the same (according to 

Eq. (25)). This is the primary reason why the probability of forming high-order 

multiexciton in smaller QDs is relatively lower than in large QDs. Due to this, 2.6 nm 

and 3.4 nm QDs are fitted with the TX kinetic model (Eq. (28)) and 4.0 nm and 4.8 

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
0.0

0.1

0.2

0.3

0.4

0.5
α (MCMC fit)
α (Extinction coeff.)

α
/ 

10
-1

5 cm
2

radius / nm



59 

nm QDs are fitted with the QX kinetic model (Eq. (29)). Additionally, due to the 

shorter lifetimes (< 2 ps) in smaller QDs, multiexcitons above TX couldn’t be fitted. 

Figure 26: (a) Multiexciton species spectra, and (b) initial concentration of 
multiexciton species over the pump intensities in TOPO capped QDs of four different 
sizes. (c) Multiexciton species spectra, and (d) initial concentration of multiexciton 
species over the pump intensities in S2− capped QDs of four different sizes. X, BX, TX, 
and QX represent exciton, biexciton, triexciton, and tetraexciton respectively.       

Figure 26 illustrates the multiexciton species spectra of the series of TOPO and 

S2− capped QDs. The initial concentrations (i.e., upon pump excitation) of the 

multiexciton states in different intensities are shown in Figure 26b & d. At low 

intensities, exciton concentration is higher, which gradually decreases with increasing 

intensity. While the high-order multiexciton concentrations are lower in low 

intensities, which gradually increases with intensity (Figure 26b & d). This means that, 

initially the TA spectra have dominant contribution of exciton at low intensity and TX 

(for 2.6 nm and 3.4 nm QDs) or QX (for 4.0 nm and 4.8 nm QDs) at high intensities. 

Therefore, the spectral features of TA spectra resemble more with the exciton spectra 

in low intensities and TX (for 2.6 nm and 3.4 nm QDs) or QX (for 4.0 nm and 4.8 nm 

QDs) at high intensities (Figure 22). For instance, the A1 feature observed at low 

intensities in the TOPO capped QDs (Figure 22) is consistent with the exciton spectra. 

The BX, TX and QX spectra do not exhibit the A1 feature, which is also similarly not 

observed in the TA spectra at high intensities (Figure 22).  
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The spectral shapes of multiexcitons can be explained from the proposed 

energy level structure as shown in (Figure 24). The increasing amplitudes of B1, B2, 

and B3 features from exciton to QX (Figure 26a & c) are due to the increasing 

population in the conduction band levels (1Se or 1Pe) corresponding to the respective 

transitions. The A1 feature is observed only in the exciton spectra of the TOPO capped 

QDs. This is because only in exciton, the 1Se level is singly occupied, allowing the 

biexciton effect to occur. As the 1Se is fully occupied from BX to higher order 

multiexcitons, the biexciton effect cannot take place resulting in the absence of A1. 

However, high-order multiexcitons above BX show a negative signal in the same 

region as the positive absorption in exciton (e.g., at 560 nm of 2.6 nm QD). A similar 

effect has been observed before in the TA spectra of CdSe QDs, which is attributed to 

SE.122 The A1 feature of BX formation is in S2− QDs (Figure 26c). This indicates that 

the biexciton binding energy in S2− capped QDs might be lower compared to TOPO 

capped QDs which can result in strong overlapping of A1 and B1. The A3 feature is on 

the other hand a consequence of the Stark effect at the B3 transition occurring at the 

1Pe level. As the 1Pe level starts to fill from TX to QX, the A3 amplitude gradually 

decreases. As the B3 amplitude is significantly high in TX and QX, the A3 feature 

shows a negative amplitude due to the spectral superposition with B3. 
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Table 5: Multiexciton lifetimes of TOPO and S2- capped QDs of four different sizes 
determined by MCMC fitting. Parameters shown in the Table are fitted mean values 
and 99% confidence intervals obtained from MCMC sampling. 
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61.98 

3.4 
nm 

- 5.075.06
5.08 47.1247.10

47.15 - 6.866.86
6.87 76.3376.31

76.35 

4.0 
nm 

1.841.83
1.85 8.978.96

8.98 79.5279.48
79.67 3.893.88

3.90 25.5325.49
25.57 107.92107.79

108.04 

4.8 
nm 

2.032.03
2.04 13.5813.57

13.59 104.13104.07
104.24 5.405.39

5.42 38.8138.75
38.91 275.83275.00

276.59 

The multiexciton lifetimes estimated from the MCMC fitting of the TOPO and 

S2− capped QDs are shown in Table 5. Multiexciton lifetimes exhibit an increasing 

trend with QD size. A cubic (3.0±0.6 for BX and 2.9±0.2 for TX) dependency 

(multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 ∝ 𝑅𝑅𝑛𝑛, where 𝑅𝑅 is QD radius) with QD radius is observed 

for the TOPO capped QDs (Figure 27a) as expected from Eq. (19). Due to the small 

volume in QDs, the fast Auger recombination process plays a dominant role because 

of the strong overlap of charge carrier wavefunction.65 That’s why Auger lifetime is 

shorter in small QDs.36 On the other hand, increasing the order of multiexciton exhibits 

a shorter lifetime in each QD (Table 5). Similarly, with the increasing order of 

multiexcitons, the charge carrier density in a particle increases which induces stronger 

wavefunction overlap resulting in a shorter Auger lifetime. Hence, we observe the 

shortest lifetime for QX while BXs exhibit the longest multiexciton lifetime. The 

dependence of multiexciton lifetime with the number exciton (𝑁𝑁) reflects the kinetic 
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mechanism involved in Auger recombination process as described in Section 2.3. In 

previous literature, several mechanisms have been discussed.36 Cubic dependency 

stands for a three-carrier model, where e.g., an electron and a hole annihilate via 

exciting a third charge carrier (electron or hole). Theoretically, strongly confined 

charge carriers in materials like QDs exhibit cubic dependency. The quadratic model 

is observed in relatively larger particles where Auger recombination occurs via 

exciton-exciton interaction. For high-order multiexcitons, these two models become 

complicated because, the mani-fold degeneracy of higher energy levels creates 

different possibilities of carrier wave function mixing.36 For instance, when there is a 

TX, the electron population is distributed over 1Se and 1Pe levels of the conduction 

band, and the hole population distribution is over 1S3/2 and 1P3/2 before the ultrafast 

cooling and over 1S3/2 after the ultrafast cooling. In such a situation, when the charge 

carriers are distributed over levels with mani-fold degeneracy, multiple possibilities of 

transitions in Auger recombination can occur influencing the dependency of 𝑁𝑁 in 

Auger lifetime. Taking this into account multiexciton lifetimes are scaled as a 

statistical model as described by Klimov et al.36 In this case, none of the above-

mentioned models showed a good fit. A power law (multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 ∝ 𝑁𝑁𝑛𝑛) 

fit was performed with the multiexciton lifetime of 4 nm and 4.8 nm QDs (the other 

QDs have only two multiexciton lifetimes and hence are not included in this 

evaluation) to check the dependence of exciton order (𝑁𝑁), and it is estimated as 

5.4±0.03 and 5.5±0.5 respectively (Figure 27b). This indicates a stronger dependency 

than the traditional exciton models as discussed above.  
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Figure 27: (a) Radius dependency (multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 ∝ 𝑅𝑅𝑛𝑛) of TX and BX 
lifetimes of TOPO and S2− capped QDs. (b) Number of exciton dependencies 
(multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 ∝ 𝑁𝑁𝑛𝑛) of TOPO and S2− capped 4 nm and 4.8 nm QDs. (c) 
A schematic representing a TX, in a TOPO capped QD with the carrier density 
concentrated in the CdSe core and in a S2− capped QD with a trapped hole on the 
surface site.       

The multiexciton lifetimes of S2− capped QDs show a significant increase in 

comparison to the respective TOPO capped QDs (Table 5). However, the lifetimes in 

S2− capped QDs exhibit a similar radius dependence (multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 ∝ 𝑅𝑅𝑛𝑛) 

with n = 3.0±0.7 for BX and 3.8±0.9 for TX (Figure 27a). The increase in multiexciton 

lifetime can be attributed to a decrease in carrier wavefunction overlap induced by 

carrier localization in surface trap states which suppresses the Auger process.123, 124 A 

similar effect of reduction of carrier wavefunction on increased multiexciton lifetime 

has previously been reported. Kong et al.41 showed an increased BX lifetime of CdSe 

QDs due to electron delocalization upon CdS shell growth. Similarly, Yan et al.123 

demonstrated the effect of hole trapping via phenothiazine on the increased BX 

lifetime of CdSe QDs. Phenothiazine exhibits a characteristic spectral feature (broad 

PIA in longer wavelength) of trapped holes under photoexcitation, which helps to 

correlate the effect of the trapped hole on multiexciton lifetime. As S2− doesn’t exhibit 

a distinguishable spectral feature, quantification of hole trapping from the TA spectra 

is challenging. The degree of hole trapping, on the other hand, can be determined by 
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the extent of band edge photoluminescence quenching or enhanced trap-state emission 

in S2− capped QDs (Figure A 3). However, there is no correlation between the change 

in photoluminescence and multiexciton lifetime. The dependence on exciton order (𝑁𝑁) 

(multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 ∝ 𝑁𝑁𝑛𝑛) on multiexciton lifetime in S2− is similar to the 

TOPO capped QDs. The 4 nm and 4.8 nm S2− capped QDs exhibit exciton order (𝑁𝑁) 

dependence of 4.8±0.6 and 5.6±0.6 respectively (Figure 27b) and in the TOPO capped 

QDs, exciton order (𝑁𝑁) dependencies are 5.4±0.03 and 5.7±0.4 (Figure 27b). The 

comparable (within the fitting error) exciton order (𝑁𝑁) dependency indicates the same 

order of the kinetic rate law of the Auger process. However, the comparison of exciton 

order (𝑁𝑁) dependency should not necessarily be so straightforward. The consideration 

of different possible channels for recombination as described above with the statistical 

models cannot be ignored, especially for high-order multiexcitons. This is to be 

pointed out that these models do not consider the electronic distribution of surface trap 

states. To verify the participation of surface trap states in Auger recombination, the 

statistical models need to be modified to take the additional recombination channels 

into account. This might be challenging because of the undefined electronic structure 

of surface trap states. However, to establish the surface trap-assisted Auger 

recombination, as indicated by the increased multiexciton lifetime in S2− capped QDs, 

the determination of multiexciton binding energy is important. As multiexciton 

binding energy has strongly been influenced by the extent of carrier wavefunction 

overlap influencing the Coulomb interaction, the effect of surface hole trapping must 

be reflected.  

