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Abstract 
The work presented in this thesis was submitted to The University of Manchester for the 

degree of Doctor of Philosophy in April 2015 by Daniel Espinobarro Velazquez and is 

entitled “Photoluminescent properties of novel colloidal quantum dots”. 

In this thesis type II colloidal quantum dots (CQDs) with zinc blende crystal structure were 

investigated. The optical properties were characterized by steady state absorption and 

photoluminescence (PL) spectroscopy for all the samples, and the PL quantum yield was 

measured for selected samples by using both absolute and relative methods. Exciton 

dynamics and interactions were investigated by time-resolved PL (TRPL). 

The exciton-exciton interaction energy for CdSe, CdSe/CdTe and CdSe/CdTe/CdS CQDs 

was investigated using TRPL spectroscopy, an established method. The TRPL results 

were compared with previous results from ultrafast transient absorption (TA) 

measurements and theoretical predictions. The discrepancies between the TRPL and TA 

results and the theoretical calculations suggest that TRPL data has been misinterpreted in 

the literature. 

The single exciton recombination dynamics for CdSe, CdSe/CdTe and CdSe/CdTe/CdS 

CQDs were investigated. The effects of non-radiative recombination were identified from 

the PL transients by using a theoretically-calculated radiative lifetime as a fitting 

parameter. The combined rate of the non-radiative processes thus found was consistent 

with the localisation of holes into shallow traps by an Auger-mediated process. A rate 

equation analysis also showed how shallow trapping can give rise to the tri-exponential PL 

dynamics observed experimentally. 

Chloride passivation of CdTe CQDs resulted in a near-complete suppression of surface 

traps, producing a significant enhancement of the optical properties. PL quantum yield 

(PLQY) and PL lifetime in particular benefit from the chloride treatment. The radiative 

recombination rate that now could be extracted from PL transients for chloride treated 

samples was used to calculate the non-radiative recombination rate for the untreated 

samples. In addition, a study of the effects of air exposure on the PL, observed for both 

treated and untreated samples was undertaken and revealed the importance of the 

influence of the dielectric environment surrounding the traps states on recombination 

dynamics.  
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Chapter 1. Introduction. 

1.1. Introduction 

Understanding how to generate light efficiently and effectively has always been an 

essential need for humanity. The continuing importance and impact of light-generating 

technology was recognised with the award of last year’s award of the Nobel Prize in 

Physics for the development of light-emitting diodes (LED’s) based on gallium-nitride 

(GaN) [1]. We are currently at the beginning of a lighting revolution based on the use of 

GaN LED’s [2], which can be more than ten times as efficient as incandescent lighting and 

twice as efficient as fluorescent lights. The savings associated with this increased 

efficiency has the potential to have a huge global impact. The International Energy 

Agency states that the global lighting represents ~20% of the total energy consumed. In 

the U.S, the Energy Information Administration (EIA) estimates 412 billion kilowatt-hours 

(kWh) of electricity were used for lighting in the US. This was 15% of the total electricity 

consumed by residential and commercial sector and about 11% of total U.S. electricity 

consumption[3]. The reduction in energy consumption produced by more efficient lighting 

could consequently reduce the generation of greenhouse gas emissions by roughly 180 

million of tons of CO2 [2]  

However, GaN LEDs only emit blue light efficiently so in order to produce different colours 

phosphors are used which absorb some of the blue light and emit light at longer 

wavelengths.  The combination of the blue-emitting LED and the phosphor leads to a 

white light if appropriately balanced, or to red and green emission as required, for 

example, in display technology. 
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Figure 1. 1 Schematics of LEDs and principle (Taken from[4]) 

 

Figure 1. 1shows the parts of an LED and its functional principle, in which a n-type and p-

type GaN semiconductors are connected to the anode and cathode. When a potential is 

applied electrons and holes are injected and then recombine, releasing photons. These 

photons will have energy and thus wavelength determined by the properties of the 

material. 

The quality of the phosphors is a key factor, determining the spectral output and 

contributing to the overall luminous efficiency. Nowadays, there is great interest in nano-

sized material as quantum wells, quantum wires and especially quantum dots (QDs) 

because their optical properties are readily tuned by control of their size, structure and 

composition. In particular, QDs can be used as an alternative to the phosphors currently 

used in LED technology, such as YAG:Ce3+; other alternative phosphors include organic 

molecules [5]. 
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Colloidal quantum dots (CQDs) have been researched for over three decades and more 

than ~14 000 journal articles have been pusblished since then [6]. This number is 

continuously increasing as the underlying fundamental physics and chemistry are still not 

fully understood. The widespread research of CQDs is driven by their clear benefits (i.e. 

easy tunability of the band gap through synthesis, low-cost fabrication, photostability and 

application potential). The optical properties such as photoluminescence (PL) spectrum, 

quantum yield, PL lifetime and absorption are important factors to take into consideration 

for applications using solutions based on CQDs.   

The purpose of this thesis is to study and understand the factors, particularly surface and 

shell effects, affecting the PL properties of CdSe, CdSe/CdTe, CdSe/CdTe/CdS, CdTe 

and CdTe/Cl CQDs with type I and type II structures. By understanding how the 

recombination mechanisms work and behave, the design of highly efficient CQDs to 

improve the quality and efficacy of solid state lighting is enabled. 

1.2. Thesis outline 

The overall structure of this study of the photoluminescent properties of novel colloidal 

quantum dots takes the form of seven chapters including this one. 

The background and theory of CQDs is described in Chapter 2, in which some key 

research is highlighted due its significant contribution to the QD field, including a 

description of QD system and the synthetic methods used to grow the QDs. The theory 

section discusses the size effects, spherical model, and also a brief description of band 

structure. A description is also given of excitons in QDs, including dark excitons, types of 

effect such as Auger recombination and Auger mediated trapping.  

The techniques and procedures used to characterise the CQDs are explained in Chapter 

3. The absorption and PL spectrometers used in these experiments are described in 

detail. A home-built system was used for the time-domain measurements; the system 
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description and the instrument response function are described. Two different methods 

were used for the measurement of photoluminescence quantum yield (PLQY), the 

comparative and absolute techniques, and these are described and compared.  

The results for CdSe, CdSe/CdTe and CdSe/CdTe/CdS CQDs are presented in Chapter 4 

and Chapter 5. In Chapter 4, exciton-exciton interactions were analysed using spectral 

data from the time-resolved PL system. This data was compared to results acquired in 

previous studies using the same technique and also to measurements of exciton-exciton 

interaction in the samples made using different techniques. To reconcile all these results, 

an alternative interpretation of the data based on hot emission is discussed.  

The recombination dynamics for single excitons was analysed and discussed in Chapter 

5. A novel description of the recombination rates was reported by comparing theoretical 

calculations and experimental results. 

A study based on the effects of chloride ions on the surface of CdTe CQDs was reported 

in Chapter 6. This included the effect of the chloride ions on PLQY and on the degradation 

of PLQY by air exposure. In addition, the synthesis and structural characterisation is 

detailed, and a comparison made between the recombination dynamics for chloride 

treated and untreated samples. Further, a spectrally-dependent study of recombination 

dynamics is made as a function of the pump pulse power. 

A summary of the results and conclusions is presented in Chapter 7, as well as a 

discussion of the further work that might proceed from this study. 
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Chapter 2. Background and 
Theory. 

2.1. Background 

The study of the size-dependence of optical material properties has a long history. In 

1856, Faraday reported the first study of how material properties can vary with size 

(describing the optical properties of nanoparticles of gold and other materials) [1]. More 

than a century later in 1967, [2] Berry reported the absorption coefficient of a molecule of 

AgBr is reduced in comparison to bulk AgBr. However, it was not until the 1980s that the 

field changed from one of occasional reports to one of significant, ongoing activity, with 

the development of a theory to describe electronic structures in colloidal nanocrystals by 

Brus [3], and the new techniques in synthetic procedures were developed by Steigerwald 

et al [4] and Brennan et al [5]. Both helped to increase the knowledge and interest in 

nanomaterials.  

The past two decades have seen the rapid development of novel methods to grow 

nanocrystals with various shapes and properties, with these systems anticipated to have 

novel application, such as for efficient lights, quantum dot lasers, spectral tags in 

biological imaging, commercial and military applications, and so on [6]. 

2.1.1. Semiconductor  

A semiconductor is a crystalline or amorphous solid whose electrical conductivity is 

typically intermediate between that of metal and that of an insulator [6]. The width of the 

energy gap which separates the conduction band (CB) from the valence band (VB) is an 

important parameter. This bandgap energy (Eg) can determine the electrical and optical 

properties of the material. Semiconductor materials are usually characterized by 

bandgaps between 0.5 and 3 eV, which makes them ideal for many electronic and optical 

applications [7]. Compound semiconductors belong to three families depending on the 
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group of the Periodic Table: II-IV, III-V and III-IV. In these materials some electrons that 

are very weakly linked to their atoms can become conduction electrons. They can be n-

type or p-type; with holes in the latter being the majority charge carrier and electrons 

performing this role in the former. 

 

Figure 2. 1 Schematic of the band structure for bulk a) insulators, b) semiconductors, and c) 
conductors at 0° K 

 

Figure 2. 1 shows schematic diagrams of the band structure for three classes of material. 

Insulators have a large band gap, typically greater than 4 eV, which prevents thermal 

excitation to the conduction band. Semiconductors have a reduced band gap, across 

which electrons can be thermally excited. Conductors are materials, generally metals, 

where their energy levels are partly filled or fully unoccupied with similar energies. The 

probability that a particular energy level is occupied by an electron is characterized by the 

Fermi energy ( 𝐸𝐹𝑒𝑟𝑚𝑖 ), which corresponds to the energy with a 50% occupation 

probability. 

2.1.2. Cadmium – group VI semiconductors 

The II-VI semiconductors are wide-bandgap compounds, and they have been used in 

optoelectronics devices and in solid state lighting (SSL). These semiconductors have a 

direct gap and bandgap energies suitable for different applications such as: optoelectronic 



Chapter 2.  Background and Theory 

Daniel Espinobarro Velazquez  33 PhD Thesis 

devices, light emitting diode (LED), laser diodes, solar cells, sensors, surface acoustic 

wave (SAW) devices, SAW filters, SAW oscillators, low threshold optical gain media, high-

power electronic devices , field-effect transistors, substrate transparent electrodes, self-

compensating gas sensors, pyroelectric and piezoelectric devices [59].  

The properties of the Cadmium –group VI semiconductors are based on the arrangement 

of the atoms i.e. lattice structure. For CdSe, CdTe and CdS the lattice structure can be 

wurtzite (hexagonal symmetry) or zinc blende (cubic symmetry), See Figure 2. 2. The 

wurtzite structure consists of mixture of  two hexagonal closed packed (HCP) sub-lattices, 

one of atom A and the other atom B, with a displacement of ⅜c from each other along c-

axis where c is the lattice constant in this direction. The zinc blende consist of mixing two 

face centred cubic (FFC) sub-lattices, one  of atom A and the other B, with a displacement 

from each other along the diagonal body by 𝑎 4⁄  , 𝑎 is the lattice constant. The crystal 

structure affects the band gap for each compound (see Table 2. 1).  

Table 2. 1 The energy band gap for a wurtzite and zinc blende [60] 

Compounds Band gap (eV) 

 Zinc blende Wurtzite 

CdSe 1.90 1.83 

CdTe 1.60 1.60 

CdS 2.55 2.58 

 

The optical properties in a quantum dot are given by the band gap to size relation (sizing 

curve). For CdSe CQDs with wurtzite and zinc blende crystal structure, the sizing curve 

and the extinction coefficient are similar for both. However, for each crystal structure the 

strong confinement is described by different Hamiltonian [61].  
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Figure 2. 2 The wurtzite (a) and zinc blende (b) crystal structure. The red colour represent atoms of Cd, 
and the blue atoms of X(X= Se,Te and S). Wurtzite crystal structure showing ABAB lattice (c) and (d) 
ABCABC lattice for zinc blende. The plane (111) is shown in (e) and (b), where the atoms are eclipsed 
and staggered (Taken from [60])  
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2.2. Quantum Dots 

Modern semiconductor processing techniques allows the artificial creation of quantum 

confinement of a few or single electrons in three dimensions [8]. The resulting structures 

are called Quantum Dots (QDs) but are also known as nanocrystals, quantum boxes and 

artificial atoms. Their sizes are typically from 1 nm to 10 nm, but can extend to several µm 

[6]. The classification of quantum dots can be based on the fabrication method used, 

yielding the following types: electrostatic quantum dots, self-assembled quantum dots and 

colloidal quantum dots. 

Electrostatic QDs are fabricated by restricting a two dimensional electron gas in a 

semiconductor heterostructure laterally by electrostatic gates, or vertically by etching 

techniques [8, 9]. 

Self-assembled QDs are obtained in hetero-epitaxial systems with different lattice 

constants. During the growth of a layer of one material on top of another, the formation of 

nanoscale islands take place [10].  Molecular beam epitaxy (MBE) and metalorganic 

chemical vapour deposition (MOCVD) are the most common technique used to grow this 

type of QD .[11, 12] 

Colloidal quantum dots (CQDs), the subject of this thesis, are single solvent chemistry-

synthesized crystals of the size of a few nanometres [13]. The temperature, duration and 

ligand molecules used in the synthesis of QDs control their shape and size [14]. A layer of 

other semiconductor can be grown around a colloidal QD, forming what is known as a 

core-shell system. Depending on the bandgaps and the relative position of electronic 

energy levels of the involved semiconductors, the core and shell can have different 

function in colloidal QDs[15, 16]. 

In a type I structure QD (see Figure 2. 3a), the shell is used to passivate the surface of the 

core, improving its optical properties. The shell of the QD physically separates the surface 

of the optically active core from the medium which coats it [15, 17]. This reduces the 
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interaction of free carries with the surface dangling bonds that can act as trap states for 

charge carries. 

 

Figure 2. 3 QDs with type I and type II structures 

 

In a type II structure QD (see Figure 2. 3b), the shell growth aims to red shift the emission 

wavelength. The staggered band alignment leads to a smaller effective bandgap. [15, 18]. 

In contrast to Type I systems, the photoluminescence (PL) decay time also lasts longer in 

type II structures due to the lower overlap of the electron and hole wave functions in this 

type of structure [15, 16, 18].  
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2.2.1. Synthesis CQDs 

In general there are two main approaches to synthesising QDs: the colloidal and epitaxial 

methods. The QDs investigated in this thesis were grown using colloidal synthesis. This 

approach actually dates back to the Roman culture in the 4th century, but the process was 

not recognized until 1857 [1], and it was not until more than a century later, in 1980, that 

the synthesis of size-tuned CQDs was first understood. The process of synthesis has two 

main stages: nucleation and growth. Nucleation is the process where the seed is 

produced; this can be homogeneously or heterogeneously.  Nucleation and growth can be 

understood via the LaMer principle [19], where there are three stages. First there is a 

rapid increase in monomer liberation, and then the concentration reaches a critical point 

which is saturation. The last stage is the nanoparticle growth.  The hot injection method is 

a synthetic method which attracts attention due to it consistency of the precipitation 

reaction. This method offers stability at high temperatures up to 300°C, and thus allows 

the control over the QD particle size by increasing the temperature. 

The CQDs studied in this thesis were produced by the hot injection method using two 

precursors for the core, with the shell grown by a slow layer by layer process [20]. This 

method offers the possibility to grow different sizes of QD by varying the temperature and 

the reaction time. The CQDs studied had a zinc blende (cubic) crystal structure which, 

since it is isotropic, facilitates uniform growth of the shell.  
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2.3. Theory  

Despite the fact that the band gap of a bulk semiconductor is not easily altered, the 

bandgap of semiconductor nanocrystals can be readily adjusted. This is because in the 

regime of quantum confinement changes in the particle size alters the energy spectra [12, 

13, 21]. This phenomenon is known as the quantum size effect. QDs are discrete particles 

whose size is such that they confine the wave functions of the electron and hole. This 

quantum confinement can occur in the low dimensional structures, known as quantum 

well for 2-D structures; a 1-D structure is called quantum wire. For quantum dot the 

confinement of the charge carrier is in 3-D, yielding a quasi “zero dimensional” structure.  

The potential barrier represented by the limit of the dot will confine the charge carriers if its 

size approaches the natural length scale of the electron hole pair or exciton, termed the 

Bohr radius. The quantum dot crystal structure remains the same as for the bulk 

semiconductor yet this quantum size effect changes the continuous conduction and 

valence bands found in bulk into discrete atomic-like states (see Figure 2. 3). For this 

reason semiconductor nanocrystals have been dubbed artificial atoms, but unlike atoms 

the degree of quantization is a direct result of the size of the particle and therefore these 

states can be tuned by varying the nanocrystal size [22]. 

In the Figure 2.4 a bulk semiconductor has a constant conduction and valence bands 

separated by a fixed energy gap, but a QD is characterized by discrete states. (Taken 

from [12]) 
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Figure 2.4 Comparison between Bulk semiconductor and QDs energy band (Modify from [23] ) 

 

2.3.1. Size effects in QDs 

The quantum size effect was first observed by Berry [2, 24] and Brus [3]; there is an 

inverse variation between energy gap and the QD size. The size of the nanoparticle 

relative to the Bohr Radii of the electron, hole and exciton determines the size regime it is 

said to occupy. It is possible to calculate the electron and hole Bohr radii using the 

relationship 𝑎𝑏 = 𝜀𝑟ℏ/𝑚ℯ,ℎ𝑒
2 where 𝜀𝑟 is the relative dielectric constant, ℏ is the reduced 

plank constant, 𝑚ℯ,ℎ is the electron or hole effective mass, and 𝑒 is the elementary charge. 

The Bohr radius of the exciton can be found from the equation 

 

𝐚𝐛 = 𝛆𝐫
𝐦𝟎

𝐦∗  𝐚𝟎, 

(2. 1) 
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where 𝑚∗ is the reduced effective mass of the electron hole pair, m0 is the rest mass of 

the electron and a0 is the Bohr radius of the hydrogen atom. 

Three size regimes can be defined and are known as the strong, intermediate and weak 

confinement regimes. The size regime of a nanoparticle has an influence on the energy 

level of the electron and hole as well as the dynamics of the charge carriers [25]. 

Quantum dots in the weak confinement regime will only confine the centre of mass motion 

of the exciton and correspond to the situation when the radius of the nanocrystal, a, is 

larger than the Bohr radii of the electron (𝑎𝑒) and hole (𝑎ℎ) but is smaller than that of the 

exciton (𝑎𝑒𝑥𝑐) (i.e. 𝑎𝑒 , 𝑎ℎ < 𝑎 < 𝑎𝑒𝑥𝑐). Features in the optical spectra of this regime are 

therefore due to the quantisation of the exciton centre of mass motion as the exciton 

binding energy will be greater than the energy quantisation of the electron and hole. When 

the radius of the nanocrystal is larger than the Bohr radii of the hole but smaller than that 

of the electron and exciton (𝑎ℎ < 𝑎 < 𝑎𝑒𝑥𝑐 , 𝑎𝑒) as found in materials where the electron 

and hole effective masses differ greatly, the QD is said to be in the intermediate 

confinement regime. In this case the hole will be strongly confined to the centre of the dot 

and the energy levels will mainly be determined by the quantisation of the electron motion. 

The strong confinement regime is found when the radius of the nanocrystal is smaller than 

the Bohr radii of the electron, hole and exciton. Here the charge carriers are strongly 

confined within the nanocrystal and the separation between the quantum size levels of 

both carriers is now of the order 𝑚ℯ,ℎ𝑒
2  which is large compared with the coulomb 

interaction between the electron and hole.  
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2.4. Spherical model  

A sphere represents the thermodynamically lowest energy shape for a materials with a 

relatively isotropic underlying crystal structure [12]. Materials with a relatively anisotropic 

underlying crystal structure will often form nearly spherical nanoparticles. Crystal shape 

and growth direction can be largely controlled by influencing both kinetic and 

thermodynamic parameters. The precursor concentration in the reaction mixture is an 

important factor to control the kinetic growth conditions. High precursor concentrations will 

promote a fast kinetic growth, leading to a more anisotropic growth, especially in systems 

where the underlying crystal structure is anisotropic. A second important parameter is the 

ability of specific surfactant molecules to bind with different affinities to certain NC facets, 

controlling the relative reactivity of the surface facet [26]. Surface energy and binding 

energy calculations of the various facets of CdSe show a difference in reactivity and 

affinity of the different facets of wurtzite CdSe towards monomers and surfactants. 

A relatively simple model of a spherical QD was formulated in the work by Efros and Brus 

[27, 28].This model was used by Norris [12] where it considered a particle of mass 

𝑚0within a spherical potential well of radius 𝑎, that is 0 within the well and infinite outside 

the well. 

V(r)= {
𝟎   𝐫 ≤ 𝐚
∞   𝐫 > 𝒂

 

(2. 2) 

 

The Schrodinger equation can be solved and separated into an angular part and a radial 

part where the angular solutions are the spherical harmonics known from the model of the 

hydrogen atom and the radial function can be described by Bessel functions [12] yielding 

𝚿𝐧,𝐥,𝐦 (𝐫, 𝛉,𝛟) = 𝐂
𝐣𝐥(𝐤𝐧,𝐥𝐫)𝐘𝐥

𝐦(𝛉,𝛟)

𝐫
 

(2. 3) 
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where  𝑗𝑙(𝑘𝑛,𝑙𝑟)is the lth order spherical Bessel function, Yl
m Is a spherical harmonic and C 

is a normalization factor. Due to the boundary conditions the wave number, k, cannot take 

any value and so is determined by  

𝐤𝐧,𝐥 = 
𝛂𝐧,𝐥

𝐚
 

(2. 4) 

 

where αn,l is the nth zero of jl The energy of the particles is given by  

𝐄𝐧,𝐥 =
ℏ𝟐𝐤𝐧,𝐥

𝟐

𝟐𝐦𝟎
= 

ℏ𝟐𝛂𝐧,𝐥
𝟐

𝟐𝐦𝟎𝐚
𝟐

 

(2. 5) 

 

The electron and hole levels can be labelled by the quantum numbers n (1,2,3,..), l 

(s,p,d,..). This general model reveals the strong energy dependence on nanocrystal size 

observed is a result of the 1/𝑎2 term seen here. 

In a bulk crystal with a periodic lattice the electron wave functions can be described as 

plane waves or Bloch functions that are modified by the influence of the periodic potential 

of the crystal lattice. Bloch functions are written according to Bloch’s theorem as [12] 

𝜳𝒏𝒌 (�⃗�  ) = 𝒖𝒏𝒌 (𝒓 ⃗⃗  ) 𝒆𝒙𝒑(𝒊 �⃗⃗�  �⃗�  ) 

(2. 6) 

 

where 𝑢𝑛𝑘  is a function accounting for the periodicity of the lattice and n is an index 

describing the particular band with wave vector �⃗� . Also, under the effective mass 

approximation the bands described by the energy of these wave functions as a function of 

k are assumed to have a simple parabolic from. CdSe is a direct gap semiconductor for 

example with the valence band maximum and conduction band minimum occurring at k=0. 

See Figure 2.5 
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Figure 2.5 Band diagram for a simple two band model for direct gap semiconductor (Taken from[12]) 

 

In a QD, the energy of the conduction and valence states are given by 

𝑬𝒌
𝒄  =  

ℏ𝟐𝒌𝟐

𝟐𝒎𝒆𝒇𝒇
𝒄  +  𝑬𝒈   

(2. 7) 

 

𝑬𝒌
𝒗  =  

−ℏ𝟐𝒌𝟐

𝟐𝒎𝒆𝒇𝒇
𝒗  

(2. 8) 

 

where Eg is the direct semiconductor band gap and the energies are relative to the 

valence band maxima. See Figure 2.6 

When the nanocrystal diameter is much larger than the lattice constant of the material, the 

single particle wave function can be expressed as a linear combination of Bloch functions: 

𝜳𝑺𝑷 = (�⃗� ) =  ∑𝑪𝒏𝒌𝒖𝒏𝒌(�⃗� )𝒆𝒙𝒑 (𝒌 ⃗⃗  ⃗ ∙ �⃗� )

𝒌

 

(2. 9) 
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where the coefficients 𝐶𝑛𝑘  ensure that the function takes into account the spherical 

boundary condition of the nanocrystal [12]. Taking the assumption that 𝑢𝑛𝑘 functions have 

a weak k dependence, then 

𝜳𝑺𝑷 = (�⃗� ) =  𝒖𝒏𝟎(�⃗� )∑ 𝑪𝒏𝒌(𝒊𝒌 ⃗⃗  ⃗ ∙ �⃗� ) =  𝒖𝒏𝟎(�⃗� )𝒌 𝒇𝒔𝒑(�⃗� )   

(2. 10) 

 

where 𝑓𝑠𝑝(𝑟 ) is the single particle envelope function and 𝑢𝑛0 can be determined from the 

tight binding approximation. 

 

Figure 2.6 Optical transition in finite size semiconductor are discrete to the quantization of the bulk 
bands (Taken from[12]) 

 

Using Equations (2. 3) and (2. 5), the electron-hole (e-h) pair state in nanocrystals has 

energies are written as 

𝑬𝒆𝒉𝒑(𝒏𝒉𝑳𝒉𝒏𝒆𝑳𝒆) = 𝑬𝒈 +
ℏ𝟐

𝟐𝒂𝟐 {
𝜶𝒏𝒉,𝑳𝒉

𝟐

𝒎𝒆𝒇𝒇
𝒗 +

𝜶𝒏𝒆,𝑳𝒆

𝟐

𝒎𝒆𝒇𝒇
𝒄 } − 𝑬𝒄 

(2. 11) 

 

The states are labelled by quantum numbers 𝑛ℎ𝐿ℎ𝑛𝑒𝐿𝑒.For pair states with the electron in 

the 1𝑆𝑒 level, the first order Coulomb correction,𝐸𝑐, is 1.8𝑒2/𝜀𝑎, the second term taking 
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into the account the quantum energy of localization and the third term is incorporated as a 

result of the Coulomb attraction. 

2.4.1. Band structure 

The real band structure of II-VI semiconductors is typically more complicated. While the 

conduction band in CdSe is fairly well described within the effective mass approximation, 

the valence band is not [12]. The valence band arises from 4p atomic orbitals and is 

sixfold degenerate at k=0, including spin. This sixfold degeneracy leads to valence band 

substructure that modifies the results of the particle in sphere model. To incorporate this 

structure, CdSe is often approximated as having an ideal diamond like structure (see 

Figure 2.7), so, while the bands are still assumed to be parabolic, due to strong spin-orbit 

coupling the valence band degeneracy is lifted. When considering the valence band the 

quantum number J, which is the total angular momentum, is used to describe the sub-

bands that result from the strong spin-orbit coupling. This is defined as 𝐽 =  |𝐿 ± 𝑆|, where 

L (= 1 for p orbitals) are the orbital contributions to the angular momentum and S ( =1/2 for 

electron) is the spin contribution to the angular momentum. 

 

Figure 2.7 a) ideal diamond like band structure and b) Wurtzite CdSe near K =0. (Taken form [12]) 
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Figure 2.7 shows the valence band structure for a) zinc-blende structure lattice and b) 

wurtzite structure lattice. The resultant crystal field of the hexagonal lattice causes the a 

and b bands to split [12] 

The three subbands are referred to as the heavy-hole (hh), light-hole (lh), and split-off-

hole (so) subbands, andare shown in Figure 2.6. At k= 0 the J =3/2 band is degenerate 

with different curvatures corresponding to different effective masses, hence the names 

light hole and heavy hole. For many semiconductors, the diamond like band structure is a 

good approximation but there are two different effects that contribute to split the hh and lh 

sub-bands. Firstly, the structure leads to a slightly prolate NQD shape resulting in a crystal 

field and secondly there is no longer inversion symmetry in the crystal which will further 

split the A and B bands. As these terms can be relatively small, they are often neglected 

in calculating the energy levels in QDs [22]. 