To determine multiexciton binding energy a quantitative analysis of the 

multiexciton species spectra is important with precise determination of spectral 

position and amplitude. Spectral positions of electronic transitions can be utilized to 

determine the multiexciton binding energy. The biexciton binding energy (∆𝐵𝐵𝐵𝐵) can be 

determined by the shift between the B1 and A1 in the exciton spectra.83, 91, 125 Similarly, 

tri- (∆𝑇𝑇𝑇𝑇), tetra- (∆𝑄𝑄𝑄𝑄), and penta- (∆𝑃𝑃𝑃𝑃) exciton binding energies can be estimated 

from the shifts between B3 and A3 in the BX, TX, and QX spectra respectively.83, 126 

A quantitative analysis of multiexciton spectra is not only beneficial to determine 

multiexciton binding energy but also to exploit the state-filling effect for a relative 

comparison of the amplitudes to determine the conduction band level population by 

multiple electrons. It needs to be recalled that TA spectra are composed of the 
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overlapping signal contributions of GSB, PIA, and SE. The GSB and SE contribute to 

the negative and the PIA contributes to the positive of the overall signal.65, 127 

Deconvoluting TA Spectra using a multi-gaussian fitting routine enables extraction of 

the pure GSB, PIA, and SE contributions.83, 127, 128 In this fitting method, each of the 

GSB, PIA, and SE peaks, corresponding to the respective electronic transitions (i.e., 

B1, B2, and B3) are fitted by multiple Gaussian functions to model the species spectra: 
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𝑆𝑆𝑋𝑋, 𝑆𝑆𝐵𝐵𝐵𝐵, 𝑆𝑆𝑇𝑇𝑇𝑇, and 𝑆𝑆𝑄𝑄𝑄𝑄 are the species spectra of exciton (X), BX, TX, and QX 

respectively. 𝐴𝐴 represents the amplitudes, 𝑐𝑐 represent the centers, and 𝑤𝑤 represent the 

widths of the peaks associated to B1, B2, and B3 transitions. The subscript GSB 

accounts for the B1, B2, and B3 peaks and the subscript PIA accounts for A1, A2, and 

A3 peaks in the spectra. The widths of the peaks associated with the same transitions 

are considered the same (e.g., the width of B1 and A1 is 𝑤𝑤𝐵𝐵1). The A3 in the exciton 

spectra is not fitted with the same shift (i.e., ∆𝐵𝐵𝐵𝐵). This is because the 1Pe level with 

higher polarizability than the 1Se level does not necessarily result in the same 

magnitude of carrier-induced Stark effect.126, 129 Multiexciton binding energy in CdSe 

QD is described as bound, i.e., with negative binding energy. Strandell et al.130 reports 

negative multiexciton binding energy upto QX of CdSe QDs of different sizes. 

Similarly, the pentaexciton binding energy (∆𝑃𝑃𝑃𝑃) was also assumed to be from a bound 

pentaexciton state with negative binding energy. The SE feature in CdSe QD TA 

spectra is not as distinctive as the GSB and PIA. However, it is in resonance with A1 

and B1.122, 125 The presence of SE can be checked by determining a non-linear spectrum 

by adding the steady-state spectra to the TA spectra as 𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁  = ∆ 𝐴𝐴𝐴𝐴𝐴𝐴 +

 𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.125 Figure A 19 shows the non-linear spectra of the multiexciton 

species. The negative absorption in the non-linear spectra means the amplified signal, 

i.e. the contribution of SE. In the previous works, SE is fitted by a single Gaussian

identical to the 1S gaussian assuming that SE source is the MX state.127 Here, it is

fitted with a completely independent Gaussian peak red-shifted from the B1 to avoid

overemphasis of its origin. The SE components in the exciton and BX spectra were

ignored to avoid overparameterization of fitting as there is no substantial negative

contribution in the non-linear spectra. This is to be clarified that it is not claimed that

exciton and BX spectra do not contain SE signals. The multiexciton species spectra

with the fit of Eq. (30) – Eq. (33) are shown in Figure A 13 to Figure A 18.

The multiexciton binding energies obtained from the fit of Eq. (30) – Eq. (33) 

are shown in Table 6. The multiexciton binding energies of the TOPO capped QDs 

increase with decreasing size and increasing exciton order and exhibit weaker 

dependency in comparison to the lifetimes (as obtained from multiexciton binding 

energy, ∆𝑀𝑀𝑀𝑀= 𝑅𝑅𝑛𝑛 and multiexciton lifetime, 𝜏𝜏𝑀𝑀𝑀𝑀 = 𝑅𝑅𝑛𝑛) as shown in Figure 28. This 

observation matches the previous literature reports.131 Reducing the QD size enhances 

wavefunction overlapping leading to increased multiexciton binding energy as well as 
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the Auger rate as discussed above. Similarly, with increasing exciton order, carrier 

density increases resulting in the increased multiexciton binding energy Table 6.       

Table 6: Bi- (∆𝐵𝐵𝐵𝐵), tri- (∆𝑇𝑇𝑇𝑇), tetra- (∆𝑄𝑄𝑄𝑄), and penta- (∆𝑃𝑃𝑃𝑃) exciton binding energies 
obtained from the fit of Eq. (30) – Eq. (33) in the multiexciton species spectra of TOPO 
and S2- capped CdSe QDs. 
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/𝐦𝐦𝒆𝒆𝒆𝒆 

𝚫𝚫𝑷𝑷𝑷𝑷 

/𝐦𝐦𝒆𝒆𝒆𝒆 

TOPO S2- 

2.6 
nm 

35.9 114.4 203.6 - - - - - 

3.4 
nm 

24.2 75.0 111.0 - - - - - 

4.0 
nm 

22.7 66.2 109.6 155.6 15.2 54.8 89.9 119.9 

4.8 
nm 

18.1 49.6 70.8 102.1 12.9 37.1 58.0 64.6 

The fit of multiexciton species spectra with Eq. (30) – Eq. (33) was similarly 

achieved for 4.0 nm and 4.8 nm S2− QDs are shown in Figure A 13 and Figure A 18. 

However, 2.6 nm and 3.4 nm S2− capped QDs with the complete absence of A1 and 

A3, the Gaussian fitting was not possible. The multiexciton binding energy of the S2− 

capped QDs are shown in Table 6. The ∆𝑀𝑀𝑀𝑀 of 4.0 and 4.8 nm S2− capped QDs are 

smaller in comparison to the TOPO ones. The reduction of multiexciton binding energy 

can be explained by the reduced carrier wavefunction overlapping due to surface hole 

trapping. In the S2− capped QDs, due to the strong surface hole trapping, electron-hole 

attractive interaction in the CdSe core reduces.88 This results in a relative increase of 

electron-electron repulsion shifting the multiexciton states more towards an unbound 

state resulting in lowering multiexciton binding energy.88, 132 As described previously, 
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the positions of the PIA peaks with respect to their GSB peaks can determine 

multiexciton binding energy. This means that when the binding is significantly low, 

both the PIA and the respective GSB will have a strong overlap in the spectral position 

resulting in changing the GSB amplitude and width while the PIA feature being 

absent.128 Figure 28a and c show multiexciton binding energy obtained the B1 and A1 

of the exciton spectra of TOPO and S2− capped 4.8 nm QD. It can clearly be seen that 

the stronger overlapping of B1 and A1 components leads to the vanishing of the overall 

A1 feature to the red of the B1 in the S2− capped QD. This indicates that the PIA 

features (in particular the A1) in S2− capped 2.6 nm and 3.4 nm QD spectra are in 

stronger overlap with the respective GSB due to very low multiexciton binding energy. 

The fitting routine using the Eq. (30) – Eq. (33) are not sufficient to resolve such 

differences.  

Figure 28: The A1 and B1 peak obtained from the multi-gaussian fitting of Eq. (30) of 
4.8 nm (a) TOPO capped and (c) S2− capped QD. The figures demonstrate the extent 
of A1 and B1 overlapping, which determines the BX binding energy (∆𝐵𝐵𝐵𝐵). (b) A 
schematic of excitonic state diagram, representing the optical transitions 
corresponding to A1 and B1 in exciton (X). (d) Radius dependency (∆𝑀𝑀𝑀𝑀∝ 𝑅𝑅𝑛𝑛) of 
multiexciton binding energy (∆𝑀𝑀𝑀𝑀) of BX, TX and QX obtained from the multi-gaussian 
fit of Eq. (30) – Eq. (33). 
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To summarize, the multiexciton lifetime and spectral shape of up to QX from 

four different sizes of colloidal CdSe QDs with two surface ligands have been 

evaluated by utilizing global fitting of intensity-dependent TA spectra. The 

multiexciton lifetimes exhibit the ‘universal volume scaling’ independent of the 

surface ligand TOPO or S2−. Upon S2− ligand exchange of the series of QDs, 

multiexciton lifetimes have significantly increased. This is attributed to the reduction 

of carrier wavefunction overlapping due to strong hole trapping by S2− surface traps 

resulting in suppression of the Auger process. A quantitative spectral evaluation was 

performed with the exciton and multiexciton species spectra, which simplifies 

understanding of the complex interplay between state-filling and Stark effect in TA 

signal of CdSe QDs. With this, multiexciton binding energies was determined up to 

pentaexciton. The multiexciton binding energies exhibit weak volume scaling in good 

agreement with previous literature. The reduction of multiexciton binding energy in 

S2− capped QDs indicates a relative decrease in electron-hole Coulomb attraction while 

an increase in electron-electron Coulomb repulsion. This behaviour can be expected 

due to the hole localization in surface trap states of S2− QDs.  
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5. Observing High-order Multiexciton
Dynamics under Weak and Strong
Electronic Coupling in QD Thin Films

This chapter presents a discussion of the intensity-dependent TA spectra of 

TOPO and S2− capped QD thin films, with the objective of elucidating the dependence 

of multiexciton properties on inter-QD interactions. The Chapter 4 elucidates the 

impact of hole trapping on prolonged multiexciton lifetime and decreased multiexciton 

binding energy. This is ascribed to a reduction in the extent of carrier wavefunction 

overlapping. In QD thin films, the strong inter-QD coupling results in a more 

pronounced effect of exciton delocalization, which could also severally impact 

multiexciton properties. Therefore, this chapter presents a comparative study of QD 

thin films having weak and strong inter-QD coupling with TOPO and S2− ligands 

respectively. For this, thin films of TOPO capped and S2− capped QDs are fabricated 

via drop casting. Prior to conducting intensity-dependent TA, steady-state 

photoluminescence spectroscopy is performed to verify the occurrence of unique thin 

film phenomena. Moreover, the intensity-dependent TA spectra of the QD thin films 

have been subjected to analysis using MCMC to investigate the multiexciton spectral 

shape and lifetime. 
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Figure 29: SEM images of 4.0 nm QDs with surface ligands (a) TOPO, and (b) S2−. 
The SEM images were collected by drop casting the QD solutions on silicon wafers. 
The insets in the SEM images represent the fast-fourier-transformed (FFT) images 
used to determine the distances between QDs. 

The TOPO capped CdSe QDs of four different sizes of 2.6 nm, 3.4 nm, 4.0 nm, 

and 4.8 nm as discussed in Chapter 4 were synthesized via the hot injection method 

(Appendix A). The respective S2− capped QDs were obtained from biphasic ligand 

exchange as discussed in Chapter 4 (experimental details in Appendix A). QD thin 

films were prepared by drop casting the colloidal solutions (TOPO capped QDs in 

toluene, and S2− capped QDs in NMF) of the QDs on glass substrates. Figure 29 shows 

the SEM images of 4.0 nm QD thin film with TOPO and S2− ligands. In the SEM 

images, 4.0 nm QDs exhibit an ordered hexagonal close packing with an average 

spacing of 6.6 nm with TOPO (Figure 29a) and 5.4 nm with S2− (Figure 29b). The 

spacings in the superlattice formed between QDs were determined by fast-fourier-

transformation (FFT) of the SEM images. The spacing between QDs obtained is the 

average distance between the centers of two QDs. The bulky nature of TOPO ligands 

keeps the QDs well separated in thin films, while for S2−, QDs are closely packed with 

smaller distances to each other. The 2.6 nm, 3.4 nm, and 4.0 nm TOPO capped QDs 

also exhibit a similar hexagonal close packing with an average spacing of ~ 6 nm. 