2.4.2. Exciton  

If it is assumed that QDs have a spherical shape and a cubic crystal lattice, then each of 

the electron-hole pair states is highly degenerate. However, in reality QDs can deviate 

from this model, which breaks this degeneracy. Firstly, as mentioned earlier, CdSe QDs 

can have a unixial crystal lattice (wurtzite), which leads to a splitting of the valence 

subbands [29]. Secondly, electron microscopy experiments show that CdSe nanocrystals 

are not spherical, but rather slightly prolate [30]. This shape anisotropy will split the 

electron-hole pair states [31]. Finally, the electron–hole exchange interaction, which is 

negligible in bulk CdSe, can lead to level splitting in nanocrystals due to enhanced overlap 

between the electron and hole [32-35]. Therefore, when all of these effects are 

considered, the initially eightfold degenerate band-edge exciton is split into five sublevels 

[12, 36].  
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Figure 2.8  Exciton fine structure 

 

To describe the structure (Figure 2.5 taken from [12]), two limits are considered. On the 

left side of Figure 2.5 the effect of the anisotropy of the crystal lattice or the nonpherical 

shape of the crystallite dominates[12].The right side represents the small nanocrystal limit 

where the exchange interaction dominates.  When both effects are included, the good 

quantum number is the projection of N along the unique crystal axis Nm [12]. To include 

these effects into theory, the anisotropy and exchange terms can be added as 

perturbations to the spherical model [36]. 
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2.4.3. The Dark exciton  

The splitting described above helped to explain a long-standing question in the emission 

behaviour of CdSe nanocrystal. While exciton recombination in bulk II-VI semiconductors 

occurs with a ~1ns lifetime, CdSe dots can exhibit a ~1µs life time at 10K [12]. This effect 

could perhaps be rationalized in early samples, which were of poor quality and emitted 

weakly via deep trap fluorescence. However, even high-quality samples, which emit 

strongly at the band edge, have long radiative lifetimes. To explain this behaviour, the 

emission had been rationalized by many researchers as a surface effect [12]. Once the 

carriers are localized in surface traps, the decrease in carrier overlap increases the 

recombination time. This surface model could then explain the long radiative lifetimes, 

luminescence polarization results, and even the unexpectedly high LO Phonon coupling 

observed in emission [12]. 

The presence of exciton fine structure provides an alternative explanation for the 

anomalous emission behaviour. Emission from the lowest band edge state, |𝑁𝑚| = 2, is 

optically forbidden in the electric dipole approximation. Relaxation of the electron–hole 

pair into this state, referred to as the dark exciton, can explain the long radiative lifetimes 

observed in CdSe QDs. Because two units of angular momentum are required to return to 

the ground state from the |𝑁𝑚| = 2  sublevel, this transition is one-photon forbidden. 

However, less efficient, phonon-assisted transitions can occur, explaining the stronger 

LO-phonon coupling of the emitting state[12]. 

2.5. Auger recombination 

Auger recombination occurs due to the strong spatial confinement of the electronic wave 

function in QDs, which increases the probability that an electron-hole pair recombines in a 

non-radiative way. Instead of releasing the energy as photon, the energy is transferred to 

another particle which could be an electron or a hole. This third particle is excited to a 

higher energy level without leaving the energy band.  After the third particle is excited, the 
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relaxation of this particle is via vibrational processes [37]. Auger recombination is 

significantly more efficient in nanostructures than in bulk materials due to this strong 

carrier wavefunction overlap, especially QDs type I structures [38]. For the type II 

structure Auger recombination is somewhat reduced by the spatial separation of the 

carriers into different regions. Figure 2. 9 illustrate the Auger recombination process, and 

how it contributes to the average (i.e. observed) lifetime. 

 

Figure 2. 9 a) Transitions in Auger recombination: the energy of recombination, 𝑼𝑪, is given either to 
an electron or hole so that it moves to a higher energy state in the CB or VB, respectively. b ) An N 
exciton state undergoes Auger recombination with a lifetime 𝝉𝑵 to form a N-1 exciton state that then 

undergoes Auger recombination with a lifetime 𝝉𝑵−𝟏 to form a N-2 exciton state and so on until a 
single exciton state is produced, which cannot under Auger recombination. This process produces a 

measured decay transient characterized by an average lifetime 𝝉〈𝑵〉
∗  which depends on 𝝉𝑵  and the 

average number of excitons per QD 〈𝑵〉 = ∑ 𝒊𝒑𝒊𝒊  , where the probability of a QD containing 𝒊 excitons, 

𝒑𝒊, is determined by Poisson statistics (Modified from [37]) 

 

As shown in Figure 2. 9 a), the Auger recombination process always involves three 

particles, either two electrons and a hole, as shown on the left side, or one electron and 

two holes, as shown on the right. It cannot, therefore, occur for a single exciton. Auger 

recombination is an efficient process with typical lifetimes of 10-100 ps, i.e. significantly 

shorter than radiative lifetimes. Hence, in the absence of trap-related processes, i.e. for 
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well-passivated samples, Auger recombination is thus the dominant mechanism for multi-

excitons, with radiative recombination only becoming significant for single exciton states. 

2.6. Auger mediate trapping  

The Auger mediate trapping (AMT) mechanism explains how holes become trapped on 

the surface of QDs. The traps on the surface are related to the unsaturated bonds on the 

QD surface caused by incomplete passivation. AMT is a non-radiative process which was 

used first to explain the PL intermittency [39] in QDs. In the AMT model, the electron 

receives the energy lost by the hole as it is trapped via an Auger interaction, and is 

thereby excited to higher lever in the conduction band – see Figure 2.9. 

AMT rates have been calculated for a number of different CQD types using a 

semiempirical pseudopotential method [40]. AMT rates are calculated with eq (2. 12)  

(𝜏𝐴𝑀𝑇)𝑖
−1 = 

Γ

ℏ
 ∑

|〈𝑖|Δ𝐻|𝑓𝑛〉|2

(𝐸𝑓𝑛 − 𝐸𝑖)
2
+ (Γ 2⁄ )

2

𝑛

 

(2. 12) 

 

where |𝑖⟩ and |𝑓𝑛⟩ are the initial (delocalized) and final (trapped) excitonic states (see 

Figure 2. 10), 𝐸𝑖 and 𝐸𝑓𝑛 are their energies , Δ𝐻 is the Coulomb interaction and Γ/ ℏ is the 

lifetime of the final states. In eq (2. 12) the top expression, (|〈𝑖|Δ𝐻|𝑓𝑛〉|2 ), depends on the 

degree of wave function overlap and the bottom expression, ( (𝐸𝑓𝑛 − 𝐸𝑖)
2
+ (Γ 2⁄ )

2
), 

describes how close to resonance are the transition energies of the hole going into the 

trap and the electron going to a higher energy state.  

The energy of the trap levels can also by calculated by the same method, and reveal that 

there exist hole transitions to trap levels that are sufficiently close to the valance band to 

allow thermal liberation back to the valance band; this is termed ‘shallow’ trapping. For 

instance, the energy of the traps states on the surface of CdTe QDs fall into two groups 
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which have energies of about 𝐸𝑉𝐵𝑀
𝐵𝑢𝑙𝑘 + 0.450 𝑒𝑉  and 𝐸𝑉𝐵𝑀

𝐵𝑢𝑙𝑘 + 0.050 𝑒𝑉 .[41]. The second 

group of states are sufficiently close to the VBM for thermal escape and thus can act as 

shallow traps.Thus holes can populate these shallow traps and from there either escape 

back to the valence band using thermal energy [41] or recombine with the electron in the 

conduction band. 

 

Figure 2. 10 Schematic of the Auger-mediated trapping mechanism (Modified from [40]). 𝚫𝑬𝒗
𝒉𝒕 is the 

energy of the valance band to hole trap transition. This energy is transferred non-radiatively to the 

electron which is excited to states higher in energy by 𝚫𝑬𝒄
𝒔𝒑

.) 
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2.7. Applications 

CQDs have a great potential for different applications due to their electronic and optical 

properties which can be tuned by the relationship of the core size and shell thickness. In 

recent years, CQDs have gained popularity in optoelectronic device research for a wide 

range of application is due to this versatility. At the moment the CQDs have been used in 

photovoltaic devices [42], light emitting diodes [43], biomedical sensors (tagging)[44], 

photodetectors[45] and lasing[46]. These applications are discussed in more detail below. 

However, their potential is still to be fully realised because the underlying physics is not 

yet fully understood.  

2.7.1. Photovoltaic devices 

QDs have been used in photovoltaics devices due to their low cost and their optical 

properties. QDs allow the absorption edge to be selected for optimum cell efficiency and, 

in addition, offer the possibility to exceed the Shockley-Queisser limit for solar cell 

efficiency [47] by the process of multiple exciton generation (MEG), also known as carrier 

multiplication. The most common solar cells currently are those based on silicon and 

gallium arsenide, which have efficiencies upto 24.5% [48], and are called ‘first generation’ 

devices. The second generation is based on organic thin films, for which affordability is 

better but the performance is compromised [49]. Solar cells based on QDs may have the 

advantage of carrier multiplication to increase the efficiency; this occurs when a single 

absorbed photon produces more than one electron excited from the valence band to the 

conduction band.  

2.7.2. Solid state lighting 

Solid state lighting is based on light emitting diodes (LEDs). For over three decades LEDs 

have been used in industrial and home applications, but were not sufficiently efficient or 

had the spectral range to compete as a source of lighting. However, in recent years, the 

lighting market has evolved dramatically, not just in term of consumption or the efficiency 
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of the devices used, but also in terms of the purity in colour, device size  and lifetime, 

directionality and the response period to switching.  Figure 2. 11a) compares the 

efficiency between lighting systems, with the maximum efficiency is predicted to be more 

than 250 lm/W [50]. However, efficiency is not the sole factor, with other considerations 

such as packing, junction temperature, optical loses, etc. also being important. Figure 2. 

11b) illustrates the progress of lighting in human history, where the most primitive way to 

produce light is with fire, which include gas lamps; in 1800’s the incandescent light bulbs 

appeared and revolutionized the way of living, since then different types of lamp have 

been around, i.e. halogen lamp, metal-halide lamp, mercury lamp, and compact 

fluorescent lamp (CFL). However, it is not until 90’s when LEDs based on quantum wells 

and QDs that the LEDs started to appear in every possible application due to their 

efficiency and low power consumption. In Figure 2. 11c) compares the size of a LED to a 

light bulb and fluorescent tubes (T8 and T5). 

 

Figure 2. 11 Evolution of the lighting and size comparison of the LED (modify from [51]) 

a)                                                            b) 

 

 

 

 

 

 

                          c) 
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2.7.2.1. Phosphor for white light emitting diodes 

LEDs produce quasi–monochromatic light rather than the white light required for general 

illumination. There are two approaches to get white light from a LED based device. The 

first one is to combine three or more LEDs emitting in different parts of the visible 

spectrum (ideally one each of red, green and blue LEDs) with fixed power ratios in order 

to achieve the desired balance of the colours. The result of this is a white light with a 

specific colour temperature. The other approach is a single LED combined with one or 

more phosphor materials that absorb some of the LED light and re-emit at longer 

wavelengths [52]. Currently most commercial LEDs use the combination of a blue LED 

and a YAG:Ce3+ phosphor [52, 53], although UV emitting LEDs are also used [52, 54]. 

Figure 2.6 shows these three different approaches for obtaining white light (Figure 2.6 

taken from [55]) 

 

Figure 2. 12  Three dominant ways to produce white light based on LEDs 

 

The luminous efficiency of radiation (LER) is a key performance parameter for lighting, 

describing how bright the radiation is perceived by the human eye, with units of lumen per 

watt. It can be calculated by  

𝑳𝑬𝑹(𝒍𝒎) = 𝟔𝟖𝟑 𝒍𝒎/𝒘 ∙
∫ 𝑰(𝝀)𝑽(𝝀)𝒅𝝀

𝟖𝟑𝟎𝒏𝒎

𝟑𝟔𝟎𝒏𝒎

∫ 𝑰(𝝀)𝒅𝝀
𝟖𝟑𝟎𝒏𝒎

𝟑𝟔𝟎𝒏𝒎

 

(2. 13) 
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where 𝑉(𝜆) is the eye sensitivity curve, and 𝐼(𝜆) is the emission spectrum. As the eye 

sensitivity peaks at 555 nm, - see Figure 2.12 - the highest possible LER (683 lm/W) is 

obtained from monochromatic radiation at 555 nm. Therefore, 683 lm/W is the highest 

possible efficiency that can ever be obtained from a light source i.e. when 100% of the 

electrical power is converted to light at a wavelength of 555 nm, the efficiency of the light 

source is 683 lm/W [22, 52, 56].  

 

Figure 2. 13 𝐕(𝛌) the eye sensitivity curve - taken form [22] 

 

The effect of the balance of colours obtained from a light source can be quantified by the 

colour rendering index (CRI). The CRI can be understood as a measure of the perceived 

colour of an object when illuminated by the light source. The CRI is found by comparing 

the colour of test objects when illuminated by the light source under test, to the colours of 

the object illuminated by a reference source, such as daylight [52].  The emission 

spectrum from a lighting device can also be quantified by its correlated colour temperature 

(CCT). Here, the spectrum of the test source is compared to that of a black body radiator, 

and the temperature of the black body that most closely matches the spectrum of the test 

source is the CCT of the device [52, 57].  Figure 2.13 compares the CRI and CCT of a 

blue LED plus yellow phosphor and a UV LED plus amixture of red, green and blue GB 

phosphors to sunlight.  It is also clear from Figure 2.13 that the overall shape of the 
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spectra from these devices differs signficantly from the ideal, i.e. most natural, spectrum 

of sunlight. This deviation comes about largely from the broad emission about fixed 

wavelengths of the commonly used phosphors. The appeal of QDs for this application 

rests largely on the fact that their emission is tunable and much narrower in bandwidth, 

which enables a much better match with sunlight to be potentially achieved. However, to 

compete with established phosphors, QDs must also have a similar photoluminesence 

quantum yield, which approaches unity for the best phosphors [58]. This greater flexibility 

in colours also means that QDs are strong candidates for the emitting species in other 

diverse applications, such as TVs, traffic signals, and automobile applications.  

 

Figure 2. 14 Comparison of the ideal spectrum with two white light LED sources [55]. 
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Chapter 3. Experiments. 

3.1. Introduction 

This chapter will describe the optical spectroscopy techniques used to characterise the 

quantum dots. Optical spectroscopy has the advantage of being a non-destructive 

technique, and does not require physical contact with the quantum dots under study. 

3.2. Absorption spectroscopy 

Steady state absorption spectroscopy refers to the technique that measures the 

absorbance spectrum, that is the light absorbed as a function of wavelength, due to its 

interaction with the material. 

 An ideal instrument has a light source that emits with equal intensity at all wavelengths, a 

monochromator that splits the beam into its constituent wavelengths, and a detector that 

responds to all wavelengths. The basic principle is illustrated schematically in Figure 3. 1 

below. 

 

Figure 3. 1 Principle of an absorption experiment. 

 

The intensity of the beam, before the sample, is defined as I0. The intensity of the beam 

after sample is defined as I.  
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When I0 = I the sample does not absorb light at that wavelength. If I0 > I there is absorption 

of the light in the sample. The amount of light absorbed is usually described either by the 

absorbance  𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
  ,or the transmittance,  𝑇 =

𝐼

𝐼𝑜
. 

In this work a LAMBDA 1050 WB UV/Vis/NIR Spectrophotometer, shown in Figure 3. 2, 

was used to obtain absorbance spectra. Its operation is described in detail below. 

 

Figure 3. 2 The optical layout  of the Lambda 1050 spectrometer (Modified from [1]) 

 

The system has two excitation sources, a deuterium lamp, (DL) for the UV range and 

halogen lamp (HL) for the near-infrared (NIR) and visible (Vis) ranges. 
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The mirror M0 increases the intensity of the light from the halogen lamp which is reflected 

by mirror M1 to mirror M2. At the same time it blocks the radiation from the deuterium 

lamp. For operation in the NIR range, the mirror M1 is raised to allow the radiation from 

the deuterium lamp to mirror M2. The source change is automatic. The radiation from the 

corresponding lamp is reflected from mirror M2 to mirror M3 through an optical filter on the 

filter-wheel assembly (FW) to mirror M4. The FW is controlled by a stepping motor that is 

synchronized with the monochromators. The filters are selected depending on the 

wavelength range; an optical filter is located in the beam path to pre-filter the radiation 

directed to mirror M4. From this mirror, the beam is redirected through the entrance slit of 

Monochromator I. All the slits are located on a slit assembly (SA). 

The beam is collected at mirror M5 and directed to grating G1. The beam will hit either the 

UV/Vis grating or the NIR grating, depending upon the wavelength range selected. (The 

grating monochromator has 1440 Lines/mm UV/Vis blazed at 240 nm and 360 Lines/mm 

NIR blazed at 1100 nm). 

The beam is dispersed into its spectrum by the grating and a range from this spectrum is 

selected by the rotational position of the grating. The selected segment of the spectrum is 

directed to mirror M5 and through the exit slit. The exit slits restricts the selected segment 

of the spectrum to a near monochromatic beam.  

This beam is directed to Monochromator II. The beam from M5 is reflected to mirror M6 

and directed to the appropriate grating G2 (UV/Vis grating or the NIR grating). Then the 

beam is reflected back to mirror M6 and directed through the exit slit to mirror M7. The 

rotational position of both grating G1 and G2 are synchronized. The beam emerging the 

exit slits has high spectral purity with low stray radiation content.  

The slits widths are automatically changed by the software during the scanning to 

maintain constant energy at the detectors. 
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A common beam mask (CBM) is mounted between the slit assembly (SA) and mirror M7. 

The mask restricts the cross section of the beam. The beam is directed from mirror M7 via 

mirror M8 to a depolarizing filter (DP), which is optional, and then to the chopper assembly 

(C). As the chopper rotates, a mirror segment, a window segment and two dark segments 

are brought into the beam in turn. 

The reference beam (R) is created when the window segment enters the beam, the beam 

passes through to mirror M9 and is directed to mirror M10. The sample beam (S) is when 

mirror segment enters the beam; the reflected beam is directed via mirror M10’ to the 

sample path beam. The two dark segments are used to create the dark signal, when a 

dark segment is in the beam path, no radiation is detected. 

There are internal attenuators for the sample beam (SBA) and the reference beam (RBA). 

The possible values are 0%, 0.1%, 1% and 100% transmittance.  

The alternated beam from the reference and sample are directed to the correct detector 

by using mirrors M11, M12, M13, and M11’, M12’, M13’.The software controls the 

detectors changeover and is fixed by the wavelength ranges. 

 



Chapter 3.  Experiments 

Daniel Espinobarro Velazquez  64 PhD Thesis 

 

Figure 3. 3 The three Detector Module (Modifed form [2]) 

 

The detector compartment is based on a module with three detectors, a photomultiplier 

tube (PMT) detector for the UV/Vis range (175–860 nm), and for the NIR a wideband 

InGaAs detector (860–2500 nm) and a lead sulfide (PbS) detector (860–3300 nm). This is 

shown in Figure 3. 3 

The LAMBDA 1050 WB UV/Vis/NIR Spectrophotometer is controlled by the software UV 

WinLab [3] and the instrument is calibrated via this software, as well.  
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Figure 3. 4 The data collection display, where the setup of the lamp sources, detectors and scanned 
region are selected (taken from [3]) 

 

The data collection screen is shown in Figure 3. 4. This screen allows the experimental 

parameters to be changed: excitation sources (deuterium and/or halogen-tungsten or an 

external lamp), filters (predetermined by the wavelength range), monochromator, slits, 

common beam mask (CBM) which reduces the cross-section, beam selection (change the 

path of the beam to fit different accessories), common beam depolarizer (CBD), rear and 

front beam attenuators, depolarizer and polarizer, wavelength range, cycles and detector 

settings.  
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3.3. Fluorescence spectroscopy 

Emission spectroscopy is a complementary technique to absorption spectroscopy; this 

technique reveals the energy spectra of the electronic transitions from an excited state to 

the ground state, while absorption spectroscopy reveals the transitions from the ground 

state to an excited state. In this work emission, also known as photoluminescence (PL) or 

fluorescence spectroscopy, provides information about the band gap, exciton binding 

energies and quantum dot sizes. 

When an electron is in an excited state, it can release the energy it had gained from 

excitation through emission of a photon, and thus go to the ground state. This effect is 

called fluorescence and for QDs typically occurs on the time scale of 10’s of nanoseconds 

[4]. The energy of the emission is typically less than that of absorption. i.e the 

fluorescence typically occurs at lower energies or longer wavelengths.  

The spectrofluorometer Fluorolog-3 model FL3-22iHR from Horiba Jobin Yvon was used 

in this work and (see in Figure 3. 5) 

 

Figure 3. 5 The Fluorolog 3-22iHR (modified from[5]) 
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The optical system consists of a 450W xenon lamp as an excitation source: the lamp is 

cooled by air and mounted in a vertical position. The mirror in front the lamp increases the 

intensity of the lamp and then the light is collected and directed by a mirror through a slit 

to the excitation spectrometer. This enables the excitation wavelength to range from 220 

nm to 600 nm (via a double grating monochromator with 1200 lines/mm and blazed at 330 

nm).  

The spectrum after the exit slit of the double grating corresponds to a near monochromatic 

radiation beam with high spectral purity and extremely low stray radiation content. The 

beam is directed to the T-box or sample compartment. The light from the sample can be 

collected and directed in two different ways: standard right-angle emission or front-face 

emission.  

The beam from the sample is directed to the emission spectrometer through slits, the 

double grating emission spectrometer range is from 290nm to 850nm (the double grating 

monochromator has 1200 lines/mm and is blazed at 500 nm). After the emission 

spectrometer, the light is directed through the slits to the R928P PMT, which is cooled by 

water. All the slits are controlled and calibrated by software. 

The F-3018 integrating sphere accessory was fixed in the T-box, during the measurement 

of PL quantum yield. In section 3.5, the method used for measuring quantum yield is 

described in some detail because it proved experimentally challenging to obtain reliable 

and repeatable results for our samples, and considerable effort was needed to identify the 

sources of experimental error. 
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3.4. Fluorescence lifetime measurements 

Time correlated single photon counting (TCSPC) is a well-known and frequently used 

technique for fluorescence lifetime measurement. It is also used for measurements of 

photon migration, optical time domain reflectometry and time of flight measurements 

(TOF)[6].  

The TCSPC system is based on the detection of single photons and measuring the time 

intervals between each photon detected. TCSPC is a statistical method which requires a 

great number of events (detected photons). The detected photons are accumulated in 

channels according to arrival time. Each channel represents the probability that a photon 

is detected within certain time interval. The principle of the TCSPC is shown in Figure 3. 6. 

 

Figure 3. 6 The principle of the TCSPC system.(modified from [7]) 

 

The TCSPC electronics can be compared to a stopwatch with a start and stop signals. 

The stopwatch is started by the reference electrical pulse (start) and stopped by the single 

photon pulse (stop).The time recorded for one “start-stop” sequence is represented by a 

stack base memory allocation; this memory is divided in channels that form the histogram. 

The histogram represents fluorescence intensity or number of counts (y-axis) versus time 

or channels (x-axis). The process of recording a single “start-stop” depends on the 

repetition rate of the light source, detectors and the TCSPC electronics. 
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The TCSPC electronics are shown in Figure 3. 7, the main modules are: Constant 

Fraction Discriminators (CFD), electrical delays (DEL), Time-to-Amplitude Converter 

(TAC), Analogue to Digital Converter (ADC) and digital memory (MEM). 

The Constant Fraction Discriminators (CFD) select peaks that are higher than a threshold 

value, the peaks are chosen by setting the zero crossing, which is an offsetting level 

adjustment of the timing jitter introduced by amplitude jitter of the detector pulses. The 

output is a pulse with a standard height and shape. 

The Time-to-Amplitude (TAC) measures the time interval between the start and stop input 

pulses. The output is an analogue pulse which ramps up to am amplitude which depends 

on the stop signal. 

The Analogue to Digital Converter (ADC) transforms the height of an analogue pulse to a 

height of a digital pulse, this digital pulse is a discrete value saved in a bin or channels. 

The width and number of the bins sets the full time range. 
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3.4.1. System description 

The TCSPC experiment used in this work was built by Stuart Stubbs, Thomas Badcock 

and me and is shown in Figure 3. 7.  

 

Figure 3. 7 TCSPC experimental set-up.  

 

The excitation source is a Spectra Physics Mai Tai High Performance (HP) mode-locked 

Ti:Sapphire femtosecond laser. This system has a repetition rate of 80 MHz, a range of 

tuning from 690 nm to 1020 nm, a pulse width <100 fs and a maximum average power of 

2.5 W at 800nm. The Mai Tai laser is pumped with 15 W power at 532 nm by a CW 

Nd:YVO4  laser. 

The laser beam is directed to the APE Pulse Select [8],which decreases the repetition rate 

from 80 MHz to 8 MHz or 4 MHz. The Pulse Select is a module that contains two main 

parts: an electronic driver and optical module. In the optical module there is a Bragg-cell 

that allows us to select single pulses from the laser beam with the help of the acousto-
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optical effect. The electronic driver gives a modulated RF signal for the Bragg-cell with a 

carrier frequency equal to five times the repetition frequency of the laser and an output 

power up to 17.5 W. When the beam passes through the crystal and the acoustic wave is 

inside the crystal, the crystal acts like an optical grating, the pulse train is deflected to the 

first diffraction order. These pulses are used in the experiment and the zero order pulses 

are blocked with a blade. 

The output beam from the Pulse Select is directed to the APE Harmonic Generator and 

the EOT Silicon Photodetector (ET-2000) though a beam splitter. The Photodetector 

sends a signal to the TCC900 (Edinburgh Instruments) that is the TCSPC electronics. The 

signal from the photodetector acts as the “start” for the system. 

The APE Harmonic generator (Third Harmonic Generator THG) is designed to triple or 

double the optical frequency. The beam from the Pulse Select is focussed to the doubling 

crystal (SHG X-tal) [9] by a mirror. Here the frequency is doubled by the nonlinear optical 

interaction in the crystal; with the phase-matching condition fulfilled by angle tuning the 

crystal. The generated beam and fundamental beams passes through a compensator 

block, which corrects for the difference in angle of refraction introduced between the two 

beams by the difference in refractive index at the fundamental and second harmonic 

wavelengths. Both beams are focussed into the THG crystal where the frequency is tripled 

if needed. 

After the THG crystal, the beams are collimated by a curved mirror and a dichroic mirror 

separates the THG beam, the SHG beam and the depleted fundamental. The THG or 

SHG are selected by steering mirrors and sent to the output.  

The output beam from the harmonic generator is directed to the sample holder, through 

two mirrors, and a periscope; it is focused with a microscope lens (Olympus DPlan 

10x,NA=0.25) for experiments for which high fluxes are required. The light emitted by the 
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sample is collected by lenses and sent to the monochromator (Spex 1871) through a band 

pass filter, which blocks the residual scattered laser light.  