However, the corresponding S2− QDs (of 2.6 nm, and 3.4 nm) are not well resolved 

due to the insufficient contrast to distinguish the spacing between QDs.  

trioctylphosphine oxide
(TOPO)

S2-

sulfide

a) b)
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Figure 30: (a) Steady-state absorption, and (b) photoluminescence spectra of TOPO 
capped 2.6 nm, 3.4 nm, 4.0 nm, and 4.8 nm QDs both in solution (sol), and thin films 
(film). (c) steady-state absorption, and (d) photoluminescence spectra of S2− capped 
2.6 nm, 3.4 nm, 4.0 nm, and 4.8 nm QDs both in solution (sol), and thin films (film). 
The left panels in (b) and (d) depict the normalized band-edge photoluminescence and 
in the right panels, the zoomed view of the trap-state emissions is shown. A background 
correction to remove the scattering contribution in the thin film absorption spectra 
was performed as described in Figure A 20.133 

Steady-state absorption and photoluminescence spectra of the four QDs in both 

solution and film are shown in Figure 30. The absorption spectra of QD thin films 

show strong wavelength-dependent scattering which was corrected by fitting a 

polynomial background correction133 function as illustrated in Figure A 20.  The 

comparison of the absorption spectra of TOPO and S2− capped 2.6 nm, 3.4 nm, 4.0 nm, 

and 4.8 nm QDs shows nearly identical (peak position and width) 1S peaks in solution 

and in the layers (Figure 30a & c). However, a slight red shift (ranging from 12 meV 

to 20 meV) has been observed in the thin film photoluminescence spectra. This shift 

is majorly due to the electronic coupling and energy transfer (originating from the size 

distribution) between closely packed QDs in thin film.134, 135 Due to the bulky nature 

of TOPO, steric hindrance prevent the extreme proximity of QDs in thin film, due to 
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this the inter-QD interactions are relatively weak. On other hand, the 

photoluminescence spectra of TOPO capped 2.6 nm QDs exhibits a stronger trap-state 

emission in the film (Figure 30b). This is attributed to the distortion of coordinately 

bound TOPO ligands, which opens up non-passivated surface sites resulting in surface 

trap-states.136 The electronic coupling between QDs in thin film can be tuned by the 

spacing8, 137 between QDs, where the S2− capped QD thin films can be a great example 

as understood from the SEM analysis (Figure 29b).  

Figure 31: (a) Steady-state absorption spectra, and (b) photoluminescence spectra of 
thin films of TOPO and S2− capped 2.6 nm, 3.4 nm, 4.0 nm, and 4.8 nm QDs. A 
background correction to remove the scattering contribution in the thin film absorption 
spectra was performed as described in Figure A 20.133 (c) A schematic of localized 
excitons in well separated TOPO capped QD thin film, and delocalized excitons in 
closed-packed S2−capped QD thin film. (d) Plot representing the red-shifts, observed 
in S2−capped QD thin film with respect to the respective TOPO capped QDs, as a 
function of QD size. 

To investigate this, steady-state absorption and photoluminescence spectra of 

the S2− capped QD thin films (drop casted on glass substrates) were collected (Figure 

31). The band-edge photoluminescence peaks in S2− capped QD thin films are 

significantly redshifted compared to the photoluminescence peaks of the 



75 

corresponding TOPO capped QDs (Figure 31b). This effect was relatively weak in 

TOPO capped QD thin films (compared to the TOPO capped QD solution, Figure 30b). 

The observed red-shifts in S2− capped QD thin films are induced by strong electronic 

coupling due to closely spaced QDs.138 In TOPO capped QD thin films, QDs are 

sufficiently separated with a minimal QD interaction due to the bulky chemical 

structure of TOPO, while S2− being a single atomic entity brings the QDs very close. 

This results in the delocalization of exciton wavefunction (as illustrated in Figure 31c) 

leading to the decrease of overall band-gap, due to which band-edge 

photoluminescence is observed at higher wavelengths compared to the TOPO capped 

QDs. Additionally, the extent of the red shift was observed to be changing with QD 

sizes (Figure 31d). The S2− capped 2.6 nm, 3.4 nm, 4.0 nm, and 4.8 nm QD thin films 

exhibit red shifts (with respect to the corresponding TOPO QD films) of 80.5 meV, 

42.5 meV, 20.9 meV and 13.0 meV, respectively. Figure 31d shows that the shift is 

increasing with lowering QD size. This is because the effect of exciton delocalization 

is stronger in small QDs due to the high confinement energy.139 These observations 

indicate that after photoexcitation in QD thin films, the exciton dynamics is strongly 

influenced by the QD size and the spacing between them. To investigate further also 

on the impact on the multiexciton properties, intensity-dependent TA spectroscopy was 

performed on the QD thin films to extract exciton and multiexciton lifetimes and 

spectral shape. As 2.6 nm and 3.4 nm QD thin films possess the extreme influence of 

electronic coupling (as seen in Figure 31), these two QDs were chosen to collect 

intensity-dependent TA data. The intensity-dependent TA spectra of TOPO and S2− 

capped 2.6 nm and 3.4 nm QD solution were discussed in Chapter 4, which will be 

reused in this chapter for a comparative analysis. To collect intensity-dependent TA 

spectra of the thin films, QD solutions were drop casted on glass substrates, and an 

inert film holder with constant N2 flow was used to prevent photo-oxidation. To collect 

the intensity-dependent TA spectra, a similar range of pump intensities (1.2 × 10−4 to 

4.3 × 10−3 µWµm−2) was used as for the corresponding solution measurements. The 

experimental details are described in Appendix A. 
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Figure 32: Intensity-dependent TA spectra at 2 ps of TOPO capped 2.6 nm QD in (a) 
solution, and (b) film. Normalized (at B1 bleach) intensity-dependent TA spectra at 
1900 ps of TOPO capped 2.6 nm QD in (c) solution, and (d) film. The change of 
intensity is depicted by the arrow on the left with the highest and the lowest intensity 
used. 

The intensity-dependent TA spectra of TOPO capped 2.6 nm QD thin film 

exhibit similar spectral features as in solution as shown in Figure 32a & b. The 

typically observed B1, B2, B3, A1, and A3 features in the TA spectra of CdSe QDs are 

marked in Figure 32a, which were already discussed in detail in Chapter 4 & 2.3. In 

short, the B1, B2, and B3 are the bleach features corresponding to the three lowest 1S, 

2S, and 1P electronic transitions. The A1, and A3 are PIA features that occur redshifted 

from 1S and 1P transitions respectively. Similar to the TA spectra in solution, B1, B2, 

and B3 bleach features in the thin film of 2.6 nm TOPO capped QD increase amplitude 

with increasing intensity originating from increasing state-filling effect with higher 

population in conduction band levels. Similarly, the A1, and A3 features decrease with 

increasing intensity, because of decreasing carrier-induced Stark effect. At 1900 ps, the 

intensity-dependent TA spectra are identical when normalized at B1 for both solution 

and thin film of TOPO capped 2.6 nm QD. This is due to the dominant exciton species 

concentration (left after completion of Auger recombination) at 1900 ps as discussed 
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in Chapter 4. The identical intensity-dependent spectral features in solution and thin 

films of TOPO capped 2.6 nm QD concludes that the multiexciton recombination 

processes in TOPO capped thin films can be explained by the TX kinetic model as 

shown in Eq. (28). Similarly, the intensity-dependent TA spectra of a thin film of TOPO 

capped 3.4 nm QD thin film exhibit similar features as in solution, indicating a 

consistent Auger recombination process for multiexciton recombination (Appendix D, 

Figure A 21). 

Figure 33: Intensity-dependent TA spectra at 2 ps of S2− capped 2.6 nm QD in (a) 
solution, and (b) film. Normalized (at B1 bleach) intensity-dependent TA spectra at 
1900 ps of TOPO capped 2.6 nm QD in (c) solution, and (d) film. The change of 
intensity is depicted by the arrow on the left with the highest and the lowest intensity 
used. 

Figure 33 shows the intensity-dependent TA spectra of S2− capped 2.6 nm QD 

thin film and solution. The thin film spectra of S2− capped 2.6 nm QD exhibit 

significant differences from the solution. The B1 feature at 2 ps, however shows a 

similar behaviour with increasing amplitudes with intensities (Figure 33a & b). The 

B2 and B3 bleaches are not pronounced in the thin film spectra. Similar to the solution 

spectra, A1, and A3 features in thin film also are not observed at 2 ps (Figure 33a & b). 
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On other hand, at 1900 ps the intensity-dependent TA spectra of S2− capped 2.6 nm QD 

thin film show intensity-dependent spectral change with pronounced A1, and A3

features (Figure 33c & d). The A1 and A3 features are highly prominent at 1900 ps, 

which gradually increase with increasing intensity (Figure 33d). Similar spectral 

features are also observed in the intensity-dependent TA spectra of S2− capped 3.4 nm 

QD thin film (Figure A 22). The A1 and A3 features in S2− capped QD solution was 

however not observed due to small multiexciton binding energy (as described in 

Chapter 4). On the other hand, at 1900 ps, due to the dominating exciton population, 

the spectral shape of intensity-dependent TA spectra look identical as previously 

observed for 2.6 nm, 3.4 nm, 4.0 nm, and 4.8 nm TOPO and S2− capped QD solutions 

(Figure 22, Chapter 4). This feature is also observed in the 2.6 nm (Figure 32d), and 

3.4 nm (Figure A 21b) TOPO capped QD thin film. 

Further, to evaluate the temporal evolution of the spectral features, the kinetic 

traces in QD thin film are plotted to compare with the solution data (2.6 nm QDs in 

Figure 34, 3.4 nm QDs in Figure A 21d & Figure A 22d). Figure 34 shows the B1 

kinetics of TOPO and S2− capped 2.6 nm QD both in solution and film. The B1 kinetics 

in TOPO capped QD thin film show similar intensity-dependent behaviour as the 

solution kinetics (Figure 34a & b). As with the solution kinetics, B1 in thin film shows 

a maximum amplitude at ~ 1.5 ps, which further gradually decays. The initial decay 

time (starting from ~ 1.5 ps) shows additional fast decaying components with 

increasing intensity, attributed to fast Auger recombination of multiexciton states.65 

However, in the thin films, the B1 kinetics show relatively slow decaying features. 

After ~ 100 ps, the B1 kinetics exhibit a similar decay trend over all intensities due to 

the dominant exciton contribution which is also in good agreement with the solution 

data .65, 84 Hence, the similar spectral and kinetic features of the solution and film of 

TOPO capped 2.6 nm QDs confirm the TX kinetic decay model for multiexciton 

recombination as shown in Eq. (28). The TX kinetic decay model can additionally be 

hypothesized because of the measurement in the same range of pump intensities.  

On the other hand, similar to the unique spectral features in S2− capped QD thin 

film, the B1 kinetic traces in 2.6 nm QD thin film also exhibit unique differences 

compared to the solution (Figure 34c & d). The maximum amplitude in the B1 kinetics 

means the completion of carrier relaxation at the 1Se level, which has been observed 

at ~ 1.5 ps for the TOPO and S2− capped QD solution (shown in Chapter 4) as well as 
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the 2.6 nm TOPO capped QD film (Figure 34b). As opposed to that, in S2− capped QD 

thin film, B1 maxima is at ~ 0.5 ps, indicating a faster relaxation of hot carriers to the 

1Se level. On other hand, unlike in solution (Figure 34e), the B1 kinetics in the thin 

film do not exhibit intensity-dependent features, rather they are close to identical in all 

the intensities when normalized (Figure 34f). As the fast-decaying components 

corresponding to multiexciton Auger recombination observed in the early time region 

(e.g., in the B1 kinetics of 2.6 nm TOPO capped QD thin film, Figure 34e) in intensity-

dependent B1 kinetics are not pronounced, the TX kinetic model (Eq. (28)) fit to extract 

exciton and multiexciton lifetime might be challenging. Moreover, the faster relaxation 

to the 1Se level (indicated by completed B1 bleach formation at ~ 0.5 ps), and identical 

B1 kinetic in all intensities for S2− capped QD thin film, indicates a fast exciton 

delocalization from the hot state dominating over band relaxation. This means that the 

carriers from the hot multiexciton states might tend to delocalize to the neighbouring 

QDs in the ultrafast time regime (before 0.5 ps), which will cause a faster state filling 

in the 1Se levels (of the neighbouring QDs) as indicated by the B1 bleach maxima at 

~ 0.5 ps. In this case, there will not be any available multiexciton states in the QD 

ensemble, rather delocalized excitons over the QD thin film. Due to this, the typical 

Auger recombination process cannot occur as indicated by the absence of the typical 

fast decaying components (due to Auger recombination) and identical B1 kinetics in 

all intensities for the S2− capped QD thin film.  