The monochromator (Spex 1871) is controlled by the HORIBA Jobin Yvon SynerJY™ 

software. The light from monochromator is directed to the detector. The 

photoluminescence peak of the sample is usually chosen as the detection wavelength, 

however we can detect across the spectra  

The detector is a microchannel plate-photo multiplier tube (MCP-PMT) from Hamamatsu 

(R3809U-50). This MCP-PMT has a range from 160 nm to 850 nm and uses multialkali as 

photocathode material. When a photon is detected by the MCPT, it sends a signal to the 

TCC900, which acts as the “stop” signal.  

The TCC900 has two modes of operation: the “forward” and the “reverse” mode. The 

forward mode has the start signal as a regular event and the stop rate as a random event 

(since it is the probability to detect a photon in a period of time). If the photon is not 

detected the next start pulse works as rest and re-start. At high repetition rates (50 MHz to 

100 MHz) and low detection probability, this is an inefficient use of the electronics. 

Therefore the reverse mode is often employed, which uses a timing delay so that the stop 

signal begins the timing and it end when the start signal arrives. In this mode, the 

electronics works at lower rate. See Figure 3. 8 for a schematic comparison of the forward 

and reverse mode. 

In this work, the fluorescence decay was recorded in forward mode because the repetition 

rate of the laser was 80MHz and was divided in the pulse picker by factors of 10 times(8 

MHz), 20 times(4 MHz ) and 40 times(2 MHz).  

The wavelength from the laser was tunable, the wavelengths used were 800 nm and 840 

nm , at these wavelengths the maximum ~2.5 W power is, after decreasing the repetition 

rate and generating the second harmonic beam, the maximum power is ~3 mW  . 
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Figure 3. 8 Operations modes of the TCC900, forward (above) and reverse mode (below). (Taken from 
[10]) 
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3.4.2. Calculation of the fluence, absorption cross-section and 

average number of photons absorbed per CQD. 

The focal spot diameter was calculated using eq. (3. 1) 

∅ =
4

𝜋
∙
𝑓𝜆

𝐷
∙ 𝑀2 

(3. 1) 

 

where f is the focal length of the microscope objective used to concentrate the excitation 

beam (17.69 mm), λ is the excitation wavelength (420 nm), D is diameter of the excitation  

beam (2.8 mm) and 𝑀2 is the beam quality of the laser beam (<1.1). The focal spot 

diameter was thus calculated to be 0.003 mm. and the Rayleigh length, 𝑍𝑅 was 0.02 mm 

where 

𝑍𝑅 =
𝜋

𝜆
(
𝜙

2
)
2

 

(3. 2) 

 

The PL generated by the excitation beam was collected by a converging lens imaged onto 

the monochromator entrance slit according to (3. 2) 

The focal point was calculated using eq. (3. 3) 

1

𝑓
=

1

𝑢
+

1

𝑣
 

(3. 3) 

 

where 𝑢 is  the (object distance i.e.) distance from the excitation volume to the lens in this 

case (𝑣 is the image distance) i.e. is the distance from the lens to the entrance slit of the 

monochromator in this case, and 𝑓 is the focal distance of the lens which had a value of 

±12.5 cm. The total distance to from the object to the slit was 50 cm, and the lens was 

placed half way between them i.e a “4𝑓” focusing scheme was used. 
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The magnification due to the lens was calculated using eq. (3. 4),  

𝑀 =
𝑢

𝑣
 

(3. 4) 

 

and had a value of unity since 𝑢 = 𝑣 = 2𝑓 for this arrangement 

The extent of the excited volume sampled by the monochromator was determined by the 

entrance slit of the monochromator, which was set to a 1 mm throughout. Due to the 4𝑓 

focusing a 1mm section of the excited volume was sampled by this slit width. The lens 

was carefully aligned by maximising the detected signal, which was assumed to 

correspond to when the focal point was at the centre of the sampled region. Since 𝑍𝑅 was 

small compared to the slit width, the sampled region could be described by two identical 

cones with apexes touching at the focal point, located in the centre of the sampled region, 

and a cone half-angle equal to the beam divergence half-angle. The average radius of the 

sample part of the excited volume is thus equal to the radius of one of these cones at a 

distance 0.25 mm from the focal point. The beam divergence half angle was 0.08 radians, 

which was calculated using eq. (3. 5). 

𝑏𝑒𝑎𝑚 𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 = 𝑡𝑎𝑛−1 (
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑏𝑒𝑎𝑚 

2 𝑓𝑜𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
)  

(3. 5) 

 

the average radius, raverage was thus  calculated using  (3. 6) 

𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 0.25∙ tan(𝑏𝑒𝑎𝑚 𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒) 

(3. 6) 

 

The repetition rate of the laser was 2 MHz with an average power of 5 mW, which 

corresponds to a pulse energy of 2.5 nJ. The average fluence during a pulse is given by 

the ratio between pulse energy and average area, 𝐴𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = πr𝑎𝑣𝑒𝑟𝑎𝑔𝑒
2 ., and was found to 
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be  2 µJ/mm2  which for excitation at a wavelength of 420 nm is equivalent to 4.3x1014 

photon/cm2. 

The extinction coefficient at a wavelength of 410 nm for CdTe CQDs was calculated from 

𝜖410 = 10600(𝐷)3  [11, 12] where D is the colloidal quantum dot (CQD) diameter. The 

extinction coefficient at 410 nm of CdTe CQDs was established by the authors of Ref [11, 

12] by measuring the absorption at this wavelength for a known CQD molar concentration, 

C(mol L-1). Extinction coefficient is then found using 𝐴 = 𝜖𝐶𝐿 . where A is the 

absorbance, 𝐴 = −𝑙𝑜𝑔(𝐼 𝐼0⁄ ), and L is the path length of the beam through the sample. 

The measured absorbance spectrum found for the samples used in this study was used to 

scale this value to take into account that the excitation wavelength used was 420 nm. 

The absorption cross section ,, in units of cm2 was calculated using (3. 7) from the 

extinction coefficient and Avogadro’s number 𝑁𝐴. 

𝜎 = 1000ln (10)
𝜖

𝑁𝐴
 

(3. 7) 

 

The average number of photons absorbed per CQD per pulse <N> was calculated, 

< 𝑁 > =  𝜎𝐽, where 𝐽 is the fluence in photon/cm2. The number of photons absorbed per 

pump pulse by any individual CQD is described by Poisson statistics i.e. 

𝑃𝑁 =< 𝑁 >𝑁∙
𝑒−<𝑁>

𝑁!
 

(3. 8) 

 

Where 𝑃𝑁 is the probability of a CQD absorbing N photons during a pump pulse. 
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3.4.3. The Instrument Response Function (IRF) 

The Instrument Response Function (IRF) determines the time resolution of a TCSPC 

measurement. This time characterises the quality of the instrument and the effect of the 

instrument on the data recorded. The IRF takes into account the electronics jitter, transit 

time spread of the detector and the pulse duration of the light source. A lifetime 

measurement is the convolution of the fluorescence decay and the IRF.  The detector and 

light source electronic jitter is typically <25 ps. The pulse width from the laser at 80 MHz is 

<100 fs[13].The IRF of the MCP-PMT on its own [14] at FWHM is 38.6 ps, tested by 

Hamamatsu Photonics K.K., Electron Tube Division. See Figure 3. 9. 

The IRF can be calculated by the sum of the squares of the contributions of electronics, 

light sources  and detector [6, 15], and for our setup is 46 ps.  

 

Figure 3. 9 The Instrument Response Function (IRF) of the MCP-PMT [14] 
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3.5. Photoluminescence quantum yield  

This section describes the two methods used to record the photoluminescence quantum 

yield (PLQY) for the colloidal quantum dots under study. These methods are: the 

comparative (or relative) method and the absolute method. The PLQY expresses the 

proportion of excited emitters that deactivate by emitting a photon. In others words, the 

photoluminescence quantum yield, φf represents the number of emitted photons Noem 

(λem) per number of absorbed photons Noabs (λabs) [16] 

𝝓𝒇 =
𝑵𝒐 𝒑𝒉𝒐𝒕𝒐𝒏𝒔𝒆𝒎(𝝀𝒆𝒎)

𝑵𝒐 𝒑𝒉𝒐𝒕𝒐𝒏𝒔𝒂𝒃𝒔(𝝀𝒂𝒃𝒔)
 

     (3. 9) 

 

It can also be related to the relative rates of the radiative and non-radiative pathways, 

which deactivate the excited states: 

𝝓𝒇 =
𝜿𝒓

𝜿𝒓 + ∑𝜿𝒏𝒓
 

     (3. 10) 

 

where 𝜅𝑟  and 𝜅𝑛𝑟correspond to the rates of the radiative and non-radiative processes, 

respectively. 

In Equation (3. 10)  ∑𝜅𝑛𝑟  describes the sum of the rate constants for the various 

processes that compete with the emission process. These processes include 

photochemical and dissociative processes including other, less well characterized 

changes that result in a return to the ground state; these processes are all non-radiative 

transitions. 

In principle, PLQY measurement is a simple technique, but in practise it is challenging and 

troublesome and requires significant care and effort to obtain reliable results. .  
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As a result of the difficulty in measurements, there is often a discrepancy in QY values 

between authors. Moreover, some measurements were made more than 30 years ago 

and have not been confirmed with a recent method [17]. The lack of information about the 

procedure followed, and/or missing information about the system parameters, solvent, 

excitation wavelength, sample concentration and dye references, compound the  

difficulties in  comparing experimentally obtained values to literature values 

Another issue is the deficiency of application notes, technical notes and guidelines 

provided by instrument manufactures, and these procedures are not the most accurate 

available [18] 

In addition PLQY measurements are sensitive to: temperature, concentration dependency 

(inner-filter-effect and post-filter-effect), impurity of the solvents, oxygen, bad dissolutions 

and photochemical instability.[19]. 

PLQY measurement is thus a challenging and a time consuming method, which needs 

lots of practice to achieve good quality and reliable results. The PLQY literature 

uncertainty values is commonly ±5-10%, in contrast in this work an uncertainty of ±2.5% 

was obtained. 

This uncertainty was achieved by calibrating the system with several dyes and months of 

work in the lab. The cleaning process of the cuvettes proved to be a big factor in achieving 

reliability in the measurements.  

The results achieved for the four dye standards identified as being reliable values in the 

literature and emitting in a similar spectral region, and with similar PLQY to the dots under 

study are given below in Table 3.1. 
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Table 3.1 Dye standards, the dyes where diluted in 99% Ethanol by Aldrich. 

Dye PLQY  PLQY literature 

Rhodamine 6G by lambda Physik (LC5900) 94.9% 95%  [20] 

Oxazine 1 by lambda Physik (LC7250) 13.0% 14%  [21] 

Pyrromethene 580 by Exciton (LC5805) 90.1% 90%  [22] 

Pyrromethene 605 by Exciton 72.9% 74%  [22] 

 

The values of Table 3.1 were calculated using an integrating sphere using the absolute 

method.  
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3.5.1. Comparative method 

The comparative or relative method was proposed by Williams et al [23]. This method is 

based on the fact the PLQY for one material is known already and can be used to quantify 

the QY for a different unknown sample, under the same conditions: excitation wavelength 

slits size, and integration time. 

In this method, the number of emission photons detected is proportional to the integrated 

area under the corrected fluorescence spectrum. 

𝑭 = ∫ 𝒒𝒑
(𝝀𝒆𝒙, 𝝀𝒆𝒎)𝒅𝝀𝒆𝒎 = (𝒉𝒄𝟎)

−𝟏
𝝀𝟐

𝝀𝟏

∫ 𝑰(𝝀𝒆𝒙, 𝝀𝒆𝒎)  ∙  𝝀𝒆𝒎𝒅𝝀𝒆𝒎

𝝀𝟐

𝝀𝟏

 

 (3. 11) 

 

where F is the spectrally integrated photon flux qp(λem) at the detector, 𝐼(𝜆𝑒𝑥, 𝜆𝑒𝑚) is the 

measured fluoresce spectra, and the 𝜆𝑒𝑚and the 𝜆𝑒𝑥  are the wavelengths of emission  

and excitation, respectively. 

The fraction of photons absorbed, 𝑓(λex) , is given by  

𝒇(𝝀𝒆𝒙) = 𝟏 − 𝑻(𝝀𝒆𝒙) = 𝟏 − 𝟏𝟎−𝑨(𝝀𝒆𝒙) = 𝟏 − 𝟏𝟎−ℇ(𝝀𝒆𝒙)𝒄𝒍 

 (3. 12) 

 

where 𝐴(λex)  is the absorbance, ℇ  the molar decadic absorption coefficient, 𝑐   the 

chromophore concentration, 𝑙 the optical path length, and 𝑇(λex) the transmittance. 

Hence for sample X, we can write eq. 

𝝓𝒙 = 𝒌
𝑭𝒙

𝒇𝒙(𝝀𝒆𝒙)
 

            (3. 13) 

where k is a constant. 
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And for a standard material, for which the quantum yield is known 

𝝓𝒔𝒕 = 𝒌
𝑭𝒔𝒕

𝒇𝒔𝒕(𝝀𝒆𝒙)
 

           (3. 14) 

 

Comparative measurements on solutions of sample “X” and standard “St”, can then be 

used to estimate the 𝜙 of x sample by dividing  the equations above to eliminate k. 

𝝓𝒙

𝝓𝒔𝒕
=

𝑭𝒙

𝒇𝒙(𝝀𝒆𝒙)
𝑭𝒔𝒕

𝒇𝒔𝒕(𝝀𝒆𝒙)

 

(3. 15) 

 

Hence 

𝝓𝒙 = 𝝓𝒔𝒕

𝑭𝒙

𝑭𝒔𝒕
∙
𝒇𝒔𝒕(𝝀𝒆𝒙)

𝒇𝒙(𝝀𝒆𝒙)
∙
𝒏𝒙

𝟐

𝒏𝒔𝒕
𝟐

 

(3. 16) 

 

where the final term is included to take into account the fact that the PL intensities 

depends on the relative permittivity of the surrounding medium, 𝜀 = 𝑛2 . If different 

solvents are used for “x” and “st”, then the n’s are the refractive indices of the solvents 

used for the both solutions. 

The determination of the quantum yield by the comparison (or relative) method consists of 

the following steps: 

a. Measurement of the absorption and emission spectrum of the sample. 

b. Choice of suitable fluorescence quantum yield standard absorbing and emitting 

within a similar wavelength region as the sample. 

c. Choice of the measurements conditions and measurement of the corresponding 

absorption and emission spectra of sample and standard and the emission spectra 
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of the corresponding solvents, which should be subtracted from the emission 

spectra of the sample and standard to remove the possible background signals. 

d. Data evaluation and calculation of the relative fluorescence according with 

equation (3. 16) 

There is an alternative procedure that uses the previous steps and adds different 

concentrations of the sample and standard (0/solvent blank, 20%, 40%, 60%, 80% and 

100% of the sample). The integrated PL is the plotted against absorbance to yield a linear 

relationship with zero intercept [24]. An example of this obtained during this work is shown 

in Figure 3. 10. 

 

Figure 3. 10 Absorbance, PL intensity spectra and the linear plot of Oxazine 1 for five different 
concentrations. 
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The slopes of the graphs obtained (standard and sample) are proportional to the quantum 

yield. The PLQY value for the sample is then calculated using the equation 

𝝓𝒙 = 𝝓𝒔𝒕

𝑺𝒍𝒐𝒑𝒆 𝒙
𝑺𝒍𝒐𝒑𝒆 𝒔𝒕

∙
𝒏𝒙

𝟐

𝒏𝒔𝒕
𝟐

 

(3. 17) 

 

The standards that are selected should be cross calibrated using this equation (3. 17). 

The match was considered valid and acceptable if the data obtained was of good quality 

(i.e. linear) and the experimental quantum yield matched the literature counterparts within 

±10% [24].  

 

Figure 3. 11 Cross reference of three different dyes. (Rhodamine700, Nileblue and Oxazine1). 
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Table 3. 2 Cross reference values 

Dye Standard  PLQY literature Cross reference Error 

Oxazine 1 14% [17, 21, 25] 14% ± 0.7% 

Nileblue 27% [17, 25, 26] 26% ± 1.2% 

Rhodamine700 38% [27, 28] 39% ± 1.8% 

 

Figure 3. 11 and Table 3. 2 show three dyes in ethanol, the excitation wavelength was 

600nm. The values of PLQY in literature vary which is a common problem. The PLQY 

values for the three different dyes were calculated using the same parameters (slits, 

wavelength, integration time and vials)  
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3.5.2. The absolute method 

The absolute method determines the values of 𝑁𝑜 𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑒𝑚(𝜆𝑒𝑚)  and 

𝑁𝑜 𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑎𝑏𝑠(𝜆𝑎𝑏𝑠) in the equation (3. 9) by using an integrating sphere. In this work the 

F-3018 integrating sphere accessory for the Flurolog-3 was used. 

An ideal integrating sphere is designed to spatially integrate radiant flux for collection of all 

possible emission angles from the sample; unfortunately no integrating sphere is ideal. 

The interior of the F-3018 has a reflecting coating, which is a material known as 

Spectralon. This coating material has a wide and flat reflectance of over 95% from 250 nm 

to 2.5 µm.The sample holder is designed for cylindrical vials [29] (diameter 8 mm and 

height 40 mm). 

 When the light passes through the excitation port and hits the sample (Figure 3. 12 

shows the integrating sphere), some light is absorbed, the unabsorbed light is reflected 

and diffused around the sphere by the reflecting material of the sphere; and some of the 

reflected light is absorbed again by the sample. The baffle in the sphere located in front of 

the emission port prevents the exit of light which has not been diffused. The detector 

records the diffused light from the sample photoluminescence and excitation.  

 

Figure 3. 12 The F-3018 at 0 and 90 degrees (in and out the beam). Modified from [30] 
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In this study the samples measured were recorded in the beam (0 degrees), and out of 

the beam (90 degrees)see Figure 3. 12. When the sample is out the beam it only absorbs 

diffused light. Once again the diffused light from the sample photoluminescence and 

excitation are detected.  

The determination of the quantum yield by the absolute method consists of the following 

steps: 

a) Measurement of the scattered light of the blank at 0 degrees at the excitation 

wavelength. Neutral density (ND) filters have to be used to prevent damage to the 

detector. 

b) Measurement of emission spectra of the blank at 0 degrees using the same 

excitation wavelength. 

c)  Measurement of the scattered light and emission spectrum of the sample at 90 

degrees, keeping the same setup parameters (slits, wavelength excitation, ND 

filters and scan range), which were used to record the scattered light and emission 

spectra of the blank. 

d) Measurement of the absorption and emission spectrum of the sample at 0 

degrees, keeping the setup parameters for the previous step. 

e) Record the light intensity of the sample at the excitation wavelength when the 

sample is at 0 degrees using filters at the excitation and emission port and taking 

out the filter in the emission. Also it is important to know the background noise 

when the slits are closed. 

f) PLQY calculator spreadsheet can be filled with data collected. The spreadsheet 

was provided by Horiba.  

Figure 3. 13 shows an example of the data acquired with the integrating sphere for the 

dye rhodamine 6G, which was diluted in ethanol (99%.purity). The scattered light was 

recorded with a bandwidth of 1.3 nm. The excitation wavelength used was 450nm and the 
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scan range from 440 nm to 460 nm with a step size of 0.1 nm. The PL spectra were 

recorded using the same excitation wavelength and bandwidth size; the scan range was 

from 460 nm to 750 nm with a step size of 1 nm. 

 

Figure 3. 13 Scatter light and photoluminescence spectra at 0 and 90 degrees for rhodamine 6g and 
the ethanol.  

 

The PLQY value for rhodamine 6G in the literature is 95% [20]. This value is similar to the 

PLQY of 95.6% obtained using the integrating sphere for the absolute method with a 

sample absorbance of 0.05. 

 

Figure 3. 14 PLQY values for 5 different concentrations of Rodamine 6G. 
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This method does not require a dye standard, or different concentration, however is a 

good practice to use different concentrations and dyes to calibrate the system. 

In Figure 3. 14 PLQY values for 5 different concentrations of rhodamine 6G are shown. 

The recommended concentrations should be given an absorbance lower than 0.1 at the 

excitation wavelength and also lower than 0.1 at any wavelength longer than the 

excitation wavelength to avoid inner and post filter effect.  

Table 3. 3 PLQY values with their respective absorbance for Rhodamine 6G. 

Absorbance (a.u.) 0.05 0.09 0.13 0.17 0.22 

PLQY  95.65% 94.10% 93.20% 94.90% 97.60% 

 

The Table 3. 3 shows the PLQY for the five different concentrations. The mean of the 

PLQY for the five concentrations is 95.1% with an error of ±0.74%. However absorbance 

above 0.1 could result in a false PLQY values. The value used was the average between 

concentrations below 0.1. That is 94.9% with an error of ±0.8%. 

An important aspect for a reliable PLQY measurement is to know the system and 

integrating sphere correction factors [31], usually these correction factors are given by the 

instrument supplier. However the integrating sphere correction factor needs to be updated 

periodically, because the sphere coating material may lose its reflective properties by the 

aging process and/or contamination. 
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3.6. Summary and Conclusions 

Absorption and PL spectra measurements were a straightforward technique, due to the 

user-friendly software and system quality supplied by the manufacturers. Both instruments 

correct the measured spectra. The Lambda 1050 has a self-calibration routine which 

ensures a high accuracy in the measurements. For the Fluorolog 3 a correction factor is 

installed by the manufacturer and it can be updated by the user if need be. 

The TCSPC system was built by Stuart Stubbs, Thomas Badcock and me. The system 

offers the capability to tune the excitation wavelength from 345 nm to 510 nm. And the 

IRF is 46 ps. This system has been optimised for an excitation wavelength of 400 nm and 

420 nm.  

The measurement of PLQY is a challenging procedure, which needs great care during the 

whole process. It is vital to plan in advance which dyes will be used as a reference for the 

CQD’s under study, and in this work we study different dyes and CQD’s using both the 

comparative (or relative) and absolute method. 

In our experience both methods have shown similar results, the advantages and 

disadvantages of these methods depend more on the material under study, vials (cells), 

correction factors for the instrument and accessories; and also how well the ranges of 

concentration have been prepared. 

The comparative method is simple in principle and reliable, and the use of well-known dye 

standards to do a cross calibration ensures the quality of PLQY values. However this 

method requires lots of work, planning and time. The cuvettes have to be spotless, with no 

fingerprints and no trace of solvents from previous sample and/or impurities. In practice 

this is a constant problem, the seal of the cuvette’s lids can be dissolved by the solvents; 

also the lids keep residues of other samples. The quartz cuvettes themselves, which have 

a 10mm path length and were supplied by Starna Scientific Ldt, haven a small but 

different absorbance between each cuvette and this difference increases with age. This is 
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an important factor when working with five different concentrations when the maximum 

absorbance should be below <0.1.  

In contrast the absolute method is a quick way to get PLQY values for unknown samples 

without a standard dye as a reference; with modern spectrofluorometers as the Fluorolog3 

the PLQY measurements are accurate and fast. Despite this, the absolute method needs 

to be performed with care and procedures followed step-by-step to avoid problems. 

Another issue is the need for updated correction factors and calculation spreadsheets to 

get reliable values. 
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Chapter 4. Multi-exciton and hot 
emission from Type II colloidal 
quantum dots. 

4.1. Introduction  

The optical properties of homogeneous CQDs are determined by the choice of material, 

their size and the surface passivation. However, the addition of a shell of another material 

around the original CQD, now known as the core, enables another means of controlling 

optical properties.  Such ‘core-shell’ CQDs are heterostructures and can be divided in two 

main types (as illustrated in Figure 4. 1) depending on the alignment of the conduction 

and valence band edges of the materials the CQDs are formed [1]. 

 

 

Figure 4. 1 Structure of Type I and Type I colloidal quantum dots I. For Type I both carries are in the 
core, and for Type II the e-h pair are localised in different part of CQDs, i.e. the core and shell) 
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A Type I structure is produced when the semiconductor material used to form the core has 

a smaller band gap than the shell material. This confines an electron and hole pair (i.e. an 

exciton) inside the core with the shell acting as a barrier between these charges the CQD 

surface. This type of structure is beneficial for emission, typically resulting in a higher 

PLQY than a homogeneous CQD, because it reduces the interaction of photo-generated 

charges with the surface states arising from incomplete passivation that enable non-

radiative recombination. In contrast, in a Type II structure the alignment of the conduction 

and valance band edges are such that the electron and hole localise in different parts of 

the CQD, one in the core and the other in the shell. Recombination now occurs between 

the conduction band minimum and the valance band maximum of the electron and hole 

containing materials, respectively –see Figure 4.1. Thus, the emission wavelength can 

now also be tuned by control of the shell thickness as well as of the core diameter. The 

spatial separation of the charges results in a reduced wave-function overlap between the 

electron and hole (e-h), increasing exciton and multiexciton lifetimes [1]. Which are 

important for optical amplification and lasing. Furthermore, a type II structure has been 

shown to reduce the rate of hot electron cooling by 3 orders of magnitude [2], which could 

reduce the threshold for multiple exciton generation [3], leading to an improvement in 

solar cell efficiency [4]. 

When two excitons are present within a Type II CQD, the charge separation can also 

produce an imbalance between the columbic attraction (between electrons and holes) and 

repulsion (between the two electrons and between the two holes), resulting in an exciton-

exciton (X-X) interaction energy, Δxx This interaction could be an energy increase (Δxx>0) 

or energy reduction (Δxx < 0), which correspond to net repulsion or attraction, respectively. 

In Figure 4. 2 a schematic diagram of the two processes are shown. (For simplicity, the 

electric field (E) is between just two of the charges is shown, but in actuality all four 

charges interact). A net repulsive interaction increases the energy required to create a 

second exciton, 𝐸𝑋
(2)

, by Δxx so that it is greater than the energy required to produce the 
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first, 𝐸𝑋
(1)

  , whilst a net attractive interaction reduces it by the same amount . A repulsive 

interaction thus blue-shifts the absorption edge of a singly excited CQD away from the 

emission band, reducing the threshold for optical gain. A net attraction interaction has the 

opposite effect, producing greater spectral overlap between the emission band and the 

absorption edge of singly-excited QDs and thus increasing the threshold for gain.  

Thus the total energy required to produce a biexciton, 𝐸𝐵𝑋 is . 

𝐸𝐵𝑋 = 𝐸𝑋
(1)

+ 𝐸𝑋
(2)

= 𝐸𝑋
(1)

+ (𝐸𝑋
(1)

+ ∆𝑋𝑋) 

(4. 1) 

 

where ∆XX is thus ∆XX= 𝐸𝐵𝑋 − 2𝐸𝑋
(1)

).  

 

Figure 4. 2 Schematic diagram of the effects of attractive or repulsive X-X interaction energies, ∆𝐗𝐗. In 

the case of net attraction the transition energy for the second exciton, 𝑬𝑿
(𝟐)

  is smaller than that needed 

to produce a single exciton, 𝑬𝑿
(𝟏)

, which increases the absorption at the emission wavelength. For net 

repulsion, however, 𝑬𝑿
(𝟐)

> 𝑬𝑿
(𝟏)

, which reduces the absorption at the emission wavelength). 