As shown in Figure 33d, the intensity-dependent features in S2− capped 2.6 nm 

QD thin film are particularly observed in A1 and A3 features at 1900 ps with strong 

and broad peaks increasing with intensity. Hence, a comparative analysis of these 

features is necessary. The A1 kinetics of S2− capped 2.6 nm QD thin film is shown in 

Figure 35c along with the A1 kinetics of TOPO capped 2.6 nm QD in both solution 

and film (Figure 35a & b). As previously discussed, the A1 feature is ascribed as the 

biexciton effect originating at exciton species with a PIA involving the 1Se level which 

is observed over the whole range of time starting from ~1.5 ps at low intensities and 

after ~ 100 ps at high intensities (Figure A 4c).91 However, the A1 feature before ~1.5 

ps additionally needs a careful analysis to understand the ultrafast exciton 

delocalization process (as hypothesized above). In the TOPO capped QD solution, 

there is an initial (close to time zero) rise of the A1 feature with a positive signal 

immediately after time zero, which gradually decays upto ~1.5 ps (Figure 35a). When 

the intensity is high the A1 feature at ~ 1.5 ps exhibits negative signal (Figure 35a) 
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which further turns into a positive signal (the biexciton effect). The time of the A1 

features turning into a positive signal (i.e., the start of biexciton effect) after ~ 1.5 ps 

are different in different intensities. When the intensity is increased the formation of 

this positive A1 feature is delayed. The similar effect is observed also for the TOPO 

capped QD thin film (Figure 35b). However, in the S2− capped 2.6 nm QD thin film 

(Figure 35c), the A1 kinetics are slightly different compared to the respective TOPO 

capped QD film. In the S2− capped 2.6 nm QD thin film (Figure 35c), the negative A1 

feature is formed at ~1.5 ps, however the start of the biexciton effect (i.e., the A1 

feature showing a positive signal) is same (at ~100 ps) in all intensities (Figure 35c).  

Figure 34: Intensity-dependent B1 kinetics of TOPO capped 2.6 nm QD in (a) solution, 
and (b) film. Intensity-dependent B1 kinetics of S2− capped 2.6 nm QD in (c) solution, 
and (d) film. Normalized Intensity dependent B1 kinetics of (e) TOPO capped, and (f) 
S2− capped 2.6 nm QD film. The change of intensity is depicted by the arrow on the 
left with the highest and the lowest intensity used. 
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The initial (close to time zero) rise of A1 with a positive signal is due to the 

formation of hot states, as the pump excitation is at 400 nm, well above the 1Pe 

levels.65, 117 When the carriers are in the higher energy levels immediately after pump 

interaction, Stark-effect is highly dominant over the state-filling effect. The hot carriers 

(populating high electronic levels) with strong local field, modulate the oscillator 

strength of the optical transitions resulting in strong PIA, e.g., the A1 feature. After 

that, the hot carriers gradually cool down to the 1Se level via Auger cooling or phonon 

cooling upto ~ 1.5 ps (indicated by completed B1 bleach formation at ~ 1.5 ps TOPO 

capped 2.6 nm QD, Figure 34a & b).117 This effect is reflected in the A1 kinetics where 

it shows maximum negative amplitude at ~ 1.5 ps indicating a completion of carrier 

relaxation. At ~ 1.5 ps, the change of A1 amplitudes with intensities is due to the carrier 

population of multiexciton states (i.e., because of the biexciton effect being dominant 

in low intensities and being absent in high intensities). At low intensities (exciton 

regime), when the hot carrier relaxation process is completed, the 1Se level is singly 

occupied, and the biexciton effect takes place forming a positive A1 feature, while at 

high intensities the biexciton effect gradually vanishes. Moreover, the delayed 

recovery time of the A1 feature to a positive signal with increasing intensity is because 

of different recombination times of multiexciton states. After the hot carrier relaxation 

is completed at ~ 1.5 ps, exciton or multiexciton recombination takes place depending 

on the intensity. At high intensity, TX and BX species are present in TOPO capped 2.6 

nm QD solution (as discussed in Chapter 4) with lifetimes of 2.2 ps and 12.7 ps 

respectively (Table 5). After the TX and BX recombination events, the A1 feature turns 

positive as a biexciton effect indicating the presence of exciton. As increasing intensity 

increases BX and TX concentration, the recovery of A1 feature to exhibit the biexciton 

effect (with a positive signal) is delayed compensating the BX and TX lifetime. The 

same effect is also observed for TOPO capped 2.6 nm QD thin film. However, the hot 

carrier relaxation is relatively faster in the A1 kinetics of the TOPO capped 2.6 nm QD 

thin film compared to the solution (Figure 35a & b).   

On other hand, the A1 feature in S2− capped 2.6 nm QD thin film shows 

contrasting behaviour (Figure 35c). This is to be reminded that in S2− capped 2.6 nm 

QD solution, the A1 was not observed due to small BX binding energy originating from 

surface hole localization (Chapter 4, Figure 28), hence in thin film also the same should 

be consistent. In contrast, the A1 kinetics turn positive at ~ 100 ps and similarly the 

spectra at 1900 ps show strong A1 bands. In S2− capped 2.6 nm QD thin film (Figure 
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35c), the recovery of A1 to a positive feature (i.e., the biexciton effect) is at ~ 100 ps 

in all the intensities. Once the positive A1 feature is formed, the decay trend afterwards 

is similar in all intensities. On other hand, the hot carrier relaxation in S2− capped 2.6 

nm QD thin film as observed in the A1 kinetics is at ~ 1.2 ps (Figure 35c), while in B1 

kinetics (Figure 34d), it is at ~ 0.5 ps. This indicates that the hot carrier cooling is not 

occurring solely at the 1Se level but also via other channels. Because of the strong 

electronic coupling in S2− capped QD thin film, a fast exciton delocalization from the 

hot state dominating over band relaxation might take place.  

Figure 35: Intensity-dependent A1 kinetics of TOPO capped 2.6 nm QD in (a) solution, 
and (b) film. (c) Intensity-dependent A1 kinetics of S2− capped 2.6 nm QD film. The 
change of intensity is depicted by the arrow on left with the highest and the lowest 
intensity used. 

The comparative analysis of the intensity-dependent TA spectra and the 

kinetics, as described above, of the TOPO and S2− capped QD thin films and solutions 

suggests that the hot multiexciton states might undergo ultrafast delocalization to the 

neighbouring QDs without going through the typical Auger recombination. However, 

for a comparative study of the intensity-dependent TA data of the QD thin films and 

solution (as discussed in Chapter 4), the global fitting routine based on MCMC was 

employed. A detailed description of the method has previously been discussed in 

Chapter 4. The intensity dependent TA spectra of 2.6 nm and 3.4 nm TOPO and S2− 
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capped QD thin film were fitted the TX kinetic model (Eq. (28)). To keep a comparable 

analysis with the solution data (as discussed in Chapter 4), the TA data for thin film 

was chosen in the range of 2 ps – 1900 ps, and 430 nm – 700 nm for MCMC fitting. 

The MCMC fit results are shown in the Appendix D (Figure A 23 to Figure A 26, and 

Table A 9 to Table A 12). The multiexciton spectra obtained from MCMC fit are shown 

in Figure 36. 

Figure 36: Multiexciton species spectra obtained from MCMC fitting of (a) TOPO, 
and (b) S2− capped 2.6 nm QD solution and thin film. Multiexciton species spectra 
obtained from MCMC fitting of (c) TOPO, and (d) S2− capped 3.4 nm QD solution and 
thin film. The species spectra were normalized at the B1 of TX spectra. Exciton (X) 
species spectra of (e) S2− capped 2.6 nm QD solution and thin film, and (f) S2− capped 
3.4 nm QD solution and thin film. 

As indicated by the similar raw data in solution and thin film of TOPO capped 

both 2.6 nm, and 3.4 nm QDs, the spectra obtained from the MCMC fit (Figure 36a & 

c) also exhibit similar features. This concludes that the spectral features of multiexciton

states do not change in a weak inter-QD coupling condition. However, in S2− capped

QD thin films, the exciton and multiexciton spectra do not show the same multiexciton
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features as the corresponding solution spectra. An increasing B1 feature from exciton 

to TX is however consistent (with the multiexciton spectra in solution), although the 

ratios (e.g., amplitude of BX:exciton) have changed. Figure 36b & d shows that the 

exciton spectra has a drastic change in S2− capped QD thin film compared to the 

solution spectra, with pronounced A1 and A3 features (which was expected from the 

raw data comparison (Figure 33). The exciton spectra of the S2− capped QDs are 

separately plotted in Figure 36e & f. The A1 features in the exciton spectra of S2−

capped QD thin films are broad and extended to longer wavelengths. The broad PIA 

region in the long wavelength is typically described as a contribution of surface trapped 

hole.74, 140 From the previous discussion of the raw data, it is understood that the A1

feature observed in S2− capped QD cannot be the biexciton effect. This indicates that 

the contribution in exciton spectra could be a superposition of exciton, delocalized 

exciton, and surface trapped hole.  

The multiexciton lifetimes estimated from MCMC fitting of the TOPO and S2- 

capped 2.4 nm and 3.4 nm QD solution and thin film are shown in Table 7. The 

multiexciton lifetimes exhibit an increasing trend with QD size similar to the QD 

solutions (Table 5). On the other hand, with increasing exciton order, multiexciton 

lifetime decreases. The multiexciton lifetimes in TOPO capped QDs have increased in 

thin films compared to the solutions. As the intensity-dependent spectral and kinetic 

features are similar in both solution and thin film, the increased multiexciton lifetime 

in thin film indicates the effect of either weak electronic coupling, or additional trap 

states due to ligand shell deformation in TOPO capped QD film. Additionally, in QD 

films, due to the inherent size distribution, resonance energy transfer process also take 

place.135 Due to the simultaneous occurrence of such complex events, it is challenging 

to figure out the core reason of increased lifetime in TOPO capped QD film. However, 

in Figure 30 it is shown that the TOPO capped 2.6 nm and 3.4 nm QDs exhibit higher 

trap-state emission in thin film than in solution due to the ligand shell deformation 

resulting in increased surface trap-states.136 As previously observed (in Chapter 4), 

increased surface-traps localize holes resulting in reduced carrier wave function 

overlapping leading to suppressed Auger recombination process. Hence, the increased 

multiexciton lifetimes in TOPO capped QD film (compared to the solution) can be 

attributed to the trap-assisted Auger process. On other hand, in the S2− capped QD 

films, multiexciton lifetimes decrease in comparison to the solution. However, this 

data needs careful analysis. As discussed before, the comparison of raw data of 
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solution and films of S2− capped QD suggests that multiexciton states tend to delocalize 

from the hot states directly without following the Auger recombination model. 

Although from the MCMC fitting, three species spectra (of TX, BX, and exciton) were 

obtained; assigning these spectra to multiexciton states might be misleading due to the 

absence of the typical multiexciton features. similarly, the lifetimes obtained from 

MCMC fitting for S2− capped QD films might not deliver a clearer picture of 

multiexciton recombination in strong coupling conditions.  

Table 7: Multiexciton lifetime and absorption cross-section (𝛼𝛼) of TOPO and S2- 
capped 2.6 nm and 3.4 nm QD solution and thin film determined by MCMC fit. 
Parameters shown in the Table are the mean values and 99% confidence intervals 
obtained from MCMC sampling. 
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Solution 

2.6 
nm 

2.242.23
2.25 12.7212.68

12.73 1.60131.6010
1.6028 5.495.48

5.50 61.8661.78
61.98 2.0422.041

2.043 

3.4 
nm 

5.075.06
5.08 47.1247.10

47.15 2.1492.148
2.149 6.8656.862

6.867 76.3376.31
76.35 2.1762.176

2.177 

film

2.6 
nm 

4.734.71
4.73 37.0536.92

37.14 1.7161.715
1.717 2.502.47

2.51 47.0246.88
47.18 3.0893.087

3.093 

3.4 
nm 

6.836.80
6.86 78.8878.75

79.08 3.0943.091
3.097 2.932.90

2.94 57.3557.08
57.63 3.3413.335

3.347 

To summarize, weak and strong electronic coupling of QDs in thin films were 

achieved via deposition of TOPO and S2− capped colloidal CdSe QDs of different sizes. 

The effect of electronic coupling in QD thin film was monitored by photoluminescence 

spectroscopy. Due to highly closed packed structure and smaller spacing, S2− capped 
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QDs exhibit strong electronic coupling indicated by a prominent red-shift of the band-

edge photoluminescence peak, while this effect is relatively weaker in TOPO capped 

QD film. Additionally, the trap-state emission gets pronounced in thin film of TOPO 

capped QDs due to the distortion of the ligand shell, resulting in increased surface trap 

states.  

The multiexciton properties remain unchanged (compared to the one in 

solution) in weakly coupled QD systems i.e., in the TOPO capped QD films. However, 

the multiexciton lifetimes were increased in TOPO capped QD films compared to the 

solution, which is attributed to the trap-assisted Auger process, activated upon 

distortion of the ligand shells. The S2− capped QD films do not exhibit a clear 

multiexciton recombination feature, rather indicates ultrafast delocalization of hot 

multiexcitons, without going through the typical Auger recombination model.  
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6. Deposition of CdSe NCs in Highly Porous
SiO2 Matrices – In-situ Growth vs.
Infiltration Methods

This chapter is based on the published research article ‘Materials 2024, 17, 

4379’. In this chapter, methods of fabricating CdSe QD thin films using porous silica 

matrix as a template. Porous silica layers were fabricated by atomic layer deposition 

followed by selective wet chemical etching to achieve certain pore sizes. The SILAR 

method was utilized for in-situ growth of CdSe NCs, which leads to a broad size 

distribution of the NCs resulting in broad absorption features and poor 

photoluminescence quantum yield. To overcome this problem, the colloidal CdSe QDs 

were infiltrated to the porous matrix using a soaking and a drop casting strategy. This 

chapter focuses on a comparative analysis of these strategies to evaluate the quality of 

the layers by investigating the structures and optical properties.  

Authors contribution: The porous silica layers were produced in the group of 

A. Szeghalmi. The QD deposition techniques (SILAR, and infiltration), and CdSe QD

synthesis was developed and performed in the group of M. Wächtler. The

spectroscopic measurements (absorption spectra, photoluminescence spectra, and tr-

PL) were performed in the group of M. Wächtler. I and M. Dilshad conducted the
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experiments of QD deposition, and spectroscopic measurements under the supervision 

of M. Wächtler. M. Diegel performed the X-ray diffraction. J. Dellith performed the 

energy-dispersive X-ray spectrometry and SEM. J. Plentz performed secondary ion 

mass spectrometry. Andreas Unsdisz collected the TEM images. The formal analysis 

of all the collected data was performed by me under the supervision of M. Wächtler. 

The original draft of the published article was prepared by me which was edited and 

evaluated by all the authors.   

In the following, the published article entitled ‘Deposition of CdSe NCs in 

Highly Porous SiO2 Matrices – In-situ Growth vs. Infiltration Methods’ is presented. 

© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 

access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).   

https://creativecommons.org/licenses/by/4.0/
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7. Summary & Outlook

CdSe QDs, owing to their size tunable optoelectronic properties, narrow 

photoluminescence linewidth, high photoluminescence quantum yields etc., have been 

a prime interest of intensive research for numerous applications, including light-

emitting diodes, solar concentrators, photocatalysis, photovoltaics, and nanocrystal 

lasers. The dynamics of excitons and multiexcitons govern the photophysics behind 

QD based applications. For example, effective separation of electron and hole 

enhances photocatalytic efficiency, while multiexcitons with long lifetimes enhance 

the optical gain, thereby increasing laser performance. In recent years, it has been 

demonstrated that the properties of excitons and multiexcitons can be modified by 

altering the size and the surface properties of QDs. Therefore, to develop suitable 

materials for optoelectronic applications, it is essential to gain a comprehensive 

understanding of the mechanisms underlying the size and surface modification induced 

changes in exciton and multiexciton properties.  

With this motivation, the influence of QD size, surface modification, and inter-

QD coupling on the exciton and multiexciton properties of QDs in solutions and thin 

films were investigated in this thesis entitled ‘Exciton and Multiple Exciton Dynamics 

in Colloidal Semiconductor Nanocrystals’. For this purpose, colloidal TOPO capped 

CdSe QDs with different sizes were synthesized via hot injection method, which is 

described in Chapter 3. By exploiting a biphasic ligand exchange protocol, MPA, 

MUA, and S2− capped QDs were prepared. The impact of the surface ligands on 

electronic properties was evaluated by absorption and photoluminescence 

spectroscopy. A strong photoluminescence quenching and enhancement of trap-state 

emission was observed with the ligands, MPA, MUA, and S2− originating from the hole 

trapping at the surface sites introduced by the ligands. Further, acoustic phonon modes 

of the CdSe QDs with these surface ligands were monitored by applying Raman 

spectroscopy, as the acoustic phonon vibration influences the carrier trapping 

processes as well as photoluminescence linewidth. It was observed that the phonon 

frequency is lower with the heavier surface ligands. This mass loading effect is due to 

the mechanical strain caused by the surface ligands which provides an inertial 

resistance lowering the phonon frequencies. 
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In Chapter 4, the exciton and multiexciton dynamics were investigated for the 

two surface functionalizations that showed the most pronounced differences from the 

previous investigations: the TOPO capped and the S2− capped QDs. For this excitation 

intensity-dependent TA spectroscopy was performed on the colloidal TOPO capped 

and the S2− capped QDs. By applying a MCMC target analysis for a global fitting of 

the received intensity-dependent TA dataset, spectral and dynamical features of 

excitons and multiexcitons were extracted, allowing a detailed analysis of the 

multiexciton dynamics. Through this method, multiexcitons up to QX were detected 

and the decay process was described by a cascade Auger recombination model. 

Multiexciton lifetimes in both TOPO and the S2− capped QDs show a cubic relation 

with the QD radius in good agreement with theoretical predictions. The S2− capped 

QDs show prolonged multiexciton lifetimes compared to the TOPO capped QDs. This 

effect can be attributed to a suppression of Auger recombination due to the reduction 

in carrier wavefunction overlap originating from strong surface hole trapping in the 

S2− capped QDs. Moreover, by employing a Gaussian fitting method in the exciton and 

multiexciton spectra, the multiexciton binding energies are determined. The S2− capped 

QDs show smaller binding energies compared to the respective TOPO capped QDs, 

which is also related to the strong surface hole trapping in S2− capped QDs resulting in 

reduced electron-hole wavefunction overlap. 

In Chapter 5, the exciton and multiexciton properties of TOPO and S2− capped 

QD thin films were investigated by intensity dependent TA spectroscopy. Thin films 

were fabricated by drop casting of colloidal QDs. Photoluminescence spectroscopy 

was performed to investigate the effect of closely packed QDs in thin films and the 

presence of electronic interaction between neighboring QDs. Due to strong electronic 

coupling in S2− capped QDs, the band-edge photoluminescence peak positions are red 

shifted with respect to the QDs solution. No such strong redshift is observed for TOPO-

capped QD thin films due to the long aliphatic chains of TOPO increasing the distance 

of the QDs within the layers preventing electronic coupling. The intensity-dependent 

TA spectra of the QD thin films were also evaluated through the global fitting based 

on MCMC sampling to determine the multiexciton spectra and lifetimes. The TOPO 

capped QD thin films show the identical multiexciton recombination models as in the 

solutions, and thus exhibit nearly identical multiexciton spectral shape and lifetime. 

However, in the S2− capped QD thin films, the typical spectral signatures of 

multiexciton recombination were not observed in contrast to the corresponding 
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solutions. Rather, the unique spectral shapes and kinetic traces in the S2− capped QD 

thin films suggest that the multiexcitons undergo exciton delocalization in the ultrafast 

time regime dominating over the Auger recombination process.  

In Chapter 6, synthetic strategies to fabricate QD thin films embedded in a 

porous silica matrix are demonstrated as novel thin film materials containing 

immobilized QDs for optoelectronic applications. For this, two methods were utilized– 

in-situ growth of CdSe NCs in porous silica matrix and infiltration of pre-synthesized 

CdSe QDs into the porous matrix. The SILAR method was used for in-situ growth of 

CdSe NCs within the porous silica matrix. However, the uncontrolled growth in 

SILAR method results in a broad size distribution of NCs resulting in broad absorption 

features and absence of photoluminescence due to high density of defect states. 

Therefore, to overcome this problem, QDs synthesized via hot-injection method were 

deposited inside the porous matrix by infiltration of the pores of the silica matrix. The 

infiltration was achieved either via drop casting a QD solution on the porous layers or 

by soaking the porous layers in a QD solution. The QDs infiltrated via these two 

methods keep their luminescent properties, resulting in thin films with high quality and 

well defined immobilized QDs suited for integration into optoelectronic devices. 

Throughout the studies in this thesis, detailed mechanistic insight into how QD 

size and surface functionalization affect exciton and multiexciton properties has been 

explored. The exciton and multiexciton lifetime tunability through the QD size, 

following the universal volume scaling, allows one to design a potential material with 

a desired multiexciton lifetime. Similarly, the prolonged multiexciton lifetimes due to 

the surface traps introduced by the surface ligands makes colloidal QD a highly 

promising material for applications such as photocatalysis. Moreover, long 

multiexciton lifetimes increase optical gain lifetime which is highly demanding for NC 

laser applications. On the other hand, the investigations performed on QD thin films 

unfold the tunability of carrier mobilization via the size of surface ligand. By the use 

of a bulky surface ligand such as TOPO, a QD thin film can retain the exciton and 

multiexciton properties as in the colloidal QD solution. To achieve high carrier 

mobility, short inorganic ligands such as S2− is useful in QD thin films. The S2− capped 

QD thin films are shown to possess strong inter-QD coupling which allows ultrafast 

delocalization of exciton and multiexcitons dominating over Auger recombination 

process. The colloidal QDs, with the interplay of size tunable synthesis, surface 
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modification, and solution processing, provide a multidimensional tunability of 

exciton and multiexciton properties.    

When considering the prospects of the work performed in this thesis, an 

obvious continuation is to extend the spectroscopic investigation to more exploit the 

trap-assisted Auger process to unfold the mechanism of prolonged multiexciton 

lifetime upon surface trapping. The Auger recombination model considered in this 

thesis is a three-particle carrier scattering process, and follows a third order kinetic 

model, which however was found to be fifth order in this work. In the recent studies, 

a phonon-assisted Auger process has also been demonstrated resulting in long 

multiexciton lifetime. Typically, in QDs the carrier scattering process is dominant due 

to the extended carrier wavefunction in the momentum space. However, the initial 

study in this thesis shows a strong influence of surface ligands on the phonon 

properties. Hence, the effect of phonon on the Auger process cannot completely be 

ruled out. To investigate further in this direction, temperature and intensity dependent 

TA spectroscopy will be helpful to simultaneously monitor the phonon vibration and 

the Auger process. Such an experiment will also be highly informative for systems 

such as the S2− capped QD thin films to track the carrier mobility in strongly coupled 

QDs.  
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8. Zusammenfassung und Ausblick 

CdSe-QDs sind aufgrund ihrer in der Größe einstellbaren optoelektronischen 

Eigenschaften, ihrer schmalen Photolumineszenz-Linienbreite, ihrer hohen 

Photolumineszenz-Quantenausbeute usw. für zahlreiche Anwendungen, darunter 

Leuchtdioden, Solarkonzentratoren, Photokatalyse, Photovoltaik und Nanokristall-

Laser, von vorrangigem Interesse und werden intensiv erforscht. Die Dynamik von 

Exzitonen und Multiexzitonen bestimmt die Photophysik von QD-basierten 

Anwendungen. So erhöht beispielsweise eine effektive Trennung von Elektronen und 

Löchern die photokatalytische Effizienz, während Multiexzitonen mit langer 

Lebensdauer die optische Verstärkung und damit die Laserleistung erhöhen. In den 

letzten Jahren wurde gezeigt, dass die Eigenschaften von Exzitonen und 

Multiexzitonen durch Veränderung der Größe und der Oberflächeneigenschaften von 

QDs modifiziert werden können. Um geeignete Materialien für optoelektronische 

Anwendungen zu entwickeln, ist es daher wichtig, ein umfassendes Verständnis der 

Mechanismen zu erlangen, die den durch Größen- und Oberflächenmodifikation 

hervorgerufenen Veränderungen der Exzitonen- und Multiexzitonen-Eigenschaften 

zugrunde liegen. 