 

The initial experimental work on X-X interactions in CQDs with a Type II structure was first 

performed by Klimov [5]. However the idea of single exciton gain [6] achieved via this 

effect was introduced by his group in 2004. In 2007, a theoretical study of the X-X 
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interactions in Type II CQDs was carried out by Klimov and collaborators, in which an 

analytical and numeral analysis of X-X interactions took into account the direct 

contribution of the Coulomb coupling between carriers and also interface polarization. This 

analysis indicated that the direct coulomb coupling is strongly repulsive and the interface 

polarization could be either repulsive or attractive depending on the relative dielectric 

constants of the core and shell of the CQD. However even when positive, the interface 

polarisation contribution was not sufficiently large to counter-balance the repulsive direct 

contribution and thus produce a net attractive interaction. Later that year Klimov reported 

a practical demonstration of optical amplification [5] from singly-excited Type II CQDs, 

which is only possible if the absorption band and emission band are sufficiently separated. 

(N.B. A biexciton fills the 2-fold degenerate conduction band edge, completely bleaching 

the band edge absorption that competes with emission, making optical gain possible 

without a spectral separation between the emission band and the absorption edge.) This 

was an important result because the lifetime of biexcitons is typically limited to the 

picosecond-timescale by efficient Auger recombination, whilst single excitons have 

lifetimes greater than a nanosecond. Thus, optical gain based on single excitons is much 

longer sustained that if it is based on biexcitons.   

Klimov reported a giant interaction which was repulsive (Δxx =+106 meV) in CdS/ZnSe 

NCs [5], in reasonable agreement with his theoretical calculation Δxx  = 91 meV, and this 

was observed for different emission colours. In this work, Δxx was determined by 

comparing the PL spectrum of the CQDs immediately after excitation to a time (2 ns later) 

when all biexcitons have recombined. The earlier spectrum was observed to have an 

additional blue-shifted component, which was attributed to biexciton emission, with the 

spectral shift between this feature and the PL peak at later times being equal to Δxx – see 

Figure 4. 3 ZnTe/CdSe type II CQDs, which emit in the near-infrared, were also studied in 

the same work and again a repulsive interaction energy was reported, with Δxx =+80 meV. 
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In the same year an extension of this work was published by the same group. [7], which 

supported and extended the previous results. 

 

Figure 4. 3 Klimov’s Transient PL experiment  demonstration of repulsion interaction (anti-binding). 
(Taken from [5]) (single exciton in red dots and biexciton in blue squares) 

 

Another study of multiexcitons in Type II CQDs was carried out by Oron [8] also in 2007, 

investigating CdTe/CdSe CQDs via quasi-cw PL spectroscopy. The properties of 

multiexcitons in Type I and Type II CQDs were compared, with an increase of the 

radiative lifetime produced by the charge separation in a Type II structure observed. The 

Auger recombination lifetimes also increased up to a nanoseconds time-scale for Type II, 

due to the reduced wave-function overlap. A net repulsive X-X interaction of up to Δxx 

=+30 meV was reported due to the observed blue-shift of the emission observed 

immediately after excitation. 
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In 2010, Ivanov carried out a study of Type II CdS/ZnSe CQDs [9] using time-resolved 

photoluminescence spectroscopy, and showed that biexcitons are significantly affected by 

the thickness of the shell while single-excitons showed little variation.  

 

Figure 4. 4 Ivanov’s transient PL experiment for CdS/ZnSe CQDs, showed a repulsion interaction 
(Taken from [9]) Data observed immediately after excitation are represented by the circles, with the 
data represented by squares corresponds to a time after biexciton recombination is complete. 

 

The average emission lifetime was increased from 23 ns to 45 ns by increasing the 

thickness of the ZnSe shell, as the electron and hole increase their spatial separation as 

the shell increases. Exciting at high intensities produced biexcitons which had a fast, sub-

nanosecond decay and at a spectral position blue-shifted with respect to that of the single 

exciton, which was attributed to a net coulomb repulsion between the charges in the 

CQDs. Figure 4. 4 shows such a spectral blue-shifting, in this case attributed to a 

repulsive X-X anti-binding of Δxx =+70 meV. Varying the shell thickness was found to tune 
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the value of Δxx extracted from the fit to the PL spectra, and the potential of this effect  in 

optical gain applications or solar cells was discussed.[9]. 

In 2010 a study on charge transfer dynamics in CdTe and CdTe/CdS CQDs by Rawalekar 

and co-workers [10] showed an average increase in the PL lifetime as the thickness of the 

shell was increased, due to the charge transfer to the CdS, which also decreases the 

influence of the CQD surface on the hole. Also observed was an increase in the rise time 

of emission  as the shell thickness grows, indicating that a Type II structure reduces the 

rate of cooling to the band edge. One year later, the same group studied charge transfer 

dynamics in CdTe/CdSe [11], where the lifetime was found to increase in direct proportion 

with the shell thickness. 

In recent years, a more detailed calculation of the effects of the electron was reported by 

McDonald et al in 2012 [12], where a Monte Carlo method was used to calculate the 

exciton interactions in Type I and II CQDs. The calculations were found to agree with 

experimental data for CdTe/CdSe CQDs, and showed that the exciton–exciton interaction 

energy in this system undergoes a transition from binding (Δxx<0) to anti-binding regime 

(Δxx>0) as the shell thickness increases 
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4.2. Synthesis and optical characterisation of CQDs Type II 

The CQDs used in this investigation were synthesised by Robert C. Page via a hot–

injection method using dual source precursors [13]. The CQDs studied in this chapter are 

based on CdSe cores with a CdTe shell, with some of them having an extra shell of CdS. 

The purpose of the second shell is to passivate the CQDs since to the CdTe is vulnerable 

when it interacts with the oxygen in the air [14].  

The CdSe cores were grown to have a zinc blende crystal structure, since this structure is 

isotropic and allows a uniform shell growth in all directions. The cores were synthetized at 

240°C with two minutes growth time, then cooled for growing the shell. The CdTe shells 

were grown by the injection of Cd-oleate and trioctylphosphine telluride (TOP-Te) into the 

CdSe cores solution containing oleylamine as a ligand, the reaction was carried at 190°C 

then heated to 250°C for 30 min shell growth, depending on the desired thickness the 

process was repeated. The second shell of CdS was grown in similar way using Cd-oleate 

and TOP-S as precursors; the reaction was carried out at a temperature of 190°C which 

was then increased to 225°C for 30mins to grow the shell. The CdS shell grown was thin 

to ensure that charge carrier extraction possible for the solar cells experiments reported in 

Ref.[4]. The reactions to grow the CQDs were all carried out under a nitrogen atmosphere 

to prevent oxidation. 

To confirm that the crystal structure of the CdSe, CdSe/CdTe and CdSe/CdTe/CdS CQDs 

was zinc blende, X-ray powder diffraction (XRD) patterns were obtained. CdS has a 

tendency to growth with a wurtzite crystal structure but was expected to follow the zinc 

blende template of the underlying CdTe. In Figure 4. 5 a) the XRD patters show a zinc 

blende crystal structure is present from the CdSe core, the CdTe also adopted the same 

crystal structure, and also for CdS shell. The diffraction peaks for CdS shell show a weak 

or lack of intensity, which is the result of growing a thin shell. The size and the 

monodispersity of the CQDs were confirmed using scanning transmission electron 

microscope microscopy (STEM). In Figure 4. 5b) the CdSe cores are on the top row of the 
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figure, and show a high monodispersity (top left); the lattice fringes observed using high 

magnification (top right) correspond to zinc blende crystal structure for CdSe. A size 

analysis for over 100 particles yielded an average diameter of 3.5 nm with a standard 

deviation of 0.3 nm for the CdSe cores. The corresponding values for the CdSe/CdTe 

CQDs were 4.9 nm and 0.8 nm and for the CdSe/CdTe/CdS were 6.6 nm and1.3 nm. The 

increase of standard deviation on the addition of the shells indicates a reduction of the 

monodispersity of the CQDs after shelling. The XRD patterns and TEM studies were 

performed by collaborators based in the School of Materials and the School of Chemistry, 

R.C Page and  E A Lewis [15]. 

 

Figure 4. 5 XRD patters (a) for CdSe (black line). CdSe/CdTe (red line) and CdSe/CdTe/CdS (blue line) 
and STEM (b) images for CdSe (top). CdSe/CdTe (bottom left) and CdSe/CdTe/CdS (bottom right) [16] 

 

Typical absorption and photoluminescence spectra are shown in Figure 4. 6, and are a 

representative of the CQDs before and after the shelling process The PL peak for the 

CdSe cores is at 605 nm, and undergoes a large redshift on the addition of the first shell 

to 660 nm, and a further but smaller redshift after the addition of the CdS shell to 675 nm.  

The Stokes’ shift between the first absorption peak and the emission peak for the CdSe 

cores is 31 nm, 12 nm for the CdSe/CdTe and 10 nm for the CdSe/CdTe/CdS. In Figure 4. 

a)             b) 
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6 c) the exact spectral position of the first absorption peak was found by using the second 

derivative of the absorbance spectrum The first absorption peak of the core shifts after 

growth of the shell, from 574 nm (2.16 eV) to 648 nm (1.91 eV), and after the CdS shell is 

added it further shifts to 665 nm (1.86 eV). Finding the position of the first absorption peak 

of the CdSe CQDs allows their diameter to be calculated, as described below.  

 

Figure 4. 6  Examples of the absorption (a) and PL (b) spectra for CdSe, CdSe/CdTe and 
CdSe/CdTe/CdS CQDs. c) Determination of the first absorption peak using the 2

nd
 derivative. 

 

To know the diameter of the core of CdSe CQD, two approaches were used. The first was 

by using the experimental data of Yu et al [17] and the second was by using the empirical 

and theoretical model by de Mello et al [18]. There is a significant discrepancy between 

these two approaches for first absorption peaks at short and long wavelengths. However, 

they are consistent over the spectral range corresponding to the samples used in this 

investigation.  

a)      b) 

 

 

 

 

 

 

                    c) 



Chapter 4.                     Multi-exciton and hot emission from Type II colloidal quantum dots 

Daniel Espinobarro Velazquez  104 PhD Thesis 

Equation (4. 2) is from Yu et al [17] and allows the calculation of the diameter of CdSe 

QDs, 𝑑 , from the wavelength corresponding to the first absorption peak, 𝜆 : 

𝑑 = (9.8127 𝑥10−7)𝜆3 − (1.7147 𝑥10−3)𝜆2 +  1.0064𝜆 − 194.84  

(4. 2) 

 

and equation (4. 3) is from de Mello et al [18] and relates the band gap, 𝐸𝑔 , to  the 

diameter; 

𝐸𝑔(𝑑) = 1.858 + 
1

0.220𝑑2 + 0.008𝑑 + 0.373
 

(4. 3) 

 

Figure 4. 7 illustrates  a) the experimental data and the fit used by Yu et al [17] and b) the 

data and the fit used by de Mello et al [18] and c) a comparison between Equations (4.2) 

and (4.3) in terms of CQD diameter and first absorption peak i.e. the absorption edge.  
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Figure 4. 7 Comparison between a) Yu et al (black line) vs b) de Mello et all (red line) diameter 
calculation for CdSe QD ([17, 18]). (Calculations of CdSe diameter were directly compared in c) 

 

The comparison between the two models shows the discrepancy between the Yu and de 

Mello relationships between absorption edge and CQD size at the extremes of wavelength 

studied. The spread of data points about the fit lines shown also indicates the accuracy of 

these methods. de Mello claim that his model has an accuracy of 2% for 2 nm – 12 nm 

sizes, and the error grows 3 times for sizes smaller than 2 nm. He suggested that the 

reduced accuracy is due to the absorption edge being increasingly affected for smaller 

CQD sizes by the surface ligands and the solvents used [18]. By using these two methods 

a)             b) 

 

 

 

 

 

 

 

c) 
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the core diameters of the CdSe CQDs in this study were calculated. To confirm the 

accuracy of these methods for our samples, the calculated size was also compared to the 

size determined by STEM for the sample shown in Figure 4.5. The Yu calculation yields  

3.62 nm with an error estimation ±0.15 nm and the de Mello method gives is 3.6 nm 

±0.072 nm, both of which are consistent the size determined by STEM, i.e. 3.5 nm ±0.3 

nm.  

Calculation of the thickness of the CdTe shell utilised a (2,6)-band effective mass 

approximation model for Type II CdSe/CdTe QD heterostructures by Tyrell et al [19].  

.  

Figure 4. 8 Calculation of the CdTe shell thickness, as, for a CdSe core radius of a (Taken from [19]). 
The contour lines show the wavelength corresponding to the band gap for each combination of core 
radius and shell thickness. 

 

Figure 4. 8 shows the band gap map used to calculate the shell thickness for a known 

core radius. Thus, measuring the band gap of the CdSe/CdTe CQDs enables the 
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thickness of the CdTe shell to be known. For example if the core radius is 1.8 nm and the 

PL peak is 660 nm, from Figure 4. 8 the thickness of the shell is ~1.2 nm. The total 

calculated diameter of the CdSe/CdTe CQD is thus 4.8nm, which is in agreement with 4.9 

nm ±0.8 from the STEM images. The STEM is very time consuming and so was done just 

for one set of samples to confirm that the above procedure yields reliable results. As 

detailed above, the STEM images were also used to measure the thickness of the CdS 

shell for the case studied. The same growth conditions and period were used each time 

the CdS shell was grown and thus it is assumed that this results in approximately the 

same thickness of shell in each case.  

Table 4. 1 Core diameters, d, CdTe shell thickness, tCdTe, and CdS shell thickness, tCdS, for the CQDs 
studied. The spectral position of the PL peak and the first absorbance peak are also given. 

Samples  d (nm) tCdTe (nm) tCdS (nm) Absorbance peak (nm) PL Peak (nm) 

CdSe/CdTe 4.17 2 
 

656 687 

CdSe/CdTe/CdS 4.17 2 0.6 670 698 

CdSe/CdTe 4.17 2.2 
 

650 663 

CdSe/CdTe/CdS 4.17 2.2 0.6 672 687 

CdSe 3.15 
  

555 567 

CdSe/CdTe 3.15 2.2 
 

630 666 

CdSe/CdTe/CdS 3.15 2.2 0.6 666 695 

CdSe/CdTe 3.15 5 
 

713 728 

CdSe/CdTe/CdS 3.15 5 0.6 723 745 

CdSe/CdTe 3.15 2 
 

622 668 

CdSe/CdTe/CdS 3.15 2 0.6 655 696 

CdSe 3.15 
  

567 590 

CdSe/CdTe 3.15 2 
 

614 630 

CdSe/CdTe/CdS 3.15 2 0.6 659 664 
 

Table 4. 1 shows the core diameters and shell thicknesses for the set of samples studied, 

as determined from the optical spectra by the methods described above. The CQDs can 

be divided into three groups based on their core diameters. The first group is based on the 

same core of diameter of 4.17nm and includes two different shell thickness of CdTe, with 

and without a final CdS passivating layer. The second group is based on a smaller CdSe 

core diameter of 3.15 nm with three different CdTe shell thicknesses, again with and 
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without a final passivating CdSe layer. The last set was a repeat of the second one, 

intended to show experimental reproducibility, with a similar CdSe core diameter and 

CdTe shell thickness to samples from the second group. It is assumed that all three 

groups share approximately the same CdS shell thickness, due to the identical growth 

conditions used to produce the final layer in each case.  

To further characterise these CQDs, PLQY and PL transient measurements are presented 

for an example set of CQDs: the CdSe core of diameter 3.15 nm, the corresponding 

CdSe/CdTe CQD with shell thickness of 2 nm, with and without the CdS layer. The PLQY 

measurement was performed using the comparative method, which is described in 

Chapter 3, and the corresponding data is shown in Figure 4. 9a.  

 

Figure 4. 9 a) CdSe, CdSe/CdTe and CdSe/CdTe/CdS CQDs slopes for the calculation of the PLQY by 
the comparison method and b) PL lifetimes for CdSe, CdSe/CdTe and CdSe/CdTe/CdS CQDs.(CdSe 
CQDs black line, CdSe/CdTe CQDs red line and CdSe/CdTe/CdS CQDs blue line) 

 

The PLQY slopes shown in Figure 4.9a were compared to those for three different dye 

standards: Ozaxine1, Nileblue and Rhodamine 700. The resulting PLQY values for CdSe, 

CdSe/CdTe and CdSe/CdTe/CdS CQDs were 4%, 26% and 35% respectively. The PL 

decay transients for the same three samples are presented in Figure 4. 9 b. The CdSe 

cores showed a tri-exponential behaviour but for the CdSe/CdTe and CdSe/CdTe/CdS 

CQDs the transients could be fitted by a bi-exponential decay. However they were fitted 

with a tri-exponential to compare their behaviour more directly with the CdSe cores. The 

a)            b) 
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PL lifetimes resulting from this tri-exponential fitting are shown in Table 4. 2.  In Chapter 5 

the analysis of PL decay will be discussed in detail 

Table 4. 2 PL lifetimes of CdSe core base CQDs with CdTe shell and CdS shell 

Samples 
 d   (nm) tCdTe (nm) tCdS (nm) t1 (ns) t2 (ns) t3 (ns) 

CdSe 3.15 
  

25.98 ±0.20 5.62 ±0.08 0.95 ±0.01 

CdSe/CdTe 3.15 2 
 

20.76 ±0.30 5.68 ±0.38 1.05 ±0.03 

CdSe/CdTe/CdS 3.15 2 0.6 23.81 ±0.27 5.98 ±0.30 0.97 ±0.02 

4.3. Time-resolved PL spectra measurements  

The time-resolved PL (TRPL) spectra of the CdSe core-only, and CdSe/CdTe and 

CdSe/CdTe/CdS Type II CQDs were measured in order to determine the X-X interaction 

energy, following the technique pioneered by Klimov et al. The measurements were 

performed with the time-correlated single photon counting (TCSPC) system previously 

described in chapter 3, with the CQDs excited at a repetition rate of 4 MHz and at a 

wavelength of 400 nm. The PL decay transient was taken at different wavelengths across 

the spectra for a fixed accumulation time. The maximum number of counts for each 

wavelength was found and plotted versus wavelength. The resulting spectrum 

corresponds to zero delay, , between excitation and collection of the PL (to within the 

time-resolution of the system) and will be referred to as the 𝜏0𝑛𝑠 spectrum. This spectrum 

will contain the contributions from any hot excitons or multi-excitons present. As discussed 

above, exciton cooling and biexciton recombination is complete within a nanosecond. 

Thus, the number of counts after a delay of =2 ns was found for each wavelength and 

used to produce a second spectrum, which will be henceforth called the  𝜏2𝑛𝑠 spectrum. 

Normalised examples of these spectra obtained for the same sample are compared in 

Figure 4. 10. The long wavelength sides of the TRPL peaks at =0 ns and =2 ns overlap 

each other, but there is a significant difference on the short wavelength side, with the 𝜏0𝑛𝑠 

spectrum extending further and resulting in a blue-shift of the peak. This is the same 
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behaviour as noted in previous reports on other Type II CQDs, as discussed above and 

examples of which are shown in Figure 4. 3 and Figure 4. 4, and attributed to a repulsive 

X-X interaction. 

 

Figure 4. 10 Comparison between normalized 𝝉𝟎𝒏𝒔 (Black line) and 𝝉𝟐𝒏𝒔 (Red line) data  

The TRPL spectra were thus analysed using the method pioneered by Klimov et al [5]. 

This is a process of deconvolution of the  𝜏0𝑛𝑠 spectrum, using a Lorentzian peak fitting 

function, the form of which is given below in equation (4. 4): 

𝑦 = 𝑦0 + (
2𝐴

𝜋
) (

𝑤

4(𝑥 − 𝑥𝑐)2  + 𝑤2
) 

(4. 4) 

 

where 𝐴 is the area, 𝑥𝑐 is the centre, 𝑦0 is the offset and w the full width at half maximum 

(FWHM). The fitting was carried out using the peak analyser capability of OriginLab’s 

OriginPro 8.5 software. First a single peak was fitted to the 𝜏2𝑛𝑠  TRPL spectrum. 

Subsequently, the corresponding 𝜏0𝑛𝑠 spectrum was fitted with two peaks, the position 
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and width of one of which were fixed to the values obtained from the fit to the 𝜏2𝑛𝑠 

spectrum. The width of the second peak was also fixed to value obtained from the fit to 

the 𝜏2𝑛𝑠 spectrum, since this parameter is determined by the size distribution of the CQDs 

and thus will be the same for different transition energies. The other fitting free parameters 

were left free to vary, except for the condition that they should be greater than or equal to 

zero. 

 

Figure 4. 11 Transient PL of CdSe/CdTe/CdS CQDs. 

 

An example of the method used is shown in Figure 4. 11, and which corresponds to the 

peak analysis of a sample of CdSe/CdTe/CdS CQDs.  The fit of a single Lorentzian peak 

to the 𝜏2𝑛𝑠.data, corresponding to the PL spectrum due to a single exciton and hence 

designated the ‘X fit’, yielded a value for 𝑥𝑐 and 𝑤 of 700.5±0.3 nm (1.7720.001eV) and 

42 ± 3 nm, respectively. The fit of the 𝜏0𝑛𝑠spectrum incorporates the X fit plus a second 

Lorentzian peak, designated as the ‘XX fit’ since others have associated it with a 

biexciton, (the 𝜏0𝑛𝑠spectrum is thus described by the ‘X+XX fit’), and yields a XX peak 
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position of 690.4 3.9 nm (1.7980.01 eV). Under this analysis, the XX interaction energy 

is given by the energy separation of the X and XX peaks, which in this case is repulsive 

(i.e. blue-shifted) and has a value of +26 10 meV, as shown in Figure 4. 11. This Δxx
 

value is similar to that previously reported for a sample CdSe/CdTe CQDs, although 

emitting at a wavelength of 800 nm [20]. Similar values have also been reported for 

CdTe/CSe and ZnTe/Cds Type II CQDs [20, 21]. 

 

Figure 4. 12 Transient PL of CdSe cores, exciton-exciton interaction is neglected. 

 

Figure 4. 12, corresponds to the peak analysis of a sample of CdSe core CQDs.  The fit of 

a single Lorentzian peak to the 𝜏2𝑛𝑠.data, corresponding to single exciton and designated 

the ‘X fit’, yielded a value for 𝑥𝑐 and 𝑤 of 584.6±0.4  nm (2.124 ±0.001eV) and 44.51 ±1.7, 

respectively. The fit of the 𝜏0𝑛𝑠, designated as the ‘XX fit’ yields a XX peak position of 

582.4 3.4 nm (2.13 0.01 eV). The analysis XX interaction energy is given by the energy 
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separation of the X and XX peaks, which in this case is repulsive (i.e. blue-shifted) and 

has a value of +8 12 meV, as shown in Figure 4. 12. 

However, as shown in Table 4. 3, only 3 out of the 11 samples studied produced TRPL 

spectra that yielded Δxx values that were significantly different from zero when analysed in 

this way i.e. for which the magnitude of Δxx found by this process was larger than, or at 

least similar in size to, the associated experimental uncertainty. The principal contribution 

to this uncertainty comes from the fit to the XX peak, as can be seen from the values 

given in Table 4.3, which was only a weak contribution to the 𝜏0𝑛𝑠  spectrum in some 

cases even though an identical excitation fluence was used throughout. An example of a 

TRPL spectrum with a weak XX contribution is given in Figure 4.13. Here the analysis 

procedure yields a negative value of Δxx= -57 meV, i.e. corresponding to an attractive 

interaction and, as shown, a XX peak red-shifted rather than blue-shifted relative to the X 

peak. However, the associated experimental uncertainty in this case is nearly twice as 

large in this case at 95 meV, and so no significance can be attached to this result. 

Table 4. 3 Summary of the biexciton interaction energies extracted by the Klimov analysis method [5]. 
Those samples yielding an interaction energy significantly different from zero are shaded grey. 

Samples 
 

d  
(nm) 

tCdTe  
(nm) 

tCdS  
(nm) 

Peak 0ns 
(nm) 

Peak 2ns 
(nm) 

Δxx  
(meV) 

CdSe/CdTe 4.17 2.2 
 

658 ±30 666 ±0.3 24 ±89 

CdSe 3.15 
  

573 ±3 574 ±0.1 4 ±11 

CdSe/CdTe 3.15 2.2 
 

637 ±24 665 ±0.5 84 ±74 

CdSe/CdTe/CdS 3.15 2.2 0.6 690 ±4 701 ±0.3 26 ±10 

CdSe/CdTe 3.15 5 
 

729 ±44 728.3 ±0.5 -2 ±102 

CdSe/CdTe/CdS 3.15 5 0.6 748 ±67 748 ±0.5 1 ±149 

CdSe/CdTe 3.15 2 
 

654 ±32 664 ±0.6 30 ±94 

CdSe/CdTe/CdS 3.15 2 0.6 699 ±155 700 ±0.3 4 ±394 

CdSe 3.15 
  

582 ±3 585 ±0.4 8 ±13 

CdSe/CdTe 3.15 2 
 

652 ±32 633 ±1.5 -57 ±95 

CdSe/CdTe/CdS 3.15 2 0.6 623 ±191 658 ±2.5 106 ±611 
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Figure 4. 13 Transient PL of CdSe/CdTe for a attraction interaction. 

 

One possible explanation for a weak XX contribution, and thus of the observed spectra for 

some of the samples studied here, is that the excitation fluence used is too low to produce 

a significant population of biexcitons. However, this is not consistent with a significant XX 

contribution for some of the other samples obtained under identical excitation conditions. 

As described in section 3.3.1, the probability, 𝑃2, of a CQD containing a biexciton depends 

on the product of excitation fluence, 𝐽 , (in units of photons per cm2 per pulse), and 

absorption cross-section at the pump wavelength, 𝜎 (in units of cm2). An identical pump 

power was used in each case, so 𝐽 is unchanged between spectra. Whilst several detailed 

studies have established reliable values of 𝜎 for CdSe and CdTe CQDS [17, 18, 22], no 

similar works exist for CdSe/CdTe Type II CQDs. However, at the pump wavelength of 

400 nm, optical excitation is to a state not confined by the heterostructure and so the CQD 

acts as a Type I structure for the process of absorption. Moreover, at this wavelength the 

cross-section of CdTe and CdSe CQDs are very similar [18]. Thus a significant variation 
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of 𝜎 between samples is unlikely and hence does not easily explain the differences in 

TRPL spectra observed.  Furthermore, calculations of 𝑃2 following the method outlined in 

chapter 3 and using the same value of 𝜎 yield a value of ~0.6, indicating that a significant 

biexciton population is to be expected. Moreover, as will be discussed at length in the next 

section, recent experimental results obtained by other techniques and theoretical 

calculations cast doubt on the interpretation of any of the TRPL spectra as involving a 

significant XX contribution. 
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4.4. Discussion  

In order to extend the X-X energy interaction studies ultrafast transient absorption (TA) 

experiments were performed initially by Stuart K Stubbs [23] and subsequently by Musa 

Cadirci [24], both of them students in the D. J. Binks group. Stubbs reported a large and 

attractive behaviour for CdSe/CdTe/CdS CQD, with ΔXX=-96±7 meV. This red shift was 

observed right after the CQDs were-photo excited in which the contributions of high order 

multi-excitons and hot excitons are potentially present. In contrast, Musa Cadirci carried 

out the TA experiment with a delay between the pump and probe pulses of 500 ps, 

sufficient to allow all carriers to cool to the band edge and all multi-excitons to recombine, 

and thus created a pure population of cooled excitons. The probe pulse creates a second 

exciton in the pump-excited CQDs, which are exclusively monitored by the phase-

sensitive detection scheme synchronised to the pump laser. Thus the X-X interaction 

energy for a pure population of cooled biexcitons could be found.  