Aus dieser Motivation heraus wurde in dieser Arbeit mit dem Titel 'Exciton and 

Multiple Exciton Dynamics in Colloidal Semiconductor Nanocrystals' der Einfluss 

von QD-Größe, Oberflächenmodifikation und Inter-QD-Kopplung auf die Exzitonen- 

und Multiexzitonen-Eigenschaften von QDs in Lösungen und dünnen Filmen 

untersucht. Zu diesem Zweck wurden kolloidale TOPO-funktionalisierte CdSe-QDs 

mit unterschiedlichen Größen mittels hot-injection verfahren synthetisiert, was in 

Kapitel 3 beschrieben wird. Durch Ausnutzung eines biphasischen 

Ligandenaustauschprotokolls wurden MPA, MUA und S2− funktionalisierte QDs 

hergestellt. Der Einfluss der Oberflächenliganden auf die elektronischen 

Eigenschaften wurde durch Absorptions- und Photolumineszenzspektroskopie 

untersucht. Mit den Liganden MPA, MUA und S2− wurde eine starke Löschung der 

Photolumineszenz und eine Verstärkung der Trap-State-Emission beobachtet, die auf 

das Einfangen von Löchern an den durch die Liganden eingeführten surface defect 

sites zurückzuführen ist. Des Weiteren wurden die akustischen Phononenmoden der 
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CdSe-QDs mit diesen Oberflächenliganden durch Raman-Spektroskopie überwacht, 

da die akustische Phononenschwingung die carrier trapping prozesse sowie die 

Photolumineszenz-Linienbreite beeinflusst. Es wurde beobachtet, dass die 

Phononenfrequenz mit den schwereren Oberflächenliganden niedriger ist. Dieser 

Effekt ist auf die mechanische Belastung durch die Oberflächenliganden 

zurückzuführen, die einen Trägheitswiderstand erzeugt, der die Phononenfrequenzen 

senkt. 

In Kapitel 4 wurde die Exzitonen- und Multiexzitonendynamik für die beiden 

Oberflächenfunktionalisierungen untersucht, die die deutlichsten Unterschiede in den 

vorangegangenen Untersuchungen aufwiesen: die TOPO- und die S2− 

funktionalisierten QDs. Zu diesem Zweck wurde anregungsintensitätsabhängige TA-

Spektroskopie an den kolloidalen TOPO-verkappten und den S2− verkappten QDs 

durchgeführt. Durch Anwendung einer MCMC-Zielanalyse für eine globale 

Anpassung des erhaltenen intensitätsabhängigen TA-Datensatzes wurden spektrale 

und dynamische Merkmale von Exzitonen und Multiexzitonen extrahiert, was eine 

detaillierte Analyse der Multiexzitonendynamik ermöglichte. Mit dieser Methode 

wurden Multiexzitonen bis zu QX nachgewiesen und der Zerfallsprozess wurde durch 

ein Kaskaden-Auger-Rekombinationsmodell beschrieben. Die Multiexzitonen-

Lebensdauer sowohl in TOPO als auch in den QDs mit S2− Oberflächenliganden zeigt 

eine kubische Beziehung zum QD-Radius in guter Übereinstimmung mit theoretischen 

Vorhersagen. Die mit S2− funktionalisierten QDs weisen im Vergleich zu den QDs mit 

TOPO-Oberflächenliganden verlängerte Multiexzitonen-Lebensdauern auf. Dieser 

Effekt kann auf eine Unterdrückung der Auger-Rekombination zurückgeführt werden, 

die auf die Verringerung der Überlappung der Ladungsträger-Wellenfunktion 

zurückzuführen ist, die sich aus der starken Lokalisierung von Löchern an der 

Oberfläche der S2− verkappten QDs in Fehlstellenzuständen ergibt. Durch die 

Anwendung einer Gaußschen Anpassungsmethode in den Exzitonen- und 

Multiexzitonenspektren wurden außerdem die Multiexzitonen-Bindungsenergien 

bestimmt. Die mit S2− verkappten QDs weisen im Vergleich zu den entsprechenden 

QDs mit TOPO-Liganden geringere Bindungsenergien auf, was auch mit dem starken 

Einfangen von Löchern an der Oberfläche in QDs mit S2−-Liganden zusammenhängt, 

was zu einer geringeren Überlappung der Elektron-Loch-Wellenfunktion führt. 
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In Kapitel 5 wurden die Exzitonen- und Multiexzitonen-Eigenschaften von 

TOPO und S2− verkappten QD-Dünnschichten durch intensitätsabhängige TA-

Spektroskopie untersucht. Die Dünnschichten wurden durch drop casting von 

kolloidalen QDs hergestellt. Photolumineszenzspektroskopie wurde durchgeführt, um 

den Effekt von dicht gepackten QDs in dünnen Filmen und das Vorhandensein von 

elektronischen Wechselwirkungen zwischen benachbarten QDs zu untersuchen. 

Aufgrund der starken elektronischen Kopplung in S2− funktionalisierten QDs 

unterliegen die Positionen der Bandkanten-Photolumineszenz-Peaks gegenüber der 

QD-Lösung einer Rotverschiebung. Bei TOPO-bedeckten QD-Dünnschichten wird 

keine so starke Rotverschiebung beobachtet, da die langen aliphatischen Ketten von 

TOPO den Abstand der QDs innerhalb der Schichten vergrößern und so eine 

elektronische Kopplung verhindern. Die intensitätsabhängigen TA-Spektren der QD-

Dünnschichten wurden auch durch die globale Anpassung auf der Grundlage von 

MCMC-Sampling ausgewertet, um die Multiexzitonspektren und -lebensdauern zu 

bestimmen. Die TOPO-funktionalisierten QD-Dünnschichten zeigen die gleichen 

Multiexzitonen-Rekombinationsmodelle wie in den Lösungen und weisen daher 

nahezu identische Multiexzitonenspektren und -lebensdauern auf. In den S2− 

funktionalisierten QD-Dünnschichten wurden jedoch im Gegensatz zu den 

entsprechenden Lösungen nicht die typischen spektralen Signaturen der 

Multiexzitonen-Rekombination beobachtet. Die einzigartigen spektralen Formen und 

kinetischen Spuren in den S2− verkappten QD-Dünnschichten deuten vielmehr darauf 

hin, dass die Multiexzitonen im ultraschnellen Zeitbereich eine Exzitonen-

Delokalisierung erfahren, welche über den Auger-Rekombinationsprozess dominiert. 

In Kapitel 6 werden synthetische Strategien zur Herstellung von QD-

Dünnschichten, die in eine poröse Siliziumdioxidmatrix eingebettet sind, als neuartige 

Dünnschichtmaterialien mit immobilisierten QDs für optoelektronische Anwendungen 

vorgestellt. Dazu wurden zwei Methoden angewandt: zum einen in-situ-Wachstum 

von CdSe-NCs in einer porösen Siliziumdioxid-Matrix und zum Anderen Infiltration 

von vorsynthetisierten CdSe-QDs in die poröse Matrix. Die SILAR-Methode wurde 

für das in-situ-Wachstum der CdSe-NCs in der porösen Siliziumdioxidmatrix 

verwendet. Das unkontrollierte Wachstum bei der SILAR-Methode führt jedoch zu 

einer breiten Größenverteilung der NCs, was zu breiten Absorptionsmerkmalen und 

dem Fehlen von Photolumineszenz aufgrund der hohen Dichte von Defektzuständen 

führt. Um dieses Problem zu überwinden, wurden die mit der hot-injection verfahren 
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synthetisierten QDs in der porösen Matrix durch Infiltration der Poren der Silicamatrix 

abgeschieden. Die Infiltration wurde entweder durch drop casting einer QD-Lösung 

auf die porösen Schichten oder durch Immersion der porösen Schichten in einer QD-

Lösung erreicht. Die mit diesen beiden Methoden infiltrierten QDs behalten ihre 

Lumineszenzeigenschaften, was zu dünnen Filmen mit qualitativ hochwertigen und 

gut definierten immobilisierten QDs führt, die sich für die Integration in 

optoelektronische Geräte eignen. 

In den Studien dieser Arbeit wurde ein detailierter mechanistischer Einblick in 

die Auswirkungen der QD-Größe und der Oberflächenfunktionalisierung auf die 

Exziton- und Multiexziton-Eigenschaften gewonnen. Die Abstimmbarkeit der 

Exzitonen- und Multiexzitonenlebensdauer durch die QD-Größe, die dem 

Größenquantisierungseffekt folgt, ermöglicht es, ein potenzielles Material mit einer 

gewünschten Multiexzitonenlebensdauer zu entwickeln. Ebenso macht die verlängerte 

Multiexzitonenlebensdauer aufgrund der durch die Oberflächenliganden eingeführten 

Oberflächendefektzustände kolloidale QD zu einem vielversprechenden Material für 

Anwendungen wie die Photokatalyse. Darüber hinaus erhöhen lange 

Multiexzitonenlebensdauern die optische optical gain lebensdauer, die für NC-

Laseranwendungen sehr wichtig ist. Auch konnte durch Untersuchungen an QD-

Dünnschichten die Abstimmbarkeit der Ladungsträgermobilisierung über die Art des 

Oberflächenliganden erschlossen werden. Durch die Verwendung eines sperrigen 

Oberflächenliganden wie TOPO kann ein QD-Dünnfilm die Exzitonen- und 

Multiexzitonen-Eigenschaften wie in der kolloidalen QD-Lösung beibehalten. Um 

eine hohe Ladungsträgerbeweglichkeit zu erreichen, sind kurze anorganische 

Liganden wie S2− in QD-Dünnschichten nützlich. Die S2− verkappten QD-Dünnfilme 

weisen eine starke elektronische Kopplung zwischen den QDs auf, die eine 

ultraschnelle Delokalisierung von Exzitonen und Multiexzitonen ermöglicht, welche 

über den den Auger-Rekombinationsprozess dominiert. Die kolloidalen QDs, mit dem 

Zusammenspiel der Vorteile der größenabstimmbaren Synthese, der 

Oberflächenmodifikation und der Lösungsverarbeitung, bieten eine multidimensionale 

Abstimmbarkeit der Exziton- und Multiexzitoneneigenschaften. 

In Anbetracht der in dieser Arbeit vorgestellten Ergebnisse wäre es von Vorteil, 

die spektroskopische Untersuchung zu erweitern, um ein tieferes Verständnis des 

durch Defektzustände unterstützten Auger-Prozesses und seiner Rolle im 
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Mechanismus der verlängerung der Multiexzitonen-Lebensdauern zu gewinnen. Das 

in dieser Arbeit betrachtete Auger-Rekombinationsmodell ist three-particle carrier 

scattering prozess, der einem kinetischen Modell dritter Ordnung folgt. In dieser Arbeit 

wurde jedoch festgestellt, dass es sich um ein Modell fünfter Ordnung handelt. In 

neueren Studien wurde auch ein phononenunterstützter Auger-Prozess nachgewiesen, 

der zu einer verlängerten Multiexzitonenlebensdauer führt. In Quantenpunkten ist der 

Prozess der Ladungsträgerstreuung aufgrund der ausgedehnten Wellenfunktion der 

Ladungsträger im Impulsraum in der Regel der dominierende Mechanismus. Die erste 

Studie, die in dieser Arbeit vorgestellt wurde, zeigt jedoch einen signifikanten Einfluss 

der Oberflächenliganden auf die Phononeneigenschaften. Daher kann die Möglichkeit 

nicht ausgeschlossen werden, dass Phononen einen Einfluss auf den Auger-Prozess 

haben.  Um dies weiter zu untersuchen, wird die temperatur- und intensitätsabhängige 

TA-Spektroskopie nützlich sein, um die Phononenschwingung und den Auger-Prozess 

gleichzeitig zu überwachen. Ein solches Experiment wird auch für Systeme wie die 

S2− verkappten QD-Dünnschichten sehr informativ sein, um die 

Ladungsträgerbeweglichkeit in stark gekoppelten QDs zu verfolgen.  
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Appendix A 

Chemicals 

Trioctylphosphine oxide (TOPO, 99 %), Trioctylphosphine (TOP,  97%), 

Cadmium oxide (CdO, 99.99 %), Selenium (Se, 99.99 %), Sodium sulfide (Na2S, 

98%), Toluene ( 99.8 % anhydrous), N-methylformamide (NMF, 99%), Hexane (95% 

anhydrous), acetonitrile (MeCN, 99.8% anhydrous), Acetone (99.5%), 3-

mercaptopropanoic acid (MPA, 99 %), 11-mercaptoundecanoic acid (MUA, 95 %),  

and Methanol (MeOH, 99.8 % anhydrous) were purchased from Sigma Aldrich and 

Octadecylphosphonic acid (ODPA, 97 %) was purchased from Carl Roth. 

Experimental 

Synthesis of Colloidal CdSe QDs: CdSe QDs were synthesized using a well-

established hot-injection method. 60 mg of CdO, 0.28 g of ODPA and 3.0 g of TOPO 

were mixed in a 25 mL three-necked flask. The mixture was heated to 80 ℃ under an 

N2 atmosphere with stirring until melting and then vacuum was applied, causing 

bubbles to form in the reaction mixture. When bubble formation stopped, the vacuum 

was broken with N2 flow, and the mixture was heated to 150 ℃ and evacuated again 

for 1 hour. After that the vacuum was broken with N2 flow and the temperature was 

raised to 380 ℃. The mixture becomes optically clear and colourless at around 300 

℃. At 320 ℃, 1.5 g of TOP was injected into the mixture. When the temperature 

reached 380 ℃, a solution of TOP:Se (0.058 g Se dissolved in 0.36 g TOP) was 

injected and the reaction mixture was immediately cooled by removing the heating 

mantle. To speed up the cooling of the reaction mixture, a bucket of cold water was 

used to immerse the flask while it was in the Schlenk line. At 60 ℃, 10 mL of toluene 

was injected into the mixture. After synthesis, 10 mL of methanol was added to the 

reaction mixture to precipitate the QDs, followed by centrifugation at 5300 rpm. The 

precipitate was redispersed in toluene and the same step was repeated three more times 

for purification. Finally, the QDs were dispersed in 10 mL of toluene and stored in the 

glove box. 
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Injecting TOP:Se at 380 ℃ yielded 2.4 nm and 2.6 nm QDs. To synthesize 3.4 

nm QDs, TOP:Se was injected at 370 ℃ and the reaction mixture was cooled 

immediately by removing the heating mantle. To synthesize the larger QDs, TOP:Se 

was injected at 370 ℃ and, instead of immediate cooling, the reaction mixture was 

held at 370 ℃ for 3 min (for 4 nm), 5 min (for 4.8 nm) and 1 h (for 8.2 nm). The 

purification process for all the QDs was same as described above. 

MPA & MUA Ligand exchange: Sulfide ligand exchange was performed using 

a biphasic method. For this, 500 µL of QD solution was precipitated with 500 µL of 

MeOH followed by centrifugation at 5300 rpm for 10 min. The supernatant was 

discarded, and the precipitate was redispersed in 500 µL of hexane. Separately, a 0.2 

M 500 µL methanolic solution of MPA/MUA was prepared. To this solution a 

methanolic solution of 0.2 M 500 µL KOH was added. The final 1 mL of MPA/MUA 

solution was carefully added to the QD solution in hexane. At this moment, the 

methanol phase is transparent, and the hexane phase shows the QD colour. This 

solution was stirred for 12 hrs. After the ligand exchange reaction was completed, the 

hexane phase looked transparent while the methanol phase with the QD colour. To this 

solution 2 mL of hexane was added to increase the transparent phase, which was then 

removed. The remaining methanol phase was centrifuged at 5300 rpm for 10 min. The 

supernatant was discarded, and the precipitate was redispersed in 0.1 M 1 mL aqueous 

solution of KOH. To this solution 2 mL of chloroform was added. The chloroform 

phase was removed after 5 min and the remaining QD solution was centrifuged at 5300 

rpm for 10 min. After this step of centrifugation, the QD is left in the supernatant, and 

some white powders were precipitated. The QD solution was carefully taken out and 

stored in the glove box.  

S2− Ligand exchange: Sulfide ligand exchange was performed using a biphasic 

method. For this, 1 mL of QD solution was precipitated with 1 mL of MeOH followed 

by centrifugation at 5300 rpm for 10 min. The supernatant was discarded, and the 

precipitate was redispersed in 1 mL of hexane. Then 1 mL of Na2S (1M, NMF) solution 

was added to the QD solution in hexane and two separate phases of NMF (transparent) 

and hexane (QD colour) were observed. It was then stirred for 2 hours. After 2 hours, 

it was clearly observed that the QDs were transferred to the NMF phase, indicating a 

successful ligand exchange. The clear hexane phase was removed. Next, 2 mL of 

hexane was added to the QD solution, which was again removed after 5 minutes of 
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stirring. Then 2 mL MeCN was added to precipitate the QDs in NMF, followed by 

centrifugation at 5300 rpm for 10 min. Finally, the QDs were dispersed in 1 mL NMF. 

Thin film fabrication: QD thin films were prepared via drop-casting. The 

deposition was carried out on glass substrates for spectroscopic measurements, silicon 

wafers for SEM, and on CaF2 substrates to record IR spectra. The substrates were 

cleaned for 20 min in an ultrasonic bath in methanol. Subsequently, the substrates were 

treated for 20 min in an ultrasonic bath in 2% aqueous Hellmanex solution. After 

washing twice with distilled water (each time for 20 min in the ultrasonic bath), the 

substrates were dried and stored in a glovebox under an inert atmosphere. 40 µL of 

QD solution was drop casted on the substrates inside glove box and kept until the 

solvents are (toluene for TOPO capped QDs, NMF for S2− capped QDs) evaporated. 

Then the substrates were kept under vacuum for 5 min (for the QDs in toluene), and 

30 min (for the QDs in NMF) for a complete removal of solvents.  

UV-vis absorption spectroscopy: Steady state UV-vis absorption spectra were 

collected in a Jasco V-600 spectrophotometer in the wavelength range from 200 nm to 

800 nm. A 1 cm quartz cuvettes were used for QD solutions. Steady state UV-vis 

absorption spectra of the QD films were collected in transmission mode using a thin 

film holder in a Jasco V-600 spectrophotometer in the wavelength range from 200 nm 

to 800 nm. The absorption spectra of QD films shows strong wavelength dependent 

scattering which was corrected by fitting a polynomial background function as 

described in Figure A 20. 

Photoluminescence spectroscopy: Photoluminescence spectra of QD solutions, 

prepared in 1 cm quartz cuvettes, was performed using a FLS 980 Edinburgh 

Fluorimeter with 400 nm excitation wavelength. Photoluminescence spectra of QD 

films were collected in Horiba Fluorolog 3 with 400 nm excitation wavelength. 

Transmission Electron Microscopy (TEM): Colloidal QDs were deposited on a 

carbon-coated Cu grid (purchased from Plano GmbH) followed by vacuum drying. 

Transmission electron microscopy (TEM) images were recorded in conventional 

(TEM) and scanning mode (STEM) using a JEM-ARM200F NEOARM (Jeol) 

operating at 80 kV, equipped with a spherical aberration corrector, brightfield (BF), 

annular bright-field (ABF), and annular dark-field (ADF) detectors. To process the 
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TEM images to determine QD size and size distribution, imageJ 1.53A program was 

used. 

Scanning electron microscopy (SEM): SEM images of QD films were collected 

using a dual-beam HELIOS NanoLab G3 UC scanning electron microscope. To collect 

SEM images, 40 µL of QD solutions were deposited on silicon wafer via drop casting.  

Fourier Transformed Infrared Spectroscopy (FTIR): FTIR spectra were 

collected in a Brucker Tensor 27 spectrometer on attenuated total reflection (ATR) 

mode. To do this, colloidal QD solutions were drop casted on CaF2 substrates.   

Raman Spectroscopy: Raman spectra of QDs were collected by using a 808 nm 

laser source from Ondax coupled with a microscope stage. A volume holographic 

notch filter with 5 cm−1 cut was used to cut the Reyleigh line so that low wavenumber 

region can be probed. A WiTec UHTS Raman spectrometer was used to collect the 

Raman spectra. The colloidal QDs were drop casted on CaF2 substrates to perform 

Raman spectroscopy.  

Transient absorption spectroscopy (TA): TA spectroscopy was conducted using 

a 1 kHz Ti:sapphire laser (Astrella, Coherent, USA) with an output pulse of 

approximately 100 fs temporal width at 800 nm central wavelength. The fundamental 

beam was divided into two portions, one to generate a 400 nm probe pulse through an 

optical parametric amplifier (TOPAS, Light Conversion, Lithuania) and the other to 

focus the beam into a rotating CaF2 crystal to generate a spectrally broad probe pulse 

(white light). The beam generating the probe pulse travels through an optical delay line 

that can move up to 2 ns. To exclude anisotropic signal, relative polarization of the 

pump and probe was set to the magic angle, 54.7°. For the measurements, the repetition 

rate of the pump pulse was reduced to 500 Hz using a mechanical chopper. The 

detection system consisted of a Czerny-Turner spectrograph and a CCD detector. To 

remove the pump scattering, a 405 nm long pass filter was used before the detector. 

The pump power was varied by a rotating neutral density filter wheel (ThorLab) and 

measured by a power meter. Five power points varied from 15 µW to 1500 µW were 

recorded for each sample. The Gaussian profile of the pump beam was recorded using 

a beam profiler to estimate the area. The pump power density (intensity) is determined 

by dividing the power by the respective area. 1 mm quartz inert cuvettes were used for 
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the QD solutions and for thin films an inert thin film holder was used with constant N2 

flow.  

The chirp correction of the TA data was done using a Python-based package, 

KiMoPack. The chirp-corrected data was then cut to the window of 2 ps to 1900 ps 

and 430 nm to 700 nm to perform Markov Chain Monte Carlo fitting. 
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Appendix B 

Supporting information for ‘Post-synthetic Modification 
of Colloidal CdSe QDs: Investigation of 
Photoluminescence and Phonon Properties’ 

 

Figure A 1: FT-IR spectra of 2.4 nm, 4.8 nm, and 8.2 nm QDs capped with (a) MPA, 
(b) MUA, and (c) S2−. Along with the IR spectra of QDs, pure ligand spectra are also 
plotted. The P=O band vibration in pure TOPO spectra is specially marked in all the 
panels to indicate the efficient removal of TOPO ligands.  

The TOPO ligand has the characteristic, P=O stretching at 1092 cm−1, –CH2 

asymmetric stretching at 2924 cm−1, –CH3 asymmetric stretching at 2950 cm−1, and P–

C stretching at 694 cm−1. The P=O stretching of TOPO appears at 1143 cm−1 while 

bound to the QD surface. Figure A 1a shows the FT-IR spectra of the MPA capped QDs 

in comparison with pure TOPO and pure MPA. The MPA ligands shows characteristic 

vibration of –OH stretching ranging from 3300 – 3600 cm−1, C=O asymmetric 

stretching at 1630 cm−1, and a broad S–H stretching band at 2557 cm−1. Upon MPA 

ligand exchange, the P=O stretching (of TOPO) has vanished in the FT-IR spectra 

indicating an efficient removal of TOPO ligands. The FT-IR spectra (Figure A 1a) of 

a)

b) c)

MUA

TOPO
MPA

S2-

sulfide
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the QDs, exhibits the O–H stretching, C=O stretching (shifted to 1557 cm−1) indicating 

the presence of MPA. On the other hand, the S–H stretching band (of MPA) disappears 

in the QD spectra indicating the presence of MPA on the QD surface as MPA passivates 

the QD surface as thiolate (–S−). Figure A 1b shows the FT-IR spectra of the MUA 

capped QDs in comparison with pure TOPO and pure MUA. The MUA ligands show 

characteristic vibration of –OH stretching ranging from 3300 – 3600 cm−1, C=O 

asymmetric stretching at 1771 cm−1, and a broad S–H stretching band at 2551 cm−1.  