The results of these TA measurements by Musa Cadirci for some of the same samples as 

studied here using TRPL are shown in Table 4. 4. Strikingly, the TA experiment yielded 

only attractive energy interactions instead of repulsive, as in the TRPL measurement. 

These seemingly contradictory results show that the interpretation of the data produced by 

one or both of these techniques need to be revisited in order for these experiments to be 

reconciled.  

Table 4. 4 Comparison of ΔXX values between TRPL and TA experiments 

Samples 
d  tCdTe  tCdS  Δxx TRPL Δxx TA  

(meV) (nm) (nm) (nm) (meV) 

CdSe/CdTe 4.17 2.2   24±86 -50±0.5 

CdSe 3.15     4±12 -17±2.0 

CdSe/CdTe 3.15 2.2   84±75 -46.01±7.0 

CdSe/CdTe/CdS 3.15 2.2 0.6 26±10 -36.1±2.2 

CdSe/CdTe 3.15 5   -2±102 -34.1±1.5 

CdSe/CdTe/CdS 3.15 5 0.6 1±149 -59.1±2.3 

CdSe 3.15     8±13 -16.1±6.1 

CdSe/CdTe/CdS 3.15 2 0.6 106±311 -60±7.2 
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The re-interpretation of this type of experimental data can be aided by modelling [19, 25, 

26], and so, in order to understand in more detail these results, Professor Stanko Tomic at 

the University of Salford and his group collaborated with us to produce a model which 

calculates the exciton-exciton interactions energies in type II QDs. The model takes into 

account higher energy bands, interface polarization, the effects of spin-orbit interaction 

and strain between the core and the shell, and piezoelectric potential. Their model is 

based on a 14-band k.p Hamiltonian of the zinc-blend structure [25, 27]. 

Using the new data provided from Stanko Tomic’s group, the CdTe shell thicknesses 

could be re-calculated.  Figure 4. 14a shows the calculated position of the 1S absorption 

peak as a function of CdTe shell thickness for CdSe core radii of 1.5 nm and 2.0 nm, with 

interpolated values for the intermediate radii. Thus, measuring the position of the first 

absorption peak allows the thickness of the CdTe shell to be determined for a known 

CdSe core radius. The size of the cores was also re-calculated using de Mello et al [18]. 

The results of these re-calculations are given in Table 4.5 below. Moreover, the 

calculation of ΔXX as a function of CdTe shell thickness for 1.5 nm and 2.0 nm radius 

CdSe core done by S. Tomic’s group are shown in Figure 4. 14b. The calculated values 

are all negative, i.e. attractive, and of similar magnitude to the values found experimentally 

by TA. Hence, these theoretical calculations are consistent with the TA measurements 

and do not support the ΔXX values found by the TRPL technique. 
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Table 4. 5 Updated CdSe radius cores and CdTe shell thickness calculation 

Samples  r (nm) tCdTe (nm) tCdS (nm) Absorbance peak (nm) PL Peak (nm) 

CdSe/CdTe 2 0.84 
 

656 687 

CdSe/CdTe/CdS 2 0.84 ? 670 698 

CdSe/CdTe 2 0.81 
 

650 663 

CdSe/CdTe/CdS 2 0.81 ? 672 687 

CdSe 1.6 
  

555 567 

CdSe/CdTe 1.6 0.96 
 

630 666 

CdSe/CdTe/CdS 1.6 0.96 ? 666 695 

CdSe/CdTe 1.6 1.74 
 

713 728 

CdSe/CdTe/CdS 1.6 1.74 ? 723 745 

CdSe/CdTe 1.6 0.92 
 

622 668 

CdSe/CdTe/CdS 1.6 0.92 ? 655 696 

CdSe 1.72 
  

567 590 

CdSe/CdTe 1.72 0.82 
 

614 630 

CdSe/CdTe/CdS 1.72 0.82 ? 659 664 

 

 

Figure 4. 14 a)Calculation of the CdTe shell thickness by the absorption peak of the CdSe core and b) 
Bi-exciton binding energy of CdSe/CdTe as a function of CdTe shell thickness(S.Tomic’s group data). 

 

If ΔXX is attractive, in agreement with the theoretical calculations and TA measurements, 

and the excitation level sufficient to produce a significant biexciton population, why is not 

red-shifted peak observed in the 𝜏0𝑛𝑠 spectrum and why is instead a blue-shifted peak 

evident, but for just a fraction of the samples studied? 

The absence of a red-shifted peak can be explained by a low PLQY for biexcitons, which 

has been shown to range from <10% to nearly unity for ‘giant’ CQDs (i.e. a core 

surrounded by a very thick shell layer) [28]. However, the near unity PLQY values have 

a)        b) 
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only reported for individual CQDs studied by single particle spectroscopy, with other 

CQDs in the same sample exhibiting much lower PLQY. The radiative rate constant for 

biexcitons should be 4 times that of single excitons since there are 4 times the number of 

recombination possibilities [29].Thus if for a single exciton 𝜏𝑟𝑎𝑑 ~10 ns, as seen in Figure 

4. 9, then for a biexciton the radiative lifetime should be a few ns, much longer than the 

10s of ps observed in M. Cadirci’s TA measurements [21]. The lack of PL features due to 

biexcitons is thus attributed to non-radiative Auger recombination dominating their decay. 

The model of the CQDs electronic structure from the Tomic group also enabled detailed 

energy level calculations to be carried out. Figure 4. 15 shows the energy of the band 

edge transition relative that of the next highest energy transition. For a core radii of both 

1.5 nm and 2.0 nm, i.e. encompassing those studied experimentally, and for a range of 

shell thicknesses also including those studied in the TRPL experiments, the difference in 

energies between these transitions varied between 20 and 35 meV. Emission from the 

higher level would therefore produce a PL feature blue-shifted by the same amount from 

the main PL, which corresponds to the band edge transition, and is thus consistent with 

the 𝜏0𝑛𝑠spectrum observed for some of our samples. The higher level would be thermally 

populated at room temperature but would have a great population whilst the energy of the 

absorbed photon in excess of the band gap is being dissipated, leading to a greater 

prominence of the corresponding PL feature immediately after excitation. Emission from a 

higher lying states has been noted before in Type I [30].The rate of energy relaxation in 

Type II CQDs has previously been shown [2] to vary significantly with the quality of 

surface passivation, which can depend on the details of sample preparation and handling 

and thus might explain the sample-to-sample variation observed. 
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Figure 4. 15 Calculation of the next energy level from the condition band in CdSe/CdTe CQDS with 
core diameter of 1.5nm and 2.0  in function of the shell thickness 

 

To confirm that the transition energy difference predicted by the calculations of the 

electronics structure of the CQDs is consistent with the TRPL spectra observed, the 

analysis of one of the spectra with a clear, additional blue-shifted peak at =0 ns was 

repeated using the energy difference as the peak shift. Figure 4. 16 shows the previous fit 

used to calculate ΔXX, called Fit A (dotted lines) and the new fit using the energy level 

separation calculated by Stanko Tomic’s group, this fit was called Fit B. Fit B was 

completed using same fixed parameters as in Fit A with one exception, the center of XX 

Fit B was fixed using the calculated energy difference between from the band edge 

transition and the next highest transition. By comparing Fit A and Fit B, it can be seen  

that there is not a significant change in the cumulative fit peak, i.e. the peak did not suffer 

a deformation by changing the centre of the XX fit. The only variation is on the amplitudes; 

the amplitude of X Fit for Fit B is reduced but still similar to the original amplitude fitted 
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Figure 4. 16  Refit of the TRPL spectra using calculated transition energy difference 

 

Hence, we conclude that the method of determining ΔXX by analysis of TRPL spectra 

established over the last decade by a number of workers is not reliable, producing in our 

case results that are inconsistent with both theoretical calculations and ultrafast transient 

absorption experiments. The low PLQY for biexcitons in some samples resulting from the 

competition of radiative recombination with efficient non-radiative processes means that 

the expected spectrally-shifted PL feature corresponding to the biexciton is not evident 

even at excitation rates sufficiently high to produce a significant biexciton population. 

Moreover, emission from higher energy transitions can produce blue-shifted PL 

component that can easily be mis-attributed to biexcitons, making the accurate 

determination of ΔXX by this technique even more difficult.  

.   
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Chapter 5. Single-exciton 
recombination dynamics in Type 
II CQDs. 

5.1. Introduction 

Despite of all the studies performed in the past, still some optical properties of CQDs are 

under research due to the difficultly in identifying and characterising the underlying 

processes. Recombination is such a fundamental property, which can be divided into 

radiative and non-radiative processes. Radiative and non-radiative recombination 

characteristics are important to take into account for the design of devices, such as solar 

cells, lasing, light emitting devices and other applications [1]. Recombination processes 

can be investigated by measuring the photoluminescence lifetime and photoluminescence 

quantum yield (PLQY) of the CQDs. 

The PLQY of CQDs is typically less than 100% which shows that non-radiative 

recombination processes are significant. In a simple emitting system, the radiative and 

non-radiative processes can be determined straightforwardly using the following relations 

for the PL lifetime, 𝜏𝑟𝑎𝑑, (see eq.(5. 1) and PLQY (see eq. (5. 2) 

𝜏𝑃𝐿 =
1

𝑘𝑟𝑎𝑑 + 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑
 

(5. 1) 

 

PLQY =
𝑘𝑟𝑎𝑑

𝑘𝑟𝑎𝑑  + 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑
 

(5. 2) 

 

where 𝑘𝑟𝑎𝑑  and 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑  are the rate constants for the radiative and non-radiative 

processes respectively. Using equations (5. 1) and (5. 2), simple relations between the 
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underlying radiative, 𝜏𝑟𝑎𝑑 = 𝑘𝑟𝑎𝑑
−1 , and non-radiative lifetimes, 𝜏𝑛𝑜𝑛−𝑟𝑎𝑑 = 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑

−1 , and 

the experimentally observed 𝜏𝑃𝐿 determined from the PL transients can be written down:  

𝜏𝑟𝑎𝑑 =
𝜏𝑃𝐿

𝑃𝐿𝑄𝑌
  

𝜏𝑛𝑜𝑛−𝑟𝑎𝑑 =
𝜏𝑃𝐿

1 − 𝑃𝐿𝑄𝑌
 

(5. 3) 

 

Unfortunately, it is not possible to characterise the radiative and non-radiative processes 

for CQDs using eq (5. 3), with the exception of CQDs with high PLQY values (near unity) 

for which non-radiative recombination is minimal. In contrast when the PLQY values are 

not near unity, non-radiative recombination becomes important and PL intermittency (also 

known as ‘blinking’) becomes significant.  This is a process by which the PL is switched 

‘on’ or ‘off’ within individual CQDs., and means that some CQDs within a sample do not 

contribute to the emission of light at a particular time [1]. However, the fraction of CQDs 

not emitting only affects the PLQY but not the PL decay [2, 3], invalidating equation (5.3). 

Another important factor is that the degree of trapping of the CQDs is different for each 

sample, due to the preparation and handling varying from sample to sample. 

Consequently this makes the reproducibility of the experiment problematic. Finally, 

significant non-radiative decay rates tend to produce non-exponential PL decays that 

cannot be characterised by a single time constant.  

A typical PL decay shows a multi-exponential behaviour, requiring a tri-exponential fit to 

be well-described (see eq (5. 4). Using a tri-exponential fit involves up to 7 free 

parameters (3x 𝜏, 3x A and 𝑦0):  

𝜏𝑃𝐿 = 𝑦0 + 𝐴1𝑒
−𝑥

𝜏1⁄ + 𝐴2𝑒
−𝑥

𝜏2⁄ + 𝐴3𝑒
−𝑥

𝜏3⁄  

(5. 4) 
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where  𝑦0 is an offset, 𝐴𝑖 are the amplitudes and 𝜏𝑖 are the time constants (𝑖 = 1,2,3). The 

tri-exponential fit might well describe the PL decay data behaviour, but in order to analyse 

the recombination dynamics, the radiative and non-radiative recombination processes still 

need to be identified from the fit. The process of separating the rates of radiative and non-

radiative recombination is problematic.  

In order to analyse the radiative and non-radiative rates, some authors have identified the 

longest time component extracted from a tri exponential fit as the radiative lifetime (e.g. [4] 

takes 𝜏3  as 𝜏𝑟𝑎𝑑 ). However, this approach is not always valid and needs detailed 

consideration for each case. Moreover, this methodology utilises 7 parameters that are 

free to vary in the fit, increasing the difficulty to robustly identify 3 separate time constants. 

Indeed, by comparing the total PLQY to the QY of the emitting CQDs, which was 

estimated by integrating the longest time constant (𝜏3) component of the PL decay with 

respect to time and dividing by the total area under the PL decay curve, it has been 

established that for some QDs the longest decay component is definitely not the radiative 

component ( 𝜏3
−1 ≠ 𝜏𝑟𝑎𝑑

−1 ). 

Due to these difficulties some researchers [4] have tried a different approach, which 

initially tries to estimate with calculation 𝜏𝑟𝑎𝑑 and then compare the calculation results with 

experimental data. However, the calculation of 𝜏𝑟𝑎𝑑 is also very challenging. The emission 

from CQDs occurs from a thermally populated system of sub-levels, produced by the 

angular momentum fine-structure of the CQD, each of which have different lifetimes and 

oscillator strengths [5, 6], and the energy separation between states are in the order of 

several to tens of meV. These energies and therefore their thermal population depends on 

the size and shape of the QD [4]. This is the reason ref [4] takes the approach of 

empirically calculating the radiative lifetime from the integrated extinction coefficient 

spectrum, using  

𝜏𝑟𝑎𝑑
−1 = 2.88 × 10−9𝑛2〈𝜈𝑃𝐿

2 〉∫ 𝜀(�̂�) 𝑑�̂� 

(5. 5) 
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where the �̂� is the wavenumber and 𝜀(�̂�) is the molar extinction coefficient. In practice this 

approach is complex, due to the troublesome calculation of the molar extinction 

coefficient 𝜀(�̂�). The difficulty is based on the limited accuracy to which the concentration 

of CQDs in each sample can be determined. A typical sample of QD also contains an 

unknown number of ligands attached to the QD surface, and excess ligand and unreacted 

reagents left over from synthesis. This can be solved with washing and purification 

procedures, designed to remove the excess ligands however they also remove surface 

ligands which decrease the PLQY [6-10]. The extinction coefficient of CdSe QDs has 

been studied for wurtzite and zincblende structures [3, 11-13]. These results show a rough 

calculation of the extinction coefficient, in which for both structures the extinction 

coefficient increases with the particle size.  

The approach presented in this chapter is based on the results of a detailed modelling of 

𝜏𝑟𝑎𝑑
−1  that include 14 bands, band coupling, spin-orbit interaction, strain and piezo-electric 

fields. The model was also used in Chapter 4, and the calculation of 𝜏𝑟𝑎𝑑 were done by 

Professor Stanko Tomic and his group at the University of Salford. The model is an 

updated version of his previous work [14-16]. The consistencies of the calculated and 

observed results are assessed, and the PL transient data is re-analysed by fixing one of 

the lifetimes to the calculated value of 𝜏𝑟𝑎𝑑 . This approach allows the time constants 

associated with non-radiative recombination to be more robustly determined which are 

then correlated to CQD structure. 
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5.2. Characterisation of CdSe core based on CQDs Type II 

The synthesis and the optical characterisation of the type II CQDs based on a CdSe core 

with a CdTe shell and an extra shell of CdS, have been previously described in detail in 

section 4.2. However, a brief re-cap of the synthesis and characterisation of these CQDs 

is presented.  

The synthesis of CQDS were done by Robert C Page [17], using a hot injection method, 

the CdSe core QDs have a zinc blende crystal structure; this structure is beneficial in the 

shelling process allowing uniform growth. These CQDs have a type II structure, in which 

the electron and hole (e-h) are localised in different part of the CQD [18], one in the core 

and the other in shell; this spatial separation of electron and hole reduces the wave- 

function overlap. In type II CQDs, the recombination occurs between the conduction band 

minimum and the valence band maximum of the electron- and hole- containing material, 

respectively, and by changing the alignment of the conduction and valence band edge 

(i.e. adjusting the core diameter and the thickness of the sell) the optical properties can be 

tuned.  

The quality of the CQDs were evaluated with X-ray powder diffraction (XRD) patterns and 

scanning transmission electron microscope microscopy (STEM) studies by collaborators 

based in the School of Materials and the School of Chemistry, R.C Page [17] and E A 

Lewis [19]. The XRD patterns confirmed a zinc blende crystal structure for all the samples 

(CdSe, CdSe/CdTe and CdSe/CdTe/CdS); in addition the STEM images showed lattice 

fringes which correspond to a zinc blende structure. Also the STEM images showed a 

high monodispersity for the CdSe core, but this monodispersity was reduced by the 

shelling process. (XRD patters and STEM images are in section 4.2) 

The absorption and photoluminescence (PL) spectra results are presented in Table 5. 

1including PL quantum yield (PLQY) calculation by the comparative method. The radius of 

the CdSe core was calculated using the first absorption peak and de Mello and Koole 
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calculations [3]. The CdTe shell thickness was also obtained from the position of the first 

absorption peak using the results of calculations, done by S. Tomic’s group, of the red-

shift produced when a shell is grown onto a core of known diameter (see section 4.4). 

Table 5. 1 Core radius, r, CdTe shell thickness, tCdTe, and CdS shell thickness, tCdS, for the CQDs 
studied. The first absorbance peak, the spectral position of the PL peak and the PLQY are also given. 

Samples 
 

r   
(nm) 

tCdTe  
(nm) 

tCdS  
(nm) 

Absorbance peak  
(nm) 

PL Peak  
(nm) 

PLQY 

CdSe/CdTe 2 0.84 
 

662 682 
 

CdSe/CdTe/CdS 2 0.84 ? 670 698 
 

CdSe/CdTe 2 0.81 
 

650 663 
 

CdSe/CdTe/CdS 2 0.81 ? 672 687 
 

CdSe 1.6 
  

555 570 
 

CdSe/CdTe 1.6 0.96 
 

630 676 
 

CdSe/CdTe/CdS 1.6 0.96 ? 666 712 
 

CdSe/CdTe 1.6 1.74 
 

713 729 
 

CdSe/CdTe/CdS 1.6 1.74 ? 723 747 
 

CdSe/CdTe 1.6 0.92 
 

622 669 
 

CdSe/CdTe/CdS 1.6 0.92 ? 655 692 
 

CdSe 1.72 
  

567 590 2% 

CdSe/CdTe 1.72 0.82 
 

614 630 26% 

CdSe/CdTe/CdS 1.72 0.82 ? 659 664 34% 

 

The CdS shell is grown to passivate the CdTe surface, due to telluride being sensitive to 

air [20]. For CdTe CQDs surface hole trapping is also expected to contribute to PL decay 

[21] and so the CdS also acts as a barrier to the surface for holes. The CdS shell was 

grown under the same conditions for all samples in order to have the same thickness 

throughout this work, and so the CdS thickness measured previously (see last chapter) is 

assumed to representative of the thicknesses here. 
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5.3. PL decay transients measurements  

The PL decay transients were measured using a time-correlated single photon counting 

(TCSPC) system, previously described in section 3.3. The CQDs were excited at a 

repetition rate of 4 MHz and at wavelength of 400 nm. The PL decay transients of the 

CQDs were measured at the PL peak of each sample, and the TCSPC system was setup 

to stop acquiring when 10 000 counts were reached. Figure 5. 1 shows a representative 

PL decay transients for CdSe core (black line), CdSe/CdTe (red line) and 

CdSe/CdTe/CdS (blue line) CQDS, all of them with a tri-exponential fit (dotted green line).  

 

Figure 5. 1 PL decay transients with tri-exponential fit (dotted green line) for CdSe(balck line), 
CdSe/CdTe (red line) and C CdSe/CdTe/CdS CQDs.  

 

The tri-exponential was fitted using equation (5. 4), where the 7 parameters were free to 

vary (3x  𝜏 , 3x 𝐴  and 𝑦0 ).The fits of the PL decay transient were analysed using a 

OriginLab’s tri-exponential function for OriginPro 8.5 software. The data fitted for the PL 

decay transient were from the 0 ns (which is equivalent to the highest number of counts 
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10 000) to 100ns. The same data range was used for the fits performed throughout this 

chapter. 

The values obtained from the tri-exponential fits shown in Figure 5. 1 are given in Table 5. 

2. The lower bounds of the fitting were adjust to be ≥ 0 for the offset (𝑦0), time constants 

(3x 𝜏) and amplitude (3x 𝐴). for clarity The time constants are numbered in descending 

order of magnitude to make easier the comparison between them i.e. the longer time 

constant was called 𝜏1 etc. The associated amplitudes were given the same number. 

Table 5. 2 Result from a tri-exponential fit for CdSe, CdSe/CdTe and CdSe/CdTe/CdS CQDs. (cts = 
counts)  

Samples 
d  

(nm) 
tCdTe  
(nm) 

tCdS  
(nm) 

A1 
(cts) 

𝝉𝟏 
(ns) 

A2 
(cts) 

𝝉𝟐 
(ns) 

A3 
(cts) 

𝝉𝟑 
(ns) 

CdSe 1.6 
  

2728 
±10 

27.86 
±0.17 

2778 
±15 

3.73 
±0.04 

3768 
±24 

0.36 
±0.005 

CdSe/CdTe 1.6 1.74 
 

5211 
±23 

38.72 
±0.32 

2279 
±67 

1.48 
±0.04 

2123 
±53 

6.02 
±0.22 

CdSe/CdTe/CdS 1.6 1.74 ? 
5533 
±39 

47.12 
±0.78 

2529 
±56 

8.11 
±0.36 

1597 
±84 

2.05 
±0.10 

 

The calculated radiative lifetimes (𝜏𝑟𝑎𝑑) for different CdSe core radii and varying the shell 

thicknesses are shown in The Figure 5. 2. The solid back, red and blue lines correspond 

to 1.5nm, 2.0 nm and 2.5 nm core radius of CdSe CQDs respectively. These radiative 

lifetime calculations were done by collaborators from Tomic’s group. And the dotted lines 

corresponding to core radius of 1.6 nm and 1.72 nm were interpolated values from 

Tomic’s calculations. The interpolation was required to match the radii of the CdSe core 

based samples synthetized by Robert C.Page. The radiative lifetime (𝜏𝑟𝑎𝑑) is found from 

Figure 5. 2, where  𝜏𝑟𝑎𝑑 is a function of the shell thickness and the core radius. 
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Figure 5. 2 Radiative lifetime (𝝉𝒓𝒂𝒅) for CdSe/CdTe CQDs in function of the shell thickness (Modified 

from [22]). 

 

Table 5. 3 The extracted radiative lifetimes 𝝉𝒓𝒂𝒅for different core radius and shell thicknesses 

Samples  r (nm) tCdTe (nm) tCdS (nm) 𝝉𝒓𝒂𝒅 (ns) 

CdSe/CdTe  2 0.84 
 

20.5±0.37 

CdSe/CdTe/CdS 2 0.84 ? 20.5±0.37 

CdSe/CdTe  2 0.81 
 

20.1±0.36 

CdSe/CdTe/CdS 2 0.81 ? 20.1±0.36 

CdSe 1.6 
  

2.3±0.04 

CdSe/CdTe  1.6 0.96 
 

11.7±0.21 

CdSe/CdTe/CdS 1.6 0.96 ? 11.7±0.21 

CdSe/CdTe  1.6 1.74 
 

11.1±0.20 

CdSe/CdTe/CdS 1.6 1.74 ? 11.1±0.20 

CdSe/CdTe  1.6 0.92 
 

11.5±0.21 

CdSe/CdTe/CdS 1.6 0.92 ? 11.5±0.21 

CdSe 1.72     2.6±0.05 

CdSe/CdTe 1.72 0.82 
 

13.8±0.25 

CdSe/CdTe/CdS 1.72 0.82 ? 13.8±0.25 

 

The values of the 𝜏𝑟𝑎𝑑 extracted from Figure 5. 2 are shown in Table 5. 3. These values 

were used for a new tri-exponential fit. The resultant time components for 𝜏2  and 𝜏3 , will 
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be called 𝜏𝑠𝑙𝑜𝑤 and  𝜏𝑓𝑎𝑠𝑡  respectively, with their respective amplitudes named 

𝐴𝑠𝑙𝑜𝑤 and 𝐴𝑓𝑎𝑠𝑡 .  

The tri-exponential decays were re-fitted by fixing one 𝜏  constant with the extracted 

radiative lifetime (𝜏𝑟𝑎𝑑). In Figure 5. 3 the new fit was called “Fixed 𝜏𝑟𝑎𝑑Fit” ,and the 

previous fit was renamed as  “Free 𝜏𝑟𝑎𝑑Fit”. The lower bounds of the fixed 𝜏𝑟𝑎𝑑 fit were 

adjusted to be ≥ 0 for the offset (𝑦0), 𝜏𝑠𝑙𝑜𝑤,𝜏𝑓𝑎𝑠𝑡,  and  𝐴𝑟𝑎𝑑.  

 

Figure 5. 3 Comparison of the tri-exponential fit between free 𝝉𝒓𝒂𝒅 (dashed red line) and fixed (dotted 

blue line) 𝝉𝒓𝒂𝒅 for a) CdSe, b) CdSe/CdTe and c) CdSe/CdTe/CdS CQDs. 

 

Figure 5. 3 shows three PL decays - ( a) CdSe , b) CdSe/CdTe and c) CdSe/CdTe/CdS - 

with two tri-exponential fits each (free 𝜏𝑟𝑎𝑑fit and fixed 𝜏𝑟𝑎𝑑fit ). By comparing the two fits, 

it cn be seen that there is no apparent change between the trace of both fit, i.e. both fits 

describe well the behaviour of the PL decay. A detailed comparison between the time 

a)                                                                    b) 

 

 

 

 

 

 

 

 

 

 

 

                                  c) 
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constant resulting from each of the two fits is shown in Figure 5. 4 for three different core 

radiuses as function of shell thickness. 

 

Figure 5. 4 Comparison between free 𝝉𝒓𝒂𝒅 and fixed 𝝉𝒓𝒂𝒅 fits for 3 different core radiuses ( a)1.5 nm,b) 

1.72 nm and c) 2.0 nm ) in function of shell thickness. The samples are divided by colour: CdSe cores 
in black, CdSe/CdTe in red and CdSe/CdTe/CdS in blue. And each colour has 3 time constants 

associated from each fit. The fill shapes are from free 𝝉𝒓𝒂𝒅 fit and open crossed shapes from fixed 𝝉𝒓𝒂𝒅 

fits are  

In Figure 5. 4, the comparison between the filled shapes and open crossed shapes 

confirms that the free 𝜏𝑟𝑎𝑑  fit and fixed 𝜏𝑟𝑎𝑑 fit often yield different values for the time 

constants. The 𝜏𝑟𝑎𝑑 for the core radius of 2.0 nm were similar to the free fit. However, 𝜏𝑟𝑎𝑑 

for the cores radius of 1.6 and 1.72 nm the values were 2 orders of magnitude greater 

from the free fit. This results show that choosing the largest time constant in order to 

determine the radiative constant (𝜏𝑟𝑎𝑑 ) is unreliable. Therefore by fixing the extracted 

radiative time constant (𝜏𝑟𝑎𝑑) the fitting process becomes more accurate.    

a)                                                                    b) 

 

 

 

 

 

 

 

 

 

c) 
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5.4. Results of the non-radiative components 

Non-radiative recombination is produced when the electron-hole pair recombine without 

releasing a photon, with the energy instead being dissipated as heat e.g. a phonon (i.e. 

vibration) is released. This type recombination is usually unwanted since it reduces PL, 

PLQY and PL lifetime of CQDs. The non-radiative process is usually associated with a 

charge trapping process involving defects, unsaturated bonds on the surface, or ligands 

attached to the surface.  