Upon MUA ligand exchange, the P=O stretching (of TOPO) has vanished in the FT-

IR spectra indicating an efficient removal of TOPO ligands. The FT-IR spectra (Figure 

A 1b) of the QDs, exhibits the O–H stretching, C=O stretching (shifted to 1551 cm−1) 

indicating the presence of MUA. Similar to the MPA QDs, in MUA capped QD FT-IR 

spectra, the S–H band vanishes indicating the passivation of MUA on QD surface. 

Figure A 1c shows the FT-IR spectra of the S2− capped QDs in comparison with pure 

TOPO. In the FT-IR spectra of the S2− capped QDs, no vibration band is expected in 

the range of 500 cm−1 – 4000 cm−1. However, in the window of 500 cm−1 – 1700 cm−1, 

a few vibration bands are present in the QD spectra. These bands are originated from 

the residual NMF in the QDs (the S2− capped QDs were dispersed in NMF, which has 

a high boiling point, hence complete removal of the solvent is challenging). All the 

vibration bands have been assigned according to previously reported literatures.  

 

Figure A 2: Size distribution of the QDs obtained from TEM analysis. 

a)

c)

b)

d)
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Appendix C 

Supporting information for ‘Determination of High-
order Multiexciton Properties by Transient Absorption 
Spectroscopy’ 

 

Figure A 3: Photoluminescence spectra of (a) 2.6 nm, (b) 3.4 nm, (c) 4 nm and (d) 4.8 
nm, TOPO capped and S2- capped QDs. In each of the figures, the left panel represents 
the band-edge photoluminescence, and the right panel represents the trap-state 
photoluminescence. Band-edge photoluminescence spectra are corrected by the 
respective absorbance at excitation wavelength (𝜆𝜆𝑒𝑒𝑒𝑒 400 nm). Trap-state 
photoluminescence spectra are plotted while normalizing at the band-edge peak 
maxima. The photoluminescence spectra indicate strong surface hole trapping 
resulting in band-edge photoluminescence quenching and enhancement of trap-state 
emission (detailed description Chapter 3 ). 

 

 

 

a) b)

c) d)
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Figure A 4: Intensity-dependent TA spectra (normalized at B1 bleach) of (a) TOPO 
capped and, (b) S2- capped QDs at 1900 ps. (c) Kinetics of A1 feature of TOPO capped 
QDs. The A1 features are centered at 557 nm for 2.6 nm QD, 590 nm for 3.4 nm QD, 
616 nm for 4.0 nm QD and 636 nm for 4.8 nm QD. 

a) b) c)
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Figure A 5: TX model was used for MCMC fitting of 2.6 nm TOPO capped QD. (a) 
Contour plot representing the fit parameters obtained from MCMC. (b) Intensity 
dependent kinetics of B1 bleach with the fit (grey lines).  

 

Table A 1: Intensities used for MCMC fitting of TOPO capped 2.6 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0002 0.1   
0.0008 0.5 

644.1 1.6 × 10-15 0.0024 1.5 
0.0033 2.1 
0.0047 3.0 

TX BX MX

b)
σ

a)
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Figure A 6: TX model was used for MCMC fitting of 2.6 nm S2-capped QD. (a) Contour 
plot representing the fit parameters obtained from MCMC. (b) Intensity dependent 
kinetics of B1 bleach with the fit (grey lines). 

 

Table A 2: Intensities used for MCMC fitting of S2-capped 2.6 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0003 0.2   
0.0006 0.5 

821.1 2.0 × 10-15 0.0015 1.2 
0.0040 3.3 
0.0059 4.8 

TX BX MX
a)

b)
σ
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Figure A 7: TX model was used for MCMC fitting of 3.4 nm TOPO capped QD. (a) 
Contour plot representing the fit parameters obtained from MCMC. (b) Intensity 
dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 3: Intensities used for MCMC fitting of TOPO capped 3.4 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0007 0.6   
0.0019 1.6 

864.3 2.2 × 10-15 0.0037 3.1 
0.0053 4.5 
0.0073 6.3 

TX BX MX
a)

b)
σ
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Figure A 8: TX model was used for MCMC fitting of 3.4 nm S2-capped QD. (a) Contour 
plot representing the fit parameters obtained from MCMC. (b) Intensity dependent 
kinetics of B1 bleach with the fit (grey lines). 

 

Table A 4: Intensities used for MCMC fitting of S2-capped 3.4 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0003 0.2   
0.0009 0.7 

875.5 2.2 × 10-15 0.0018 1.6 
0.0050 4.4 
0.0072 6.3 

TX BX MX
a)

b)
σ
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Figure A 9: QX model was used for MCMC fitting of 4.0 nm TOPO capped QD. (a) 
Contour plot representing the fit parameters obtained from MCMC. (b) Intensity 
dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 5: Intensities used for MCMC fitting of TOPO capped 4.0 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0003 0.4   
0.0022 3.0 

1394.8 3.5 × 10-15 0.0034 4.7 
0.0054 7.5 
0.0062 8.6 

QX

b)

TX BX MXa)

σ
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Figure A 10: QX model was used for MCMC fitting of 4.0 nm S2-capped QD. (a) 
Contour plot representing the fit parameters obtained from MCMC. (b) Intensity 
dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 6: Intensities used for MCMC fitting of S2-capped 4.0 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0004 0.4   
0.0007 0.6 

928.1 2.3 × 10-15 0.0014 1.3 
0.0034 3.2 
0.0122 11.3 

QX

b)

TX BX MX
a)

σ



149 
 

 

Figure A 11: QX model was used for MCMC fitting of 4.8 nm TOPO capped QD. (a) 
Contour plot representing the fit parameters obtained from MCMC. (b) Intensity 
dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 7: Intensities used for MCMC fitting of TOPO capped 4.8 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0001 0.2   
0.0009 1.6 

1853.7 4.6 × 10-15 0.0019 3.6 
0.0030 5.6 
0.0048 8.8 

QX

b)

TX BX MX
a)

σ
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Figure A 12: QX model was used for MCMC fitting of 4.8 nm S2-capped QD. (a) 
Contour plot representing the fit parameters obtained from MCMC. (b) Intensity 
dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 8: Intensities used for MCMC fitting of S2- capped 4.8 nm QD and < 𝑁𝑁 >,  
𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0003 0.3   
0.0004 0.5 

1195.1 2.9 × 10-15 0.0014 1.7 
0.0033 3.8 
0.0046 5.5 

QX

b)

TX BX MX
a)

σ
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Figure A 13: TX, BX, and exciton spectra of TOPO capped 2.6 nm QD along with the 
respective gaussian fits. 

 

Figure A 14: TX, BX, and exciton spectra of TOPO capped 3.4 nm QD along with the 
respective gaussian fits. 
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Figure A 15: QX, TX, BX, and exciton spectra of TOPO capped 4.0 nm QD along with 
the respective gaussian 

 

Figure A 16: QX, TX, BX, and exciton spectra of TOPO capped 4.8 nm QD along with 
the respective gaussian fits. 
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Figure A 17: QX, TX, BX, and exciton spectra of S2-capped 4.0 nm QD along with the 
respective gaussian fits. 

 

Figure A 18: QX, TX, BX, and exciton spectra of S2-capped 4.8 nm QD along with the 
respective gaussian fits. 
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Figure A 19: non-linear spectra derived from the multiexciton species spectra of (a) 
TOPO capped (b) S2- capped 2.6 nm QD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b)
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Appendix D 

Supporting information for ‘Observing High-order 
Multiexciton Dynamics under Weak and Strong 
Electronic Coupling in QD Thin Films’ 

 

 

Figure A 20: Raw absorption spectra of QDs infiltrated porous silica layers, fitted 
scattering curve, and corrected absorption spectra. 

To remove the scattering contribution in the collected absorption spectra of QD 

thin films, a theoretical wavelength dependent scattering function, 

 𝑆𝑆 = 𝐴𝐴 ×  𝜆𝜆𝑛𝑛 

 

(34)  

was fitted in the absorption spectra, in the region where there is no absorption 

of QDs. Here, wavelength λ is in nm and the exponent n with values from − 4 (Rayleigh 

scattering for spherical and small particles) to −1 (for larger and non-spherical 

particles). A represents the background contribution to the absorption spectra. 

After fitting the scattering function, it was extrapolated to the whole 

wavelength range, which was then subtracted from the original absorption spectra to 

get the corrected absorption spectra.  

 

a) b)
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Figure A 21: intensity-dependent TA spectra of TOPO capped 3.4 nm QD thin film at 
(a)2 ps, and at 1900 ps (normalized at B1). (c) intensity-dependent B1 kinetics of TOPO 
capped 3.4 nm QD thin film. 

a) b)

c)
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Figure A 22: intensity-dependent TA spectra of S2− capped 3.4 nm QD thin film at (a)2 
ps, and at 1900 ps (normalized at B1). (c) intensity-dependent B1 kinetics of S2−capped 
3.4 nm QD thin film. 

 

   

 

   

 

 

 

 

a) b)

c)
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Figure A 23: TX model was used for MCMC fitting of 2.6 nm TOPO capped QD in 
thin film. (a) Contour plot representing the fit parameters obtained from MCMC. (b) 
Intensity dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 9: Intensities used for MCMC fitting of TOPO capped 2.6 nm QD thin film 
and < 𝑁𝑁 >, 𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0012 

 

 

 

 

0.8   
0.0034 2.4 

690.2 1.7 × 10-15 0.0070 4.8 
0.0104 7.2 
0.0136 9.4 

TX BX X
a)

b)
σ
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Figure A 24: TX model was used for MCMC fitting of 2.6 nm S2− capped QD in thin 
film. (a) Contour plot representing the fit parameters obtained from MCMC. (b) 
Intensity dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 10: Intensities used for MCMC fitting of S2− capped 2.6 nm QD thin film and 
< 𝑁𝑁 >, 𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0003 0.3   
0.0006 0.5 

1244.4 3.1 × 10-15 0.0014 1.2 
0.0037 3.0 
0.0055 4.5 

TX BX X
a)

b)
σ
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Figure A 25: TX model was used for MCMC fitting of 3.4 nm TOPO capped QD in 
thin film. (a) Contour plot representing the fit parameters obtained from MCMC. (b) 
Intensity dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 11: Intensities used for MCMC fitting of TOPO capped 3.4 nm QD thin film 
and < 𝑁𝑁 >, 𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0005 0.4   
0.0007 0.6 

1242.8 3.1 × 10-15 0.0014 1.2 
0.0020 1.7 
0.0037 3.2 

TX BX X
a)

b)
σ
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Figure A 26: TX model was used for MCMC fitting of 3.4 nm S2− capped QD in thin 
film. (a) Contour plot representing the fit parameters obtained from MCMC. (b) 
Intensity dependent kinetics of B1 bleach with the fit (grey lines). 

 

Table A 12: Intensities used for MCMC fitting of S2− capped 3.4 nm QD thin film and 
< 𝑁𝑁 >, 𝜎𝜎 and, 𝛼𝛼 obtained from MCMC fitting. 

Intensity 

µWµm-2 
< 𝑵𝑵 > 𝝈𝝈 

µW-1µm2 

𝜶𝜶 

cm2 

0.0005 0.5   
0.00141 1.2 

1343.7 3.3 × 10-15 0.00244 2.1 
0.00421 3.7 
0.01097 9.6 

 

 

 

TX BX X
a)

b)
σ
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