As demonstrated in the previous section, knowing 𝜏𝑟𝑎𝑑   allows the non-radiative 

component to be extracted more reliably from the tri-exponential fit. This component is 

described by 𝜏𝑠𝑙𝑜𝑤 and 𝜏𝑓𝑎𝑠𝑡  and the associated amplitudes. As shown in Figure 5.2, 𝜏𝑓𝑎𝑠𝑡  

is in the order of ps to a few ns, and 𝜏𝑠𝑙𝑜𝑤 is usually several ns or 10s of ns. 

The parameters describing the non-radiative component are plotted in this section as 

function of core size and shell thickness. Samples with core radii of 1.6 nm and 1.72 nm 

were treated as being sufficiently close to include in the same shell thickness graphs. The 

following colour labelling scheme was followed: the CdSe core plotted in black, the 

CdSe/CdTe plotted in red and in blue CdSe/CdTe/S. Symbols were used to distinguish 

between the non-radiative components, in which the diamonds are related to the slow 

component and the inverted triangles with the fast component.  Due to the amount of data 

points and in some cases the overlapping points, the graphs were not merged to facilitate 

the view of the data points. 

The non-radiative time constants are presented in Figure 5. 5 (versus shell thickness) and 

Figure 5. 6 (versus core radius); and their related amplitudes in Figure 5. 7 (versus shell 

thickness) and Figure 5. 8. (versus core radius)  
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Figure 5. 5 Non-radiative time constants in fuction of shell thickness for CdSe, CdSe/CdTe and 
CdSe/CdTe/CdS CQDs 

 

Figure 5. 6 Non-radiative time constants in fuction of core radius for CdSe, CdSe/CdTe and 
CdSe/CdTe/CdS CQDs 
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Figure 5. 7 Fractional amplitude in fuction of shell thickness for CdSe, CdSe/CdTe and CdSe/CdTe/CdS 
CQDs 

 

Figure 5. 8 Fractional amplitude in fuction of core radius for CdSe, CdSe/CdTe and CdSe/CdTe/CdS 
CQDs 
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Figure 5. 5 shows a clear trend for the non-radiative time constants with both 𝜏𝑠𝑙𝑜𝑤 and 

𝜏𝑓𝑎𝑠𝑡  growing with shell thickness. The values for 𝜏𝑓𝑎𝑠𝑡  were from tens of ps for no-shell 

up to few ns for the thickest shell, and for the 𝜏𝑠𝑙𝑜𝑤 component were from 2 ns up to 6 ns.  

The non-radiative time constants as a function of the core size are shown in Figure 5. 6 

and reveal two main trends. The trend for the value of 𝜏𝑠𝑙𝑜𝑤 is to reduce for an increase of 

core size. The values found for of 𝜏𝑓𝑎𝑠𝑡  follow the same trend but less pronounced. The 

exception to this is the increase of 𝜏𝑓𝑎𝑠𝑡  with core size for the CdSe only QDs, but since 

this involves only two data points care must taken in attributing much significance to this.  

The fractional amplitudes of the non-radiative component as a function of the shell 

thickness are shown in Figure 5. 7. The fractional amplitudes of  𝐴𝑠𝑙𝑜𝑤 and 𝐴𝑓𝑎𝑠𝑡  show a 

random distribution. Similar distribution was also observed in Figure 5. 8 where the 

fractional amplitudes are as a function of the core size.  

The non-radiative components showed strong trends for 𝜏𝑠𝑙𝑜𝑤  and 𝜏𝑓𝑎𝑠𝑡 components. 

.However, the lack of trend for 𝐴𝑠𝑙𝑜𝑤 and 𝐴𝑓𝑎𝑠𝑡  suggest that the fractional amplitudes are 

governed by the fraction of CQDs with traps that emit, which is likely to be sensitively 

dependent on the details of how the samples were prepared and handled. 
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5.5. Analysis of PL transients  

The analysis of the PL transient was based on the idea of shallow trapping [4], and 

describes a non-radiative process , 𝑘𝑛𝑟, with alternative paths for a fraction of the CQDs. 

These QDs have a trap state close to the valance band maximum, which can capture 

holes. From this trap state the hole can recombine non-radiatively with a conduction band 

electron or it can be thermally-liberated back to the valance band maximum.  

This model was adapted from the one proposed by Kelley [4] in conjunction with my 

supervisor [23]. It is based on the postulation that there are three types of CQD in any 

population: trap-free, with dark traps and with bright traps. 

The ‘trap-free’ CQDs correspond to when the recombination dynamics are completely 

radiative, i.e. PLQY ~100%. Values near unity have been reported for CdTe/Cl CQDs; 

these CQDs were passivated with chlorine ions to suppress the surface traps, showing 

PLQY up tp 97.2 ± 2.5% [21, 23]. The radiative process, ( 𝑘𝑟), for the trap-free CQD is 

illustrated in Figure 5. 9a  

CQDs with ‘dark traps’ do not emit any light and hence do not contribute to the PL decay 

transient. Studies of ‘blinking’ have shown that some CQDs can be completely non-

radiative for periods of time longer than the duration of the experimentally observed PL 

lifetimes [24]. The blinking reduces the PLQY but does effect 𝐼𝑃𝐿(𝑡) [25]. 

CQDs with ‘bright traps’ contain a shallow trap, from which charge can sometimes escape 

back to the band edge so that it can emit light on radiative recombination. The observed 

PL transient shows emission with a non-exponential form (eq. (5. 6)) which, as shown 

below, comes naturally out of the analysis for a shallow trap level. Trap levels have been 

modelled by Marco Califano, using his Auger-mediated trapping (ATM) model. The model 

finds that the trap level is due unsaturated bonds on the surface [26]. For CdTe CQDs the 

surface trap were unsaturated Te bonds which trap holes[21]. In addition, he found that 

the traps states are centered around two energy values 𝐸1 ≈ 𝐸𝑉𝐵𝑀
𝑏𝑢𝑙𝑘 + 0.45 eV and 

𝐸2 ≈ 𝐸𝑉𝐵𝑀
𝑏𝑢𝑙𝑘 + 0.05 eV for CdTe CQDs for radii of 1.1nm and 2.3 nm [27]. Since the first 
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group of surface states have energies similar to the thermal energy, these traps are 

shallow enough to depopulate by using thermal energy.  

The model of bright traps is expressed in eq. (5. 6) 

𝐼𝑃𝐿(𝑡) = 𝐴𝑇𝑟𝑎𝑝−𝑓𝑟𝑒𝑒  𝑒
−𝑡

𝜏𝑟⁄ + 𝐴𝐵𝑇 𝑓(𝑡) 
(5. 6) 

 

where 𝐼𝑃𝐿(𝑡)  is the observed PL transient; the 𝐼𝑃𝐿(𝑡)  involve an exponential function 

𝐴𝑇𝑟𝑎𝑝−𝑓𝑟𝑒𝑒  𝑒
−𝑡

𝜏𝑟
⁄  ,which is the radiative process, and 𝐴𝐵𝑇 𝑓(𝑡)  is a non-exponential 

function. This non-exponential function includes the effects of the processes of trapping, 

with a rate constant,  𝑘𝑇 , and detrapping, with rate constant 𝑘𝐷 , and a non-radiative 

recombination process from the trap state, with rate constant 𝑘𝑛𝑟. 

 

Figure 5. 9 Shallow traps model describes the possible recombination processes a) radiative process 

 𝐤𝐫, b)  trapping process  𝐤𝐓, detrapping process  𝐤𝑫  and d) non-radiative process  𝐤𝐧𝐫 [28]. 
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Figure 5. 9 shows the possible processes for the model of shallow traps. This model 

explains the experimentally observed PL transient, which is described by eq  (5. 6). There 

are two possible recombination processes: radiative or non-radiative. If it is radiative the 

valence band maximum (VBM) loses a hole by recombination(Figure 5. 9a). If the process 

is not radiative, the hole is trapped in a surface state (SS) and the VBM loses a hole 

(Figure 5. 9b). The trapping process leads to two possible process:  thermal detrapping 

(Figure 5. 9c) or  non-radiative recombination (Figure 5. 9d). In the detrapping process the 

VBM regains a hole, and the SS loses the hole gained during the trapping. The SS can 

also lose a hole during the non-radiative recombination process.  

Based on the number of holes gained or lost in VBM  and SS, the following rate equations 

can be written: 

�̇� = − 𝑘𝑟𝑛 − 𝑘𝑇𝑛 + 𝑘𝐷𝑛𝑇 

(5. 7) 

�̇�𝑇 = + 𝑘𝑇𝑛 − 𝑘𝐷𝑛𝑇 − 𝑘𝑛𝑟𝑛𝑇 

(5. 8) 

where 𝑛 is the number of holes in the VBM and 𝑛𝑇 is the number of holes trapped in the 

SS. 

The solution of these rate equations is a bi-exponential function with characteristic rates 

constants 𝑘+  and  𝑘−  where 

𝑘± = 
−(𝑘1 + 𝑘2) ± √(𝑘1 + 𝑘2)

2 − 4(𝑘1𝑘2 − 𝑘𝐷𝑘𝑇)

2
 

(5. 9) 

 

in which 𝑘1 is (𝑘𝑟 + 𝑘𝑇)and 𝑘2 is (𝑘𝐷 + 𝑘𝑛𝑟). These rate constants are identified with the 

non-radiative components found by fitting to the PL decay transients. Thus, minus the 

sum of these characteristics rate constants equals the sum of the rate constants identified 

above. Since 𝑘𝑟 is known from the calculation of 𝜏𝑟𝑎𝑑 then a quantity derived from the fit to 
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the experimental PL decay, that is dependent only on the non-radiative rate constants can 

calculated 

𝑘𝑛𝑟 + 𝑘𝐷 + 𝑘𝑇 = −(𝑘+ + 𝑘− ) − 𝑘𝑟 = (
1

𝜏𝑓𝑎𝑠𝑡
+

1

𝜏𝑠𝑙𝑜𝑤
−

1

𝜏𝑟
) 

 (5. 10) 

This analysis thus allows the effect of CQD structure on the total rate of the non-radiative 

processes to be determined experimentally, free of the influence of radiative 

recombination on the data. 

The total non-radiative rate and the associated fractional amplitude, calculated from the 

sum of slow and fast amplitudes, were plotted versus shell thickness and versus core. For 

clarity the data points were grouped by structure of CQDs (CdSe in black, CdSe/CdTe in 

red and CdSe/CdTe/CdS in blue), and the figure shape indicates the type of thickness of 

the shell (squares for no shell, circles for medium shell values from 0.81 to 9.6 nm, and 

triangles for 1.74). Also the 1.6 nm and 1.72 nm core radius were merged for the shell 

thickness graphs. 

 

Figure 5. 10 Total rate of non-radiative process in fuction of the shell thickness (a) and (b)core size.  

 

The calculated total rate as a function of the shell thickness is showed in Figure 5. 10a, 

where a strong trend is observed: the total rate is sharply decreased by the growth of shell 

thickness. The AMT rate depends on the wave-function overlap between electron and 

a) b) 
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hole, which decreases for thicker shells, explaining the observed behaviour. The total rate 

for the CdS shell is lower than the one for a single shell, which suggests the CdS shell 

inhibits somewhat the trapping process, but this inhibition is not dramatic. 

In Figure 5. 10b there is an indication that the total rate increases for greater core size but 

the trend is not as clear as that with increasing shell thickness. This may be because 

increasing core diameter has two conflicting effects on the rate of AMT. The quantum 

confinement energy is reduced for larger cores, which both lowers the energy of CBM to 

its bulk value and also reduces the separation between adjacent levels. A lower CBM 

results in better confinement of the electron by the CdSe/CdTe heterojunction and thus 

reduced wave-function overlap which tends to lower the AMT rate. Conversely, the 

decreased energy level separation in the CBM better allows electrons to resonantly 

accept energy from the holes, which tends to increase the AMT rate. It is the interplay of 

these two conflicting effects that is likely preventing a clear trend form being evident. 

 

Figure 5. 11 Sum of the fractional anplituds versus shell thickness (a) and core size (b). 

 

Figure 5. 11a shows the sum of the fractional amplitudes ( 𝐴𝑆𝑙𝑜𝑤 + 𝐴𝐹𝑎𝑠𝑡) as a function of 

the shell thickness, where a slight growth in the amplitudes is noticed for an increase of 

shell thickness. In contrast, Figure 5. 11b shows the sum of the fractional amplitudes ( 

𝐴𝑆𝑙𝑜𝑤 + 𝐴𝐹𝑎𝑠𝑡) as a function of the core size, with no very clear trend with core size seen.   

a) b) 
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5.6. Discussion and summary  

CQDs have the potential to be used in many applications, however this potential cannot 

be completely exploited due to the lack of understanding of their recombination dynamics. 

The analysis of single exciton recombination in CQDs from PL transient measurements is 

challenging, due to several factors. The recombination processes are usually dominated 

by non-radiative recombination, which results in low PLQY. The PL transient and PLQY 

can have a strong relationship, in which the PLQY is described by the ratio between the 

radiative lifetime and the sum of radiative and non-radiative lifetime (see eq. (5. 3)). 

However, this relationship separates each process (radiative and non-radiative) only for a 

simple system, in which the PLQY ~1. 

In practise CQDs with high PLQY are not the common case, and in addition the PL often 

is affected by blinking. Blinking is when the CQD PL is ‘on’ or ‘off’ resulting in it 

contributing to the PL or not. However this does not affect the PL transient decay [24]. 

Another limitation is the quality and quantity of the sample. The quality is the degree of 

trapping of the CQDs and this varies from sample to sample. The degree of trapping is 

related to process of fabrication which introduces an uncertainty in the reproducibility of 

the CQDs.  In addition to these, non-radiative recombination typically produces non-

exponential PL decays. 

A PL transient typically requires a tri-exponential decay function to be well-described, 

which involves the use involves up to 7 free parameters (3x 𝜏, 3x A and 𝑦0), and there is 

thus an accompanying difficulty in robustly separating the rates of radiative and non-

radiative recombination.  

To solve this difficulty of separating the rates of recombination some authors have chosen 

the longest time constants extracted from a tri-exponential fit to represent radiative 

recombination [4]. This approach however involves a drawback. Having 7 free parameters 

makes it difficult to robustly identify the three separate components. Furthermore when 
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comparing the total PLQY to the PLQY of just the emitting QDs, estimated by integrating 

the longest time constant (𝜏3 ) component of the PL decay with respect to time and 

dividing by the total area under the PL decay curve, it has been established that for some 

QDs the longest decay component is not the radiative component ( 𝜏3
−1 ≠ 𝜏𝑟𝑎𝑑

−1 ). 

Due to the number of complexities, some researchers [4] have tried a different approach, 

in which a comparison between the experimental data and a calculation of  𝜏𝑟𝑎𝑑  from 

extinction coefficient data is done. This approach also involves some challenges. The 

predicament is to accurately measure the molar extinction coefficient because the 

concentration of CQD samples is hard to determine with precision. A typical sample of 

QDs also contains an unknown number of ligands attached to the QD surfaces, and 

excess ligand and unreacted reagents left over for the synthesis process. Washing and 

purification procedures, designed to remove the excess ligands also remove surface 

ligands which decrease the PLQY [6-10]. 

The approach followed in this work to analyse the recombination process was based on 

the use of a calculated radiative lifetime to decrease the number of free parameters in the 

tri-exponential fit. The radiative lifetime was calculated by S. Tomic’s group, the detailed 

modelling of 𝜏𝑟𝑎𝑑  included 14 bands, band coupling, spin-orbit interaction, strain and 

piezo-electric field.  In order to confirm that the calculated 𝜏𝑟𝑎𝑑  was adequate, a 

comparison between the free 𝜏𝑟𝑎𝑑 and the calculated 𝜏𝑟𝑎𝑑 tri-exponential fit was done (see 

Figure 5. 3). Both types of fit describe the PL transients well yet yield significantly different 

time constants, showing that the free 𝜏𝑟𝑎𝑑 fit is not a robust way of determining the time 

constants.  

The time constants were extracted from the calculated 𝜏𝑟𝑎𝑑   fit, in which the non-radiative 

component of the decay is described by 𝜏𝑠𝑙𝑜𝑤 and  𝜏𝑓𝑎𝑠𝑡  with their respective amplitudes 

(𝐴𝑠𝑙𝑜𝑤 and 𝐴𝑓𝑎𝑠𝑡 ). These time components and their amplitudes were analysed by core 

size and shell thickness; the time constant attributed to 𝜏𝑓𝑎𝑠𝑡  ranged from a few ps to a 
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few ns, and 𝜏𝑠𝑙𝑜𝑤 ranged between 2 ns and 6  ns. The time constant grew as a function of 

the shell thickness (see Figure 5. 5), and decreased fas aunction of the core size (Figure 

5. 6). The amplitudes 𝐴𝑠𝑙𝑜𝑤 and 𝐴𝑓𝑎𝑠𝑡  did not present a strong trend which suggest that 

the amplitudes are governed by the population of trapping CQDs.  

A rate equation analysis of recombination was done in order to understand the underlying 

process. The analysis was based on the idea of shallow traps; a shallow trap is is a 

surface state produced by unsaturated bonds. This shallow trap can be populated and 

depopulated by the hole, and the depopulation is due to the thermal energy in the system.  

The proposed model considers three types of CQD in any population. Firstly, a ‘trap-free’ 

CQD in which recombination is completely radiative. PLQY ~100% has been reported 

recently [21, 23] showing that this type of CQD can exist. CQDs with a ‘dark trap’ do not 

emit. It has been established that some CQDs can be completely non-radiative for periods 

of time longer than the duration of the experimentally observed PL lifetimes [24]. This 

‘blinking’ reduces the PLQY but it does not contribute to observed PL transient [25]. The 

‘bright traps’ CQDs contain shallow traps, but can still emit after liberation of the hole. The 

observed PL transients show emission decays that are non-exponential in form. 

consistent with a shallow trap level. Trap levels have been calculated by AMT modelling, 

with the trap level due to unsaturated bonds on the surface [26] [21]. The traps states are 

calculated to be around two energy values 𝐸1 ≈ 𝐸𝑉𝐵𝑀
𝑏𝑢𝑙𝑘 + 0.45 eV and 𝐸2 ≈ 𝐸𝑉𝐵𝑀

𝑏𝑢𝑙𝑘 + 0.05 eV 

for CdTe CQDs with radii of 1.1 and 2.3nm [27]. Thus these surface states have energies 

similar to the thermal energy, consistent with shallow traps depopulated using the thermal 

energy.  
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Chapter 6. Photoluminescence of 
chloride-treated CdTe CQDs. 

6.1. Introduction 

As discussed earlier Colloidal Quantum Dots (CQDs) are generating a lot of interest due 

to their low fabrication cost, a band gap tuneable via the quantum size effect, and a 

number of possible applications such as energy harvesting in solar photovoltaics, and 

lighting devices [1-3]. However the efficiency of these devices is compromised when the 

CQDs have many surface traps, which are associated with non-radiative recombination. 

Photoluminescence (PL), photoluminescence quantum yield (PLQY) and PL lifetime 

measurements have a strong dependency on the radiative and non-radiative 

recombination processes, and can be used to investigate their relative and absolute rates. 

Trap states are produced by dangling bonds on the surface of the CQDs [4]. In previous 

reports [5-7] these surface traps have been reduced by passivating the surface with long-

chain alkyl and aliphatic ligands. Both methods present complications. The first one is 

steric hindrance resulting in partial passivation, this mean that some traps remain due to 

the size of the passivating molecules preventing access to some dangling bonds. The 

second problem is that the ligand acts as a barrier for the electrons to be extracted or 

injected, reducing the efficiency of the optoelectronic devices [8, 9].  

Recently the use of halide passivation has been shown to be an effective way to reduce 

traps without affecting the charge mobility; Chuang achieved a record efficiency of 8.55% 

for a CQD-based solar cell using this method [10]. Passivation with compact halide ions 

reaches hard-to-access inter-cation sites; this reduces the number of trap states and 

improves photovoltaic device efficiency [11]. Also halide passivation has been shown to 

improve photostability and photoluminescence (PLQY). Until now chloride passivated 

CQDs PLQY  
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 values have been up to 60% [12]. CQDs with chlorine passivation have also shown 

improved air stability, a particular advantage for heavier chalcogenides (Se and Te).[13].  

Chloride passivation can be achieved using different methods and in the literature there 

are three prevailing techniques: molecular chlorine [13], alkylchlorosilanes [4, 9, 14] and 

ionic metal chloride salts [1, 15]. The most common passivated CQDs have been Pb(S or 

Se) and Cd(S or Se). Bae reported molecular chlorine passivation of PbTe which was 

ineffective due to the instability of the CQDs to decomposition and precipitation [13]. 

Chloride ion passivation of CdTe has been only studied by Zanella [9]. He used 

propyltrichlorosilane for the passivation and reported an improvement in the photocurrent 

in CQD films. However Zanella’s work lacks PL lifetime and PLQY studies which are the 

key for understanding the charge dynamics, due to their strong dependence on the 

radiative and non-radiative recombination processes. Furthermore the Zanella passivation 

process used propyltrichlorosilane rather than chloride ions. 

The study of cadmium chloride passivation of different CdTe CQDs sizes is presented in 

this chapter. The results of cadmium chloride passivation are the significant reduction of 

surface traps leading to almost unity PLQY, and improved stability to air exposure. 

 

Figure 6.1 Colloidal Quantum Dots grown by C.R. Page (taken by Page) 
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6.2. Synthesis and structural characterisation of CdTe  

The Colloidal quantum dots studied were grown by R.C. Page. His synthesis of CdTe 

CQDs were based on the method reported by Wang [5]. Cadmium oxide (CdO), 1-

tetradecylphosphonic acid (TDA) and 1-octadecene (ODE) are loaded and mixed in a 

three-neck flask. The mixture is heated to 315°C and then cooled to 290°C for the fast 

injection of Te precursor. The precursor is a solution of Te dissolved in trioctylphosphine 

(TOP) and heated at 210°C then this solution is diluted with ODE. After the precursor is 

injected the flask is cooled to 270°C to grow the nanocrystals.  Depending on the times of 

growth the CQD sizes varies; the CQDs used have diameters from 3.2 nm to 4.9 nm, 

which corresponds to growing times from 30 s to 6 mins. All the reaction was carried 

under nitrogen (N). Page treated the surface of these CdTe CQDs with chloride ions by 

injecting CdCl2 in oleylamine containing tetradecylphosphonic acid (TDPA) into a solution 

with CdTe CQDs in toluene. This reaction was continued for 15 min at 60°C. [16]. 

In Figure 6.2a the absorption and the photoluminescence spectra of the CdTe CQDs 

show a peak shift of few nm between the untreated and treated samples. The spectra 

were normalized to show the peak fit This peak shift depends on the chloride reaction 

time.. Figure 6.2b shows the X-ray powder diffraction (XRD) patterns and confirms CdTe 

with a zinc blende crystal structure for both untreated and chloride treated CQDs. This 

demonstrates the chloride treatment did not change the crystal structure of the CQDs. 

Figure 6.2c and Figure 6.2d show the high angle annular dark field (HAADF) scanning 

transmission electron microscope (STEM) images for the CQDs before and after chloride 

treatment respectively. From the images the CQD sizes look similar after chloride 

treatment and in both cases the shape of CQDs are roughly spherical. The average 

diameter is 4.6 nm ±0.7 nm for untreated and 4.5 nm ±0.8 nm for treated. The XRD and 

TEM studies were performed by collaborators based in the School of Materials and the 

School of Chemistry. 
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Figure 6.2 CdTe CQDs before and after chloride treated. (Taken from [16]). a) Absorption (solid 
lines))and Photoluminescence spectra (dotted line), the untreated is black and after chloride treated is 
red. b) X-ray diffraction photoelectron spectroscopy (XRD) patterns. c) High angle annular dark field 
(HAADF) scanning transmission electron microscope (STEM) after treatment. d) HAADF STEM before 
chloride treated 

To confirm that the chloride ions were on the surface of the treated CdTe CQDs, 

synchrotron-excited X-ray photoelectron spectroscopy (XPS) at the 2p region for Cl and N 

was performed. In Figure 6.3a the Cl 2p doublet peak is shown for a chloride treated 

CQDs (red line), and the peak is not present for the untreated CQDs. Figure 6.3b 

illustrates how changing the photoelectron kinetic energy (by changing the x-ray photon 

energy), changes the sampling depth in XPS and this allows different regions of a CQD to 

be probed. For a chloride treated CdTe CQD the diameter was 4.5 nm and it was 

surrounded by organic ligands with a thickness of ~3.7 nm [16] as visualised in Figure 6. 

5. Figure 6.3c describes how the ratio of elemental signals changes for Cl at 2p region to 

Cd at 3d region and of N at 1s region to Cd at 3d region for different photoelectron kinetic 
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energies. For the XPS experiment, the kinetic energy ranges were from 115 eV to 10000 

eV, which correspond to sampling depths from 4.1 nm to 11 nm.  

At a kinetic energy of 115 eV Cl and N have the highest intensity compared to Cd, 

indicating that Cl and N are present on the surface of the CQD. The thickness of the 

ligand layer is a combination of the organic ligands and some residual solvent molecules.  

The XPS measurements and analysis was carried out by Hanna Radtke.  

 

Figure 6.3 XPS studies at 2p for CdTe untreated and treated with chloride. (taken from[16]) a) Direct 
comparison for untreated (black line) and chloride treated (red line). b) Depth dependency at different 
kinetic energies and an interpretation for a spherical CQD in green bounded by an organic layer in 
grey. c) XPS measured ratios of Cl and N to Cd as a function of photoelectron kinetic energies and 
sampling depth 
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Figure 6. 4 Visualization of the atomic structure of CdTe CQD including oleylamine ligands (modelled 
by Chris Muryn). Chloride ions (in yellow) suppressing some surface traps of the CdTe CQD.  

 

Figure 6. 4 shows a model of a CdTe CQD passivated by oleylamine ligands with a few 

chloride ions. The CQD is not fully passivated and the unsaturated bonds on the surface 

lead to trap states.  
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6.3. Effect of chloride treatment on PL 

The chloride passivation method used by Page produced a substantial change in the 

optical properties of the CdTe CQDs. The main effect of CdCl2 treatment on CdTe CQDs 

is an increase in photoluminescence intensity, up to 20 times for some samples (see 

Figure 6.6a.The absorption and PL peaks suffer a slightly shift of few nm, due to the 

chloride ions, however the zinc blende structure is unaltered. An example of the effect is 

shown in Figure 6. 5; here the shift between untreated and chloride treated is 6 nm for the 

absorption spectra and 9 nm for the PL spectra (see Table 6. 1). The shifts after chloride 

treatment are related with the amount of CdCl2 and the duration of the reaction. Page 

found a concentration of chloride of 96Cl- per nm2 of CdTe CQD surface area, and a 

reaction time of 15 min at 60°C produced optimal passivation. 

 

Figure 6. 5 Absorbance and PL spectra after and before chloride treatment 
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After the 15 min reaction, the growth layer of CdCl2 on the surface of the CdTe CQDs is 

enough to passivate the CQDs [16]. If the layer is thicker, it may prevent electron 

extraction or injection. Or if the layer is thinner, the non-radiative process will predominate, 

affecting the performance. 

Table 6. 1 CdTe CQDs diameters before and after chloride treatment showing shift in absorption and 
PL after chloride treatment. 

CdTe CQDs diameters  Absorption peak PL peak 

Untreated Chloride Treated  Untreated Chloride Treated  Untreated Chloride Treated  

3.1 nm 3.4 nm 541 nm 562 nm 557 nm 577 nm 

3.2 nm 3.2 nm 548 nm 549 nm 565 nm 564 nm 

3.3 nm 3.6 nm 561 nm 595 nm 572 nm 612 nm 

3.4 nm 3.5 nm 567 nm 582 nm 580 nm 593 nm 

3.5 nm 3.5 nm 576 nm 582 nm 586 nm 595 nm 

3.7 nm 3.7 nm 603 nm 606 nm 613 nm 622 nm 

3.9 nm 3.8 nm 620 nm 619 nm 631 nm 630 nm 

4.8 nm 4.8 nm 668 nm 669 nm 678 nm 677 nm 

 

Table 6. 1 shows the peaks shifts observed for a number of CQD samples of different 

diameter. The small diameters suffer a greater red shift in contrast as the diameter size 

increases the shift is reduced. On average the red shift for the absorption peak is ~9 nm 

and ~11 nm for the PL peak. 

The diameters of the CdTe QCDs were calculated using the empirical equation (6. 1) for 

CdTe nanocrystals [17], where D is nm and 𝜆  (nm) is the wavelength of the first 

absorption peak. The error associated with the equation was estimated to be ±0.1nm, and 

is due to scatter of data about the empirical fit [17]. 

𝐷 = (9.8127 × 10−7)𝜆3 − (1.7147 × 10−3)𝜆2 + (1.0064)𝜆 − (194.84) 

(6. 1) 

 

The photoluminescence quantum yield is also increased. Typical PLQY values for 

untreated CdTe CQDs are up to ~15% ±3%, but after treatment the PLQY increased up to 

92% ± 6% (Figure 6.6b). The untreated CdTe CQDs have low PLQY which agrees with 
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literature values found for unshelled Cd-based CQDs [7, 18]. The PLQY of these Cd-

based CQDs can be improved by growing an inorganic shell to reduce the surface 

defects. This is used in light emitting diodes (LED) devices [7], however the inorganic 

shell, which is a thick layer, acts as a barrier to charge extraction; this reduces the 

efficiency in photovoltaics cells [19].  

By passivating CdTe CQD surface with chloride, the surface dangling bonds are reduced 

due to the chloride ions reaching hard-to-access inter-cation sites. The non-radiative 

process is related to dangling bonds therefore after being treated with chloride the CdTe 

CQDs the dangling bond are supressed. Transient photoluminescence spectroscopy was 

used to confirm that the radiative process is predominant and further investigate the 

effects of the chloride treatment.  

 

Figure 6.6 Influence of chloride on the photoluminescence of CdTe CQDs (taken from [16]) a) PL 
spectra of CdTe CQDs (black line) and after chloride treatment (red line), which showed an increased 
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PL intensity. b) The histogram show improved PLQY after chloride treatment. Untreated samples are 
in grey and treated samples are in red. c) PL lifetime decays, the untreated sample (black dots) shows 
multi-exponential decay, and after being treated (red dots) shows a mono-exponential decay. d) The 
PL lifetime histogram, showing the lifetime improvement after treatment. 

 

The overall recombination rate takes into account both the radiative and non-radiative 

recombination processes. Where non-radiative recombination increases due to unwanted 

pathways caused by the presence of surface traps, PL lifetimes reduce and non-

exponential decays are typically observed [20]. In Figure 6.6c the decay of untreated 

CdTe CQDs shows a non-exponential decay, with a lifetime of few nanoseconds. The 

decay is formed by radiative, and multiple non-radiative components, each component 

has a different amplitude and time. After the chloride treatment the CdTe CQDs showed 

mono-exponential decay behaviour (i.e. the radiative process is predominant) and a 

longer lifetime. A lifetime decay comparison between samples before and after chloride 

treatment is shown in Figure 6.6c. The PL lifetimes of different CdTe CQDs sizes before 

and after chloride treatment were plotted in a histogram showing in all cases a longer 

lifetime for the treated CdTe CQDs (Figure 6.6d). 

The histogram compares PL lifetimes between a mono-exponential and multi-exponential 

decay, which is complex due to the multi-exponential decay has amplitude and time 

constant for each component which forms the decay, whereas a mono-exponential only 

has one amplitude and time constant. Equation (6. 2) describes a mono-exponential 

decay for the chloride treated CdTe CQDs; and equation (6. 3) describes a multi-

exponential decay with three terms for the untreated CdTe CQDs: 

𝐼𝑃𝐿(𝑡) = 𝐴𝑟𝑒
−𝑡

𝜏𝑟⁄  

(6. 2) 

 

where 𝐴𝑟 is amplitude and 𝜏𝑟  is lifetime for the radiative part  

𝐼𝑃𝐿(𝑡) = 𝐴𝑟𝑒
−𝑡

𝜏𝑟⁄  +  𝐴𝑓𝑒
−𝑡

𝜏𝑓⁄  + 𝐴𝑠𝑒
−𝑡

𝜏𝑠⁄  

(6. 3) 
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and for the non-radiative part 𝐴𝑓 and  𝐴𝑠  are the amplitudes, and 𝜏𝑓and 𝜏𝑠 are lifetimes. 

The non-radiative part is characterised by  two processes, fast and slow rates. In section 

6.4 the PL lifetimes are analysed in more detail, but for a general comparison of the PL 

lifetimes, the effective lifetime (𝜏𝑒𝑓𝑓) parameter was used. This parameter makes possible 

a comparison of the multi-exponential decay (6. 3) with the mono-exponential decay (6. 

2). Where effective lifetime (𝜏𝑒𝑓𝑓) defined as when PL intensity drops to 37% of the initial 

value. 

𝐼 = 𝐼0𝑒
−𝑡

𝜏𝑃𝐿
⁄  

(6. 4) 

At 𝑡 =  𝜏𝑃𝐿 

𝐼 = 𝐼0𝑒
−𝜏𝑃𝐿

𝜏𝑃𝐿
⁄  = 𝐼0𝑒

−1   =  0.37 𝐼0 

(6. 5) 

 

For the untreated CdTe CQDs the PL lifetimes were calculated using the effective lifetime 

(𝜏𝑒𝑓𝑓) and for the chloride treated CdTe CQDs a mono-exponential fitting was used. 

A near unity PLQY and longer PL lifetimes with a mono-exponential decay together 

indicate a significantly reduced overall recombination rate. This should increase the carrier 

mobility of a device based on CQDs, and thus device performance. Indeed the PL lifetime 

has a correlation with the performance of solar cell devices [21, 22] and inorganic solar 

cells have showen improvement with increasing carrier lifetime [22]. 
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6.3.1. Chloride concentration  

The effect of chloride concentrations was studied by taking CdTe CQDs and passivating 

with three different concentrations of CdCl2. All concentrations were calculated by R.C. 

Page as part of the synthesis procedures. The CdCl2 concentration additions to CdTe 

CQDs were called: low, normal and high. The low chloride treated was 24 Cl- per nm2 of 

CdTe CQDs, normal 96 Cl- per nm2 and high 120 Cl- per nm2.  

To compare change before and after different concentrations of chloride treatment, the 

optical properties were measured. In Figure 6. 7a absorption spectra before and after 

chloride treatment for CdTe CQDs are shown. The untreated (black line) CdTe CQDs 

show a absorption peak at 603 nm, which after chloride treatment undergoes a redshift for 

normal and high concentrations of chloride. (see Table 6. 2). The red shift is more evident 

in the PL spectra (Figure 6. 7b).This attributed to Cl- ions filling electron vacancies at the 

band edge and thus  narrowing the band gap [16] 

 

Figure 6. 7 Different concentrations of Chloride treatment for a CdTe CQDs. a) Absorption spectra 
before and after using different concentrations of chloride treatment.  b) PL spectra before and after 

a)     b) 

     

 

 

 

 

       c) 
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using different concentrations of chloride treatment. c) PL lifetimes decays before and after using 
different concentrations of chloride treatment 

 

The PL lifetime data for the untreated samples and for the samples treated with varying 

concentrations of Cl-  (Figure 6. 7c) show the how the decay transient changes from a 

multi-exponential to a mono-exponential  after treatment. Comparing the chloride treated 

concentrations, all the PL lifetime decays are mono-exponential, but there is a small 

change in the slope. The low concentration shows the shortest lifetime, and the lifetime 

increases for the normal and high chloride treated concentrations. The PL lifetime decay 

differences between normal and high is almost imperceptible, with the greatest time for 

the high chloride treated.  

Table 6. 2 Chloride concentrations for a CdTe CDQs 

 CdTe CQDs Diameter Absorption  PL peak PLQY PL lifetime error 

Untreated 3.7 nm 603 nm 613 nm 4% 
 

  

Low chloride treated 3.7 nm 603 nm 616 nm 77% 22.0 ns 0.5 ns 

Normal chloride treated 3.7 nm 606 nm 622 nm 83% 25.0 ns 0.5 ns 

High chloride treated 3.7 nm 604 nm 621 nm 70% 25.3 ns 0.5 ns 

 

In Table 6. 2 show the optical values before and after chloride treatment with different 

concentrations, the diameter was calculated by using equation (6. 1) and the first 

absorption peak. The low and high chloride concentrations show high PLQY. However the 

highest PLQY was obtained by using 96 Cl- per nm2 of CdTe CQDs, which is the 

concentration of chloride used throughout this study unless otherwise stated  

The chloride layer around the CdTe CQDs should not be too thick, as it may inhibit charge 

transfer into and from a CdTe CQD. Also the chloride layer should not be too thin due to it 

may not passivate all the surface traps.  

The normal chloride concentration was used as standard for the CdTe CQDs due to its 

mono-exponential decay behaviour for the PL lifetime and high PLQY. 
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6.4. Recombination dynamics 

The underlying dynamics of radiative and non-radiative recombination rates of the CdTe 

CQDs were investigated using PL Lifetime and PLQY measurement. 

In section 3.4 from Chapter 3 PLQY is defined as the number of emitted photons relative 

to the number of absorbed photons, φf, and depends on the relative rates of the radiative 

(𝜅𝑟) and non-radiative (𝜅𝑛𝑟) processes 

𝝓𝒇 =
𝑵𝒐 𝒑𝒉𝒐𝒕𝒐𝒏𝒔𝒆𝒎

𝑵𝒐 𝒑𝒉𝒐𝒕𝒐𝒏𝒔𝒂𝒃𝒔
= 

𝜿𝒓

𝜿𝒓 + ∑𝜿𝒏𝒓
 

(6. 6) 

 

where ∑𝜅𝑛𝑟 is the total rate for all possible non-radiative processes [23]. The PLQY will 

be closer to unity if the non-radiative part is much smaller than the radiative rate, that is 

∑𝜅𝑛𝑟 < 𝜅𝑟. 

The PL lifetime,𝜏 is the characteristic time it takes from the excited state to return to the 

ground state. This is also linked to the relative rates of the radiative and non-radiative 

processes. [23] 

𝝉 =
𝟏

𝜿𝒓 + ∑𝜿𝒏𝒓
 

(6. 7) 

 

The radiative rate can be found from the PLQY and PL lifetime equations (6. 6) and (6. 7) 

respectively; 

𝜿𝒓 =
𝝓𝒇

𝝉
 

(6. 8) 
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However, this analysis assumes that the PL decays mono-exponentially or sufficiently 

close to mono-exponentially, so that τ can reliably identified. 

Experimentally however, PL decays are often significantly different from mono-exponential 

in form, making the determination of  τ difficult. 

CdTe CQDs before chloride treatment exhibit PL decays are multi-exponential and were 

not suitable for the above analysis. However after chloride treatment the conditions for the 

analysis are fulfilled, enabling extraction of the radiative rate. Figure 6. 8. shows, the PL 

lifetime decays of untreated and chloride treated CdTe CQDs; these decays illustrate the 

behaviour observed in different diameters of CdTe CQDs.  

 

Figure 6. 8 PL lifetime decays of CdTe CQDs before and after chloride treatment. Untreated CdTe 
CQDs (black) show a multi-exponential decay, and a mono exponential decay for chloride treated 
CdTe CQDs (red).the doted blue line is to clarify the mono exponential behaviour.  

 

The PL lifetimes decays for chloride treated CdTe CQDs show a largely mono-exponential 

behaviour, however for some decays the tail introduces a small deviation on fitting to a 
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mono-exponential function. Therefore the analysis procedure for the chloride treated 

CdTe CQDs was to use a mono-exponential decay only for the first decade, which 

corresponds to the 90% of PL intensity. For the untreated CdTe CQDs a multi-exponential 

was fitted, also over the first decade in order to be consistent in the method of analysis of 

the PL lifetimes. Table 6. 3. shows the PL lifetime values extracted by fitting a mono-

exponential decay (6. 2) for the chloride treated CdTe CQDs.  

Table 6. 3 PL lifetime values before and after chloride treatment for different sizes. 

Chloride Treated CdTe CQDs   

Diameters PL lifetime  error 

3.4 nm 18.00 ns ± 0.07 

3.6 nm 20.35 ns ± 0.04 

3.5 nm 17.69 ns ± 0.05 

3.7 nm 19.89 ns ± 0.06 

3.5 nm 18.42 ns ± 0.09 

3.7 nm 24.26 ns ± 0.10 

3.8 nm 22.56 ns ± 0.05 

4.8 nm 22.25 ns ± 0.07 

 

The PLQY values calculated by the absolute method are shown in in Table 6. 4. The error 

of PLQY values is ±6%., which is the sum of squared errors of systematic and statistical 

contributions.  

Table 6. 4 PLQY values before and after chloride treatment for different sizes of CdTe. 

CdTe CQDs diameters  PLQY  

Untreated Chloride Treated Untreated Chloride Treated 

3.1 nm 3.4 nm 9% 83% 

3.3 nm 3.6 nm 4% 90% 

3.4 nm 3.5 nm 4% 66% 

3.4 nm 3.7 nm 5% 92% 

3.5 nm 3.5 nm 15% 81% 

3.7 nm 3.7 nm 4% 83% 

3.9 nm 3.8 nm 1% 65% 

4.8 nm 4.8 nm 3% 40% 
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By substituting the values for PLQY and the PL lifetimes in the equation (6. 8), an 

estimate of the radiative rate,𝜅𝑟, was found. The radiative lifetime is just the inverse of the 

radiative rate constant. 

 

𝝉𝒓 =
𝟏

𝒌𝒓
 

(6. 9) 

 

In Figure 6. 9 the radiative lifetime (𝜏𝑟) was plotted against CQDs volume, linear fit (red 

line) show the linearity between the radiative life time and the volume of the CdTe CQDs, 

as was previously observed for CdSe QDs [24]. As the oscillator strength (𝑓) increases 

linearly with size (~𝑎), and within the strong confinement region the exciton energy (𝐸𝑒𝑥) 

scale inversely with the square of the size 𝐸𝑒𝑥~1/𝑎2 . Therefor the radiative rate is 

approximately the product of the energy squared and the oscillator strength (𝜅𝑟~𝐸𝑒𝑥
2 𝑓), 

and thus scales with cubic size 𝜅𝑟~1/𝑎3  [24]. The linearity of the radiative process with 

volume for CdSe QDs, agrees with the different sizes of CdTe CQDs showing linearity 

between the volume and radiative lifetimes. Also, in Figure 6. 9. the PL lifetime (𝜏𝑝𝑙) and 

calculated lifetime (𝜏𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 ) were plotted against the CQDs volume. The calculated 

lifetime (𝜏𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 ) was obtained from the relationship between the recombination rate 

and the peak PL photon energy previously reported [25]. The values obtained of PL 

lifetime and calculated lifetime are comparable, while the radiative lifetime values are 

greater, consistent with 𝜏𝑟 ≈ 𝜏𝑃𝐿 𝑃𝐿𝑄𝑌⁄  that represent the upper limit for the radiative 

lifetime. 
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Figure 6. 9 PL lifetime (𝝉𝒑𝒍), Radiative lifetime (𝝉𝒓) and calculated lifetime (𝝉𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅) as function of 

volume for different sizes of chloride CdTe CQDs. 

 

The linear fit of the radiative lifetimes in Figure 6. 9 crosses within the error bar of  5 out of 

8 data points. However the use of the biggest diameter of CdTe CQDs, could be inexact, 

since it was one of the first trial cases of chloride treatment. Even though it has a mono-

exponential decay in the first decade, the PLQY is not as high as the other diameters. 

This prompts a reasonable doubt about why the PLQY is low. Perhaps is due to the size 

of the dot, and/or if the chloride treatment was insufficient or defective. Nevertheless 

taking out that point of the linear fitting, the linearity between the volume and radiative 

lifetime is still observed. 

Even though the mono-exponential fitting describes well the PL decay for chloride treated 

CdTe CQDs, there is a deviation over the first decade indicating some degree of non-

radiative recombination, consistent with the less than unity PLQY. Hence a bi-exponential 

decay was fitted to characterise any remanding non-radiative process (the tri-exponential 
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fit used for the untreated samples usually resulted in two of the time constants being 

made equal by the software (OriginPro 8.5)). As the radiative lifetime (𝜏𝑟) is known, the PL 

lifetime decay for the chloride treated CdTe CQDs was fitted now with a bi-exponential 

decay (6. 10), where the radiative lifetime (𝜏𝑟) is fixed in the equation (6. 10).  

𝐼𝑃𝐿(𝑡) = 𝐴𝑟𝑒
−𝑡

𝜏𝑟⁄ + 𝐴𝑛𝑟𝑒
−𝑡

𝜏𝑛𝑟⁄  

(6. 10) 

 

where 𝐴𝑟𝑒
−𝑡

𝜏𝑟⁄  is the radiative process and 𝐴𝑛𝑟𝑒
−𝑡

𝜏𝑛𝑟⁄  is the non-radiative process.  

Figure 6. 10 shows an example of the fittings for the chloride treated CdTe CQDs (red 

circles), the mono-exponential fit in green and the bi-exponential in red, the difference 

between both fits is minimal. (Nevertheless, the results of a biexponential fit for eight 

samples are given in Table 6. 5.) 

However, caution has to be exercised when interpreting the results of this process. The 

software is trying to fit a decay that is very close to mono-exponential with a bi-exponential 

function . When the radiative lifetime (𝜏𝑟) is fixed and the non-radiative lifetime is free, the 

fitting program finds a value of 𝜏𝑛𝑟 that combines with 𝜏𝑟 to reproduce the behaviour of a 

mono-exponential with a lifetime of 𝜏𝑃𝐿 ≈ 𝑄𝑌𝜏𝑟 , with  values close to the PL lifetime 

previously  extracted (Table 6. 3) with a mono-exponential fit . 
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Figure 6. 10 Exponential fittings of CdTe CQQs before and after treatment. Untreated CdTe CQDs 
(black squares) with a multi-exponential fit (magenta dash-dots). Chloride treated CdTe CQDs (red 
circles) showing a mono-exponential fit (green dashes) and a bi-exponential fit (blue dashes). 

 

Table 6. 5 Radiative and non-radiative lifetimes of chloride treated CdTe CQDs 

Chloride trated CdTe CQDs  

  Radiative process non-radiative process 

Diameter 
nm 

Amplitude  
(counts) 

Error  
± 

Time  
ns 

Error 
± 

Amplitude 
(counts) 

Error  
± 

Time  
ns 

Error 
ns 

3.4 6979.2 78.9 21.6 n/a 2476.6 70.4 8.4 0.35 

3.6 7812.4 84.7 22.7 n/a 2070.4 78.2 11.8 0.40 

3.5 3905.3 88.7 26.7 n/a 5903.5 81.3 12.7 0.18 

3.7 8538.0 52.3 21.6 n/a 1244.6 48.4 7.4 0.50 

3.5 6663.4 61.5 22.8 n/a 2678.7 55.9 7.8 0.28 

3.7 5844.6 244.4 29.1 n/a 4117.6 237.8 19.7 0.52 

3.8 3183.2 102.9 34.8 n/a 6594.6 95.5 17.5 0.23 

4.8 1686.1 45.1 55.8 n/a 8086.9 39.2 17.7 0.14 
 

A similar approach is used to know the non-radiative process for the untreated CdTe 

CQDs, as both the untreated and chloride treated share the radiative lifetime (𝜏𝑟 ). 
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However, this analysis is much more reliable because the transients for the untreated 

samples are far from mono-exponential. The PL lifetimes for untreated CdTe CQDs are 

fitted with a multi-exponential (6. 3), where the radiative part (𝐴𝑟𝑒
−𝑡

𝜏𝑟
⁄  ) is known and  

𝐴𝑓𝑒
−𝑡

𝜏𝑓⁄
 + 𝐴𝑠𝑒

−𝑡
𝜏𝑠⁄  is the non-radiative part with fast and slow components. Figure 6. 10 

shows an example of the multi-exponential decay fitting for the untreated CdTe CQDs 

(magenta dash-dots).  

 

Figure 6. 11 Fast and slow time constants of the non-radiative process for the untreated CdTe CQDs.  

 

Figure 6. 11 show the fast and slow time constants of the non-radiative process for 

different untreated CdTe CQD sizes. The fast lifetime constant (red) last no more than a 

couple of nanoseconds, and for the slow lifetime constant (black squares) does not show 

a pattern or a relationship with the fast lifetime constant, and the time constant varies from 

a couple of ns up to an order of magnitude greater . However the error bars for one CdTe 

CQDs are significant, which suggest a fitting artefact.  
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Figure 6. 12 PL lifetime decay of untreated CdTe CQDs, fitted by multi-exponential and bi-exponential 
decay. 

 

Figure 6. 12 correspond to the PL lifetime decay of the untreated CdTe CQDs, whose 

error bars were significant in Figure 6. 11. By using a multi-exponential fit (magenta), the 

error was substantial, but the fit followed the PL lifetime decay. By using a bi-exponential 

fit (green) the decay is less well described with a variation on the fit tail. 

Comparing the radiative and non-radiative components of lifetime for different sizes of 

CdTe CQDs (see Figure 6. 9 and Figure 6. 11); There is a relation between volume of 

CdTe CQDs and radiative lifetime; and this relation is not observed for the fast or slow 

component of the non-radiative lifetime., which means that both processes are 

independent. In other words, the analysis procedure has successfully separated the 

radiative and non-radiative recombination dynamics. 

A power dependency study was done by varying the energy of the excitation pump and 

recording the PL decays at the emission peak of the CdTe CQDs. Figure 6. 13 shows the 
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radiative lifetime (𝜏𝑟 ) of the chloride treated CdTe CQDs, the PL decays were mono-

exponential and maintained a mono-exponential behaviour as the pump power was 

reduce by neutral density filters. The PL lifetime decays are shown in Figure 6. 13a. PLQY 

value; and the lifetimes values extracted from the mono-exponential fitting were 

substituted in equations (6. 8) and (6. 9). The radiative lifetimes (black dots) are shown in 

Figure 6. 13b. Also the non-radiative part was analysed, by fitting a bi-exponential decay 

and using the radiative lifetimes. In this way the non-radiative process was included. 

However, fitting a bi-exponential may generate artefacts as discussed earlier. 

 

Figure 6. 13 Power dependency at PL peak of CdTe CQDs a) PL life time decays varying the excitation 
power at the PL peak. b) Radiative and non-radiative lifetimes  

The radiative lifetimes (𝜏𝑟) in Figure 6. 13  has a linear fitting with a fixed slope to zero, 

which shows the changes by pumping energy. This study confirms that the radiative 

lifetime (𝜏𝑟) has no dependency on the excitation power. A gradual decline in the non-

radiative lifetime with greater pump power energy is evident, suggesting a pump- induced 

increase  in non-radiative recombination due to photo-damage of the CQD surface  

 

  

a)       b) 
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6.5. Effect of air exposure  

The untreated and chloride treated CdTe CQDs were exposed to air with the purpose of 

measuring their stability to oxidation. It is known that CdTe CQDs are vulnerable to 

oxygen, leading to luminescence quenching[26]. However using molecular chlorine to 

passivate the CdTe CQDs reduces the degradation caused by oxygen. [13]  

The study of air exposure started immediately after the CdTe CQDs were grown, diluted 

with dry toluene and transferred to the cuvettes in a glovebox under a nitrogen 

atmosphere. The optical properties (absorbance, PL, PLQY and PL lifetime) of the CdTe 

CQDs before air exposure were measured; this data was called 0 hours. Then the cuvette 

caps were removed and the optical properties were measured again over a number of 

hours.  

 

Figure 6. 14 Absorption spectra of CdTe CQDs before and after air exposure. The study for the 
untreated CdTe CQDs (a) lasted 4 hours exposed to the atmosphere, and for the treated CdTe CQDs 
with chloride ions (b) lasted 13 hours. 

 

The absorption spectra for the treated CdTe CDQs shown in Figure 6. 14b, exhibited  a 

blue-shift, which increased with further air exposure. In contrast for the untreated CdTe 

CDQs (Figure 6. 14a) no shift is observed after air exposure. The total blue shift, using the 

second derivative of the first absorption peak in the spectra, was 14 nm after 13 hours of 

a)       b) 
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air exposure. This indicates the red shift observed during the passivation of CdTe CQDs 

with CdCl2 starts to reverse when the CdTe CQDs have been air exposed. 

 

Figure 6. 15 The air exposure effects on CdTe CQDs. (taken form [16]) PL spectra of CdTe CQDs 
exposed to air: a) before treatment and b) after treatment. c) PLQY degradation due to air exposure vs 
time, black dots un treated and red dot treated. d) PL lifetime decays of untreated and treated before 
and after air exposure. (Black line untreated before air exposure, green line after 1 hour air exposure, 
red line before air exposure and blue line after 1 hour air exposure). 

Figure 6. 15a shows PL spectra for the untreated CdTe CQDs. After the first hour of air 

exposure the PL intensity decreased by 35%, and the total reduction after 4 hours is 

around 70%. For the treated CdTe CQDs the PL spectra is shown in Figure 6. 15b. The 

PL intensity was reduced after 1 hour by 20%, and after 13 hours the PL intensity was 

reduced by 70%. After the first hour of exposure the treated CdTe CQDs start a process 

of blue shifting and moderate PL quenching. However this shift was not present for the 

untreated CdTe CQD. The red shift observed follow passivation is due to chloride ions 

filling electron vacancies at the band edge, narrowing the band gap [16]. The blue shift 

absorbed during air exposure suggests that oxidation reverses this process. The PL peak 
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of treated CdTe CQDs before air exposure was 595 nm and 571 nm after air exposure. 

For the untreated CdTe CQDs the peak was constant at 586 nm. Taking the untreated 

CdTe CQDs PL peak as a reference for the shifts, a 9 nm red shift is observed after 

chloride passivation, and a 15 nm blue shift occurs after 13 hours of air exposure. 

However, after 13 hours, the PL intensity is still higher than the untreated sample 

immediately after synthesis.  

PLQY values on air exposure are shown in Figure 6. 15c. For untreated CdTe CQDs 

before air exposure, PLQY was 15%, which decreased to 5% after 4 hours of air 

exposure. For the treated CdTe CQDs the starting PLQY is 80% before air exposure, and 

after 13 hours of air exposure the PLQY was still close to 50%. The air exposure 

deterioration of the CdTe CQDs is greater for untreated than treated. After many months 

under  nitrogen the treated CdTe CQDs, exhibit PLQY values unchanged from  values 

immediately  after synthesis.  

Figure 6. 15d shows the PL lifetime decays of the untreated and treated CdTe CQDs 

before air exposure and after 1 hour of air exposure. The treated CdTe CQDs before air 

exposure show a mono-exponential decay and after air exposure the decay is still mono-

exponential with a similar lifetime, which indicates that the radiative process is still 

dominating. For the untreated CdTe CQDs the decay before air exposure show a multi-

exponential decay with a short lifetime and after air exposure the decay is a multi-

exponential with a noticeable drop at the beginning, and a shorter lifetime. 

The lifetime decays for the untreated CdTe CQDs after number of hours of air exposure 

are shown in Figure 6. 16a. The multi-exponential decays from 2 and 4 hours exposure 

times have a similar trend as the decay from 1 hour air exposure. The only change is a 

faster drop at the initial times, which reduces the PL lifetime and suggests a greater 

number of traps. 
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The CdTe CQDs treated with chloride were air exposed for a period of 13 hours. However 

there are only four decays plotted in Figure 6. 16b, for clarity. The four decays behave as 

mono-exponentials before and after air exposure, the only difference is a slightly increase 

in the decay rate which reduces the PL lifetime. The mono exponential PL decay indicates 

radiative recombination still dominates. This is evidence that the chloride treatment 

applied to the CdTe CQDs has passivated the surface by removing the majority of surface 

traps. After the maximum time of air exposure, the PL decay still have a strong mono-

exponential behaviour, which suggest that the surface trap are not increasing in a large 

number by air exposure.  

 

Figure 6. 16 PL lifetime decay comparison of untreated and treated CdTe CQDs before and after air 
exposure. a) shows a untreated CdTe CQDs before (black line) and after (dot lines) air exposure for a 
maximum period of 4 hours. b) shows a  chloride treated CdTe CQDs before (black line) and after (dot 
lines) air exposure for four different times, the maximum air exposure was 13 hours. 

The recombination dynamics during air exposure were studied by extracting the radiative 

lifetime of chloride treated CdTe CQDs, using equations (6. 8) and (6. 9) at 0 time (no air 

exposure). As the radiative lifetime does not change and is known, the PL lifetime decays 

were fitted with a multi-exponential decay (6. 3)with a fixed value of 𝜏𝑟 found from the 0 

hour transient, to better identify the non-radiative components ( 𝜏𝑆𝑙𝑜𝑤 .and  𝜏𝑓𝑎𝑠𝑡 ).The 

approach was to use a global fit over the first decade for both untreated and chloride 

treated CdTe CQDs. The non-radiative lifetimes values (𝜏𝑆𝑙𝑜𝑤 .and  𝜏𝑓𝑎𝑠𝑡) in the multi-

a)       b) 
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exponential decay (6. 3) were shared between all the transients, but the amplitudes 𝐴𝑖 for 

𝑖 = 𝑟, 𝑓, 𝑠) were free to vary.  

 

Figure 6. 17 Comparison of the change of radiative and non-radiative process during air exposure. a) 
untreated CdTe CQDs exposed to air for a period of 4 hours. b) chloride treated CdTe CQDs exposed 
to air for  13 hours. (black squares are the radiative part, red circles are the slow component and blue 
triangles are the fast component.) 

Figure 6. 17 shows the fractional contribution of the amplitudes. As expected for the 

chloride treated CdTe CQDs the radiative part decreases and the non-radiative 

components increase as the oxidation process continues. As for the untreated samples, 

the radiative part quickly decreases, and non- radiative slow component remains largely 

unchanged. The non- radiative fast component has a quick increase. 

In summary, the chloride treatment on the surface of the CdTe CQDs produced a 

resistance against oxidation. After a prolonged period of exposure the PL peak suffers a 

blue shift however the PL intensity is still high and more intense than an untreated CdTe 

CQD without air exposure. Also the PLQY values for the treated CdTe CQDs show a good 

stability after the exposure. For treated CdTe CQDs PLQY ~50%  after 13 hours of air 

exposure compared to 15% PLQY for the untreated before air exposure. The PL lifetime 

decays for the chloride treated CdTe CQDs show a mono-exponential decay before and 

after air exposure which is linked to radiative recombination dominating.   

a)       b) 
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6.6. Spectral dependence of recombination  

The spectral analysis was done on chloride treated CdTe CQDs by taking PL lifetime 

across the spectra. The experiment was set up to stop the acquisition after a certain time 

period instead of reaching a certain number of counts. The period of time for the 

acquisition was set to the time taken for the number of counts to reach 10 000 at the PL 

peak of the chloride treated CdTe CQDs. After determining the acquisition time the PL 

spectra was divided  into 10nm  spectral step. 

 

Figure 6. 18 PL lifetimes across the spectra. 
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A 3D representation of the spectrally resolved PL decay is shown in Figure 6. 18, where 

the z axis is the number counts, taken in a fixed period of time. The y axis is the time in 

nanoseconds and the x axis is the wavelength, which also correspond to different sizes of 

CdTe CQDs within the overall size distribution in the sample. The excitation wavelength 

was at 420 nm  

The transient PL lifetimes decays were taken at different pump pulse energies, and the 

maximum number of counts for each wavelength was plotted versus wavelength. The 

spectra were fitted with a Lorentz peak function; this reconstructs the PL spectra from the 

PL decays. Figure 6. 19  show the Lorentz fitting at different pump pulse energies, and 

Table 6. 6 shows how the peak wavelength resulting from this fit varied with average 

pump power.  

 

Figure 6. 19 Transient PL at different pump power. 
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A weak trend to longer wavelength with increased pump power was observed. This 

redshift is about ~10meV, similar to the binding energy for biexcitons reported for type I 

CQDs [27] which would form only at high powers. Table 6. 6 shows the PL peak found by 

fitting a Lorentz function at different pump energies, the mean peak varying the power 

pump  was 586.33 nm with an error of ±2.06 nm. At the highest pump power the average 

number of photons absorbed per CQD,<N>, was 0.61, which corresponds to a probability 

of producing biexcitons of 45%. However biexcitons undergo Auger recombination, which 

is not radiative and has lifetime that is around 2 orders of magnitude shorter than that 

radiative recombination i.e.in picoseconds regime. Biexcitons are thus unlikely to be 

responsible for observed redshift despite being produced in significant number at the 

highest pump power. This shift is instead likely to be related to the experimental error 

introduced by the step size of the measurements, and not an effect of biexciton binding 

energies which should affect the PL spectrum.  

Table 6. 6 Lorentz PL peaks fit versus pump energy 

Pump energy Lorentz PL peak fit Error 

0.41 mW 587 nm ± 0.7 nm 

0.31 mW 589 nm ± 0.8 nm 

0.2 mW 588 nm ± 0.7 nm 

0.1 mW 586 nm ± 0.8 nm 

0.05 mW 584 nm ± 0.9 nm 

0.006 mW 584 nm ± 0.7 nm 

 

The radiative process was analysed using the PL lifetime decays across the spectra and 

assuming PLQY is constant. Each wavelength was taken to correspond to a different 

diameter of CQD within the overall size distribution of the sample By substituting the 

values in equations (6. 8) and (6. 9) the radiative lifetime was thus obtained for different 

diameters of the chloride treated CdTe CQDs. This was done for the wavelengths across 

the spectra different pump pulse energies. The radiative lifetime was plotted versus 

volume of the CdTe CQDs in Figure 6. 20. The first two (525 nm and 535 nm) and last two 

(645 nm and 655 nm) wavelengths were removed for all the pump powers because the 

data was too noisy for a reliable fit. On the left bottom of the Figure 6. 20 shows only the 
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radiative lifetimes for a pump pulse power of 0.41 mW with a strong linearity across 

different volume sizes. 

 

Figure 6. 20 The radiative lifetimes across the spectra at different pump powers. On the left bottom the 
radiative lifetime only for a pump power of 0.41mW, showing a linear fit. 

 

Nanocrystals of copper indium sulphide (CIS) have shown different radiative lifetime 

behaviour across the spectra [28], with the decays on the red and blue side of the spectra 

corresponding to different recombination processes. On the blue side, the lifetime decay is 

short and on the red side, the lifetime decay is long. The short lifetimes are explained by a 

direct recombination from the conduction band to valence band (relaxation). The long 

lifetimes are explained by a radiative traps recombination pathway, from the conduction 

band to a surface traps and then to the valence band. This is in contrast to the radiative 

lifetimes across the spectra in Figure 6. 20, where the variation in lifetime decays across 

the spectra can be explained solely by a change in the volume of the CdTe CQDs. The 
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radiative lifetimes across the spectra show a linear dependency on volume of the CdTe 

QCDs, for all levels of pump power excitation used, indicating that traps are not being 

formed by high pump powers, as has been reported [29]. 
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6.7. Summary and Discussion  

The hot injection method used for the synthesis of CQDs is inexpensive in comparison 

with the molecular beam epitaxy and similar methods used to produce other QDs. 

Unfortunately the optical properties of many CQDs, including CdTe CQDs are not ideal 

immediately after synthesis, with low PLQY due to significant non-radiative recombination. 

However the optical properties of CdTe CQDs can be dramatically improved by 

passivating their surface with chloride ions. This process does not change the zinc blend 

crystal structure of the CdTe CQDs as shown by STEM and XRD measurement 

.Moreover  XPS has been used to demonstrate that the chloride is on the surface of the 

CdTe CQDs rather than being incorporated into the volume of the nanocrystal.  

In this chapter the improvement in the optical properties of CdTe CQDs produced by the 

chloride treatment has been characterised in detail: PL increased up to 20 times after 

treatment; PLQY values before treatment were below 15% and after treatment the values 

were near to unity for some CdTe CDQs, and the PL decay showed a multi-exponential 

behaviour before treatment and a longer mono-exponential behaviour after treatment. The 

optical improvement was shown to have a direct relation with the amount of chloride used 

during the passivation process. Too little chloride during the reaction might not remove all 

the surface traps and an excess of chloride could lead to a thick layer forming which 

would inhibit carrier injection and extraction.  

The red shifts after the chloride passivation in absorption and PL emission are related with 

the quantity of chloride used and the reaction time. This red shift has been shown to be 

due to the reduction of the CQD surface by the negative chloride ions, which fills vacant 

valance band edge states and thus narrow the bandgap [16].  

The amount of chloride used during treatment also affects the PLQY and PL lifetime. For 

lower and higher chloride concentrations, the PLQY values are inferior to the PLQY 

values obtained with the normal concentration of chloride (96 Cl- per nm2 of CdTe CQDs). 
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For the PL Lifetime decays, the chloride concentrations affect the slope of the decay, with 

higher concentrations of chloride increasing the lifetime of the decay. 

The chloride treatment also protects the CdTe CQDs against the air exposure; the optical 

properties of untreated CdTe CQDs after air exposure decrease in the first hour, leading 

to an optical quenching after few hours. The chloride treated CdTe CQDs are more 

resistant against the effects oxygen: the optical properties decrease at a slower rate than 

for the untreated CQDs with the PL decay remaining mono-exponential and PLQY values 

keeping above  50%.This suggests that the chloride ions are protection sites of the 

surface of  the CdTe CQDS which would otherwise be subject to oxidation. 

In order to understand the recombination dynamics of the CdTe CQDs, the radiative and 

non-radiative processes were analysed by assuming the radiative rate (𝜅𝑟) is predominant 

( 𝜅𝑟 > 𝜅𝑛𝑟) and (𝜅𝑛𝑟 ≅  0 ) the non-radiative is minimal for treated samples. As the PL 

decay for the chloride treated CdTe CQDs shows a mono-exponential behaviour, the 

radiative lifetimes are extracted by fitting a mono-exponential to know ( 𝜏𝑃𝐿 ). The 

procedure was to use the first decade of the PL decay for both: treated and untreated 

sample. 

The effect of PL intermittency often called ‘blinking’, was considered in the analysis. PL 

intermittency can results from trapping of charge on CQD surfaces sites that are not well-

passivated [30, 31], it determines the number of CdTe CQDs that contribute to the PL, 

reducing the PLQY but the PL lifetime itself is unaffected since this is influenced only by 

those CQDs that emit light. The trapping of hot exciton directly to a surface site, missing 

out the band edge [32], also reduces the PLQY whilst leaving the rate of the band edge 

recombination unaffected. Hence the “real” radiative lifetime lies between the PL 

lifetime, 𝜏𝑃𝐿, and 𝜏𝑟 ≈ 𝜏𝑃𝐿 𝑃𝐿𝑄𝑌⁄ , where 𝜏𝑟 is a more accurate estimate when the value of 

PLQY is near unity.  
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The radiative lifetime (𝜏𝑟) values found are between 20 ns and 55 ns. In previous studies 

values between 20ns and 40ns have been reported for similar sizes [25, 33].However 

these studies used the PL lifetime instead of radiative lifetime  𝜏𝑟 ≈ 𝜏𝑃𝐿 𝑃𝐿𝑄𝑌⁄ . 

Furthermore an empirical relation between the recombination rate and the peak PL photon 

energy was used to calculate an estimate of the radiative lifetime [25], which will be called 

the calculated lifetime (𝜏𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) from here on.  The values from (𝜏𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) and (𝜏𝑃𝐿) 

are similar, in contrast with  𝜏𝑟 ≈ 𝜏𝑃𝐿 𝑃𝐿𝑄𝑌⁄  values, that are longer and represent the 

upper limit for radiative lifetime.  

The radiative lifetimes (𝜏𝑟 ≈ 𝜏𝑃𝐿 𝑃𝐿𝑄𝑌⁄ ) showed a strong linearity with the volume of CdTe 

CQDs, this was also observed in other studies for CdSe quantum dots [24].  

To investigate non-radiative recombination, the untreated CdTe CQDs were used. Their 

PL decay is well described by a tri-exponential, the lifetime of the radiative component  

(𝜏𝑟) of which can be fixed, as it is known for the treated sample. The remaining fast (𝜏𝑓𝑎𝑠𝑡) 

and slow (𝜏𝑠𝑙𝑜𝑤 ) time constants are associated with the non-radiative part. The time 

constants: (𝜏𝑓𝑎𝑠𝑡) and slow (𝜏𝑠𝑙𝑜𝑤) were found not to be dependant on the CdTe CQD 

volume. This confirms that the radiative recombination component has been isolated from 

the non-radiative components. 
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Figure 6. 21 Fast and slow time constants comparison using between𝛕𝐫, and  𝛕𝐏𝐋, for the  non-radiative 

process of the untreated CdTe CQD. On the left  a) 𝛕𝐫, and b). 𝛕𝐏𝐋 on the right. 

 

In Figure 6. 21.a) shows the values found of τslow and τfasr from radiative lifetime (τr ≈

τPL PLQY⁄ ), b) show the values found of τslow and τfast  from the observed life time 

(𝜏𝑃𝐿 ).The resulting values of the time constants using 𝜏𝑃𝐿  show a evident systematic 

variation with CdTe CQDs volume, which indicates a part of the radiative recombination is 

present. The use of 𝜏𝑃𝐿  found for the untreated samples (in contrast to the treated 

samples) is not a reliable measurement of the radiative recombination processes because 

it has not been separated from the non-radiative processes. 

The effect of air exposure was observed for untreated and chloride treated CdTe CQDs, 

as expected the optical properties were decreased for both CQDs. However the life span 

of the chloride treated was significantly longer than the untreated.  

The absorption spectra for the untreated CdTe CQDs is not affected by the presence of 

oxygen, in contrast with the chloride treated CQDs, which exhibit a blue shift. This blue 

shift suggests that the red shift suffered during the passivation process is now somewhat 

reversed. The red shift during the passivation is associated with the chloride ions filling the 

electron vacancies at the band edge, which narrow the band gap [16]. This suggests air 

exposure oxidises the surface whilst chloride treatment reduces it. The PL is also affected 

a)               b)                      
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is similar way; for the untreated CQDs, the PL peak does not change but the intensity 

drop significantly in a few hours until almost complete quenching is obtained. The chloride 

treated CQDs present a moderate blue shift on the PL peak and a slow decrement in 

intensity. After several hours of air exposure the PL of the chloride treated CQDs was 

more intense than the untreated CQDs immediately after synthesis.  

The PL lifetime was also affected by oxygen contact. For the untreated CDQs the PL 

decay presents a multi-exponential behaviour with a short lifetime. After 1 hour of being in 

contact with oxygen, there was a drop at the beginning of the decay and making the 

effective lifetime even shorter. In contrast, the chloride treated samples showed a mono-

exponential behaviour and after being exposed to oxygen for 1 hour, the PL lifetime was 

still mono-exponential with an almost similar PL lifetime. Even after several hours of air 

exposure the PL lifetime still behaves as mono-exponential in the first decade, however 

there is an increase in the decay rate which reduces the effective lifetime  

The analysis of the recombination dynamics after air exposure uses the radiative lifetime 

( 𝜏𝑟 ≈ 𝜏𝑃𝐿 𝑃𝐿𝑄𝑌⁄ ) before exposure, which should not be affected by changes to the 

surface. Knowing 𝜏𝑟 a multi-exponential is fit over the first decade to find τslow and τfast. 

The approach was to use a global fitting for all the different oxygen exposure decays, with 

𝜏𝑟 fixed to the value obtained before exposure and the   τslow and τfast  values shared 

between each transient. In contrast, the amplitudes were free to vary. The fractional 

contribution of the amplitudes describes the oxidation process. For the untreated CdTe 

CQDs, the fractional amplitudes associated with  𝜏𝑟 is quickly reduced, and  τfast grows 

fast and dominates the dynamic, whilst  τslow  stays almost without variation. For the 

chloride treated CQDs, the behaviour is opposite for the non-radiative part, the fractional 

amplitudes of τfast  stays almost constant, and  τslow  grows in modest way as  𝜏𝑟 

decreases slowly. 
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The recombination dynamics across the PL spectra were studied for the chloride treated 

CQDs, by acquiring the PL decay for a fix time. The maximum number of counts for each 

wavelength was plotted and fitted with a Lorentz function. The plot is the reconstruction of 

the PL spectra (see Figure 6. 19); this acquisition of the spectral PL transients was 

performed at different pump powers. The PL peak is broadly constant for the different 

pump pulse powers (see Table 6. 6), but the small red shift at high pump energies might 

suggest the formation of biexcitons [27]. However this shift is more likely related to the 10 

nm spectral step size, leading in an experimental error in the determination of the peak PL 

wavelength. Figure 6. 22 compares examples high-pump energy transient PL spectra 

obtained at immediately after excitation and after 2 ns i.e. a time much longer than the 

biexciton lifetime. In this case the peak does not suffer any shift consistent with the 

redshift observed in other cases being due to experimental inaccuracy rather than being 

related to the formation of biexcitons. 

 

Figure 6. 22 Transient PL at high pump power energy, for 0ns and after 2ns 
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The analysis of the radiative process across the spectra was done by taking the PLQY as 

a constant across the spectra. The radiative lifetime for the different diameters of the 

chloride treated CdTe CQD show a strong linearity, as expected the linearity was not 

affected by the different pump power energies (Figure 6. 20). This linearity has a 

dependency on volume of the CdTe QCDs, and not for two separate recombination 

processes for the blue and red sides.  

The contribution of the non-radiative process could be explained with the Auger-mediated 

trapping (AMT) model. When a photogenerated hole suffers a trapping transition to a state 

in the band gap, the excess of energy of the transition can be transferred non-radiatively 

to the electron, exciting the electron to a state above the conduction band edge. This AMT 

process has been used to explain the charge dynamics of CQDs experimentally observed 

in different materials in diverse environments [18, 34-36]. AMT times  for  CdTe CQDs 

with a radius of 2.3 nm were done by Marco Califano [36]. 

 

Figure 6. 23 AMT times calculated for a CdTe CQD of radius 2.3 nm for dielectric environments 
corresponding to the solvent used (ϵ=2.2) and to CdO (ϵ =6.0). Inset:  an atomistically accurate map of 
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the positions of surface Te atoms with unsaturated bonds (dark spheres). Cd atoms and 4-coordinated 
Te atoms are displayed in white for clarity. (Taken from[36]). 

 

The non-radiative recombination observed for the CdTe CQDs, were consistent with the 

calculated AMT of holes by surface dangling bonds. The calculations of the trapping times 

using an atomistic semiempirical pseudopotential method showed two types of hole trap 

for Te atoms involving either one or two dangling bonds. Each trap type produces a 

distribution of trapping times depending on the location of the Te atom on the CQD 

surface. The trapping time values directly depend on the dielectric constant of 

environment of the trap. The trapping times values using the dielectric constant of the 

toluene solvent (ϵ=2.2) are in pico-seconds. However, using the dielectric constant of CdO 

(ϵ=6) changes the trapping time values to the nanosecond scale. This agrees with the 

experimentally observed results and suggests that the oxidation process produces the 

observed trapping behaviour; this conclusion is supported by the increase of the non-

radiative part in the observed PL decay when the sample is exposed to oxygen. In short, 

the oxidation process both produces traps by removing electrons from the valence band 

edge and also determines the time scale of non-radiative recombination by increasing the 

dielectric constant of the local environment. Before air air-exposure, the 

tetradecylphosphonic acid (used to passivate the untreated CdTe CQDs) produces a 

similar effect i.e. create traps by oxidation and also midifies the dielectric environment 

resulting in a nanosecond time scale for non-radiative recombination involving these traps.  
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Chapter 7. Conclusions and 
further work. 

7.1. Conclusions 

An investigation of the exciton-exciton interaction energy, ΔXX, in type II CQDs using an 

established technique based on time-resolved photoluminesence (TRPL) spectroscopy 

indicated that the overall interaction was in some cases repulsive, consistent with other 

reports on similar Type II CQDs using the same method, but in the majority of cases was 

not well-resolved. However, other measurements of the exciton-exciton interaction on the 

same samples but using an alternative technique, ultrafast transient absorption (TA), 

showed that the overall interaction was clearly attractive.  Further, theoretical calculations 

of ΔXX 
 were consistent with TA data in both magnitude and sign i.e. corresponded to an 

overall attraction interaction. These findings were reconciled in the following way.  

Biexciton PLQY has been reported as near as unity [1], but only for selected individual 

CQDs, not for ensembles. The low average PLQY for biexcitons in macroscopic samples 

results from the competition of radiative recombination with efficient non-radiative 

processes, and means that the expected spectrally-shifted PL feature corresponding to 

the biexciton is not evident even at excitation rates sufficiently high to produce a 

significant biexciton population. Furthermore, the blue-shifted component observed for 

some of our samples, and for others samples reported in the literature, can be explained 

by emission from higher energy states which can easily be mis-attributed to biexcitons. 

We thus conclude that the method of determining ΔXX by analysis of TRPL spectra 

establish over the last decade by a number of workers is not reliable. Furthermore, we 

conclude that the overall interaction in these Type II CQDs is attractive rather than 

repulsive, making the more suitable for photovoltaic applications than for optical gain. 

In the studies of single-exciton recombination dynamics in Type II CQDs, a more robust 

method to identify and separate the underlying processes in the recombination dynamics 
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was presented. The method was based on the theoretical calculation of 𝜏𝑟𝑎𝑑, instead of 

taking the largest time constant extracted from a tri-exponential fit as 𝜏𝑟𝑎𝑑. The observed 

tri-exponential recombination dynamic was also analysed in terms of the effect of shallow 

traps. A shallow trap is an energy level close to the valance band maximum due to a 

surface state formed by bonds left unsaturated during the synthesis of CQD. The numbers 

of shallow trap depends on different factors: excess of organic ligands, precursor, 

solvents, etc. This makes each sample unique. A rate equation model of the effects of 

shallow traps was detailed. This explained the non-exponential behaviour of the 

recombination dynamic as a consequence of intermediate processes of trapping prior to 

non-radiative recombination and of de-trapping via thermal energy. This analysis allowed 

the total rate of the non-radiative processes to be separated from the radiative rate in the 

experimental data. This revealed that the total rate of the non-radiative recombination 

processes decreases with increasing shell thickness, consistent with it depending on the 

wave-function overlap between the electron and hole. We thus concluded that non-

radiative recombination in our Type II CQDs was consistent with shallow trapping and an 

Auger mediated trapping recombination process. 

The investigation of photoluminescence of chloride-treated CdTe CQDs concluded that 

the process of passivation with chlorine ions enhanced the optical properties of the CdTe 

without affecting the zincblende crystal structure. Comparing after- and before-treatment 

samples showed that the PL increased up to 20 times after treatment; PLQY values 

before treatment were below 15% and after treatment the values were near to unity for 

some CQDs. The PL transient also changed from a tri-exponential to a single exponential, 

confirming that trapping associated with the unsaturated bonds on the surface of CQDs 

were supressed.  The air exposure study concluded that the chloride passivation protects 

the CdTe CQDs somewhat from the oxidation process. The PL transient after air exposure 

presented a minimal change and the PLQY remained above 50%. The radiative lifetimes 

that now could be extracted because of the mono-exponential form of the PL decay 
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showed a strong linearity with the CQD volume, as expected. The non-radiative processes 

was also found to be affected by the dielectric constant of the environment [2]. We thus 

conclude that chloride passivation is a very effective method of passivating traps on the 

surface of CdTe CQDs 
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7.2. Further work 

The results in chapter 6 showed that the Cl treatment described there is a very effective 

process for passivating CdTe CQD surfaces. Chapter 5 showed that recombination in 

CdSe/CdTe CQDs is dominated by non-radiative processes. In contrast to the Cl 

treatment of the CdTe CQDs, passivation of the CdSe/CdTe CQD surface with a further 

shell of CdS, whilst reducing non-radiative recombination somewhat, still leaves it as a 

significant recombination process.  

This suggests that applying the chloride treatment to the CdSe/CdTe type II CQDs will be 

a more effective way of supressing the surfaces traps on the CdTe shell. In fact, the near-

unity PLQY achieved for the CdTe CQDs means that this approach promises to effectively 

eliminate any surface related non-radiative recombination. However results from other 

workers [3, 4] suggest that non-radiative recombination can be only eliminated,  and thus 

near unity PL QY reached, for core/shell CQDs if traps associated with defects at the 

core/shell interface are also eliminated. Fortunately, high temperature annealing of type I 

CQDs has been shown to effectively remove defects from the core/shell interface [3, 4] 

Thus, the growth of type II CQD without interface defects or surface traps can be 

anticipated. Recombination in these CQDs would be purely radiative, and thus more fully 

controllable by selection of the size of the core and the thickness of the shell. Moreover, 

type II CQDs with dangling bonds completely passivated by the chloride treatments but 

before annealing would present an opportunity to study core/shell interface related 

recombination free from the competing effects of surface traps, which might otherwise 

obscure their effects.  

Further study will facilitate the better understanding of the composition and surface 

chemistry of the CQDs. The crystal structure of any new CQDs will be confirmed using X-

ray diffraction (XRD), before and after the addition of a shell layer or a surface passivation 

treatment.  
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The shape, quality, size-dispersion and average diameter of the CQDs will be determined 

using transmission electron microscopy (TEM). In previous studies, TEM images have 

shown that after passivation the CQDs re-arrange into a closer packed array and in some 

cases the QDs shrink in size.  The surface chemistry of the CQDs can be analysed by 

using X-ray photoelectron spectroscopy (XPS). XPS provides information about elemental 

composition, impurities and shell thickness.  
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