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Summary 

Colloidal semiconductor nanocrystals are highly promising materials as active 

luminophores for making efficient lighting-emitting devices (LEDs). It is 

important to develop them from the perspective of not only increasing the 

quantum efficiency of their emission in free-standing form but also inside 

device operating conditions. In this regard, on one hand, general principles of 

improving emission efficiency deduced from previous work in literature, can be 

applied to emerging colloidal systems, while at the same time continuing to 

explore the existing systems to overcome their limitations. For example, the 

very recently introduced colloidal semiconductor quantum wells or 

nanoplatelets (NPLs) can be improved in efficiency by following the guidelines 

deduced from the robust surface passivation techniques developed for colloidal 

quantum dots (QDs) in literature, while at the same time the limitations faced 

by the actively pursued quantum dot based LEDs (QLEDs) also need to be 

probed to understand and overcome them. Thus approaching the study of 

colloidal semiconductor nanocrystals from a material and device application 

perspective. In this thesis, by developing an advanced heterostructure design 

made of CdSe/CdS@Cd1-xZnxS core/crown@shell, the emission efficiency of 

the newly introduced 2D NPL materials has been increased. The robustness of 

the surface passivation achieved is evident from the successful, hitherto 

challenging, aqueous dispersions for these hetero-NPLs having a 

photoluminescence (PL) quantum yield (QY) up to 90%. A combination of the 

peripheral edge passivation through crown growth and a gradiently alloyed shell 

achieving flat surface capping, while also suppressing Auger recombination by 

smoothening the interface electrostatic potential, leads to the increased PL QY 
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and makes surface chemical robustness possible. The novel architecture of this 

material offers a high level of performance in LED applications to achieve 

external quantum efficiency (EQE) of 5%, which is among the best achieved by 

the NPLs to date. Also, the aqueous dispersion of these NPLs paves the way for 

achieving a controlled assembly of these hetero-NPLs in patterned depositions 

of varied shapes on a scale of few hundred nanometers. At the same time to 

further the development of QLEDs, in this thesis, using the recently introduced 

CdSe@ZnS gradient composition QDs as a working model, the limiting factors 

of QLEDs have been probed to observe the effect of active device environment 

on the excitonic recombinations of the luminophores under electrical excitation. 

The results highlight the role of charging induced Auger recombination in 

quenching the emitter efficiency, which is much more predominant than the 

effect of electric field in the test conditions. The results found in this work nudge 

the direction of future research towards the mitigation of the disadvantages 

posed by Auger processes in QLED operation. The findings of this thesis 

indicate that the synthesis of advanced nanocrystals and understanding of their 

active device operation will enable us to make high-efficiency colloidal devices 

to compete as an alternative to their thin-film counterparts.  
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 Introduction 

1.1 Motivation 

The energy demands of the world are ever rising. A major portion of the 

electrical energy produced is used for generating light, mainly for general 

illumination and in displays [1]. The efficient conversion of electricity into light 

is exigent, not only to save the cost but also to reduce the burden on energy 

consumption. The earlier replacement of incandescent bulbs with fluorescent 

lamps and the latest ubiquitous adoption of semiconductor light-emitting diodes 

(LEDs) to take the place of fluorescent lamps are part of the persistent efforts 

towards developing energy-efficient light sources. The emergence of solid state 

lighting (SSL) sources such as LEDs with exceptional qualities including highly 

efficient, bright and long-lasting operation makes them highly promising. 

However, they suffer some disadvantages. The manufacturing processes are not 

conducive for use on light weight flexible substrates, which are much sought in 

the display applications. The emission colors from solid state LEDs cannot be 

tuned easily, which hampers their utility in producing quality white light 

sources. An essential quality of white light sources particularly for indoor 

lighting is the ability to render true colors [2]. The ‘cool’ white light produced 

from traditional semiconductor LEDs gives a ghostly appearance to objects 

illuminated by them and is a source of stress inducement and irritability in 

human beings making them unfavourable for indoor lighting applications. In 

addition, their cost of production is high due to the elaborate manufacturing 

processes. While efforts are directed into bringing down the costs, exploring 

and developing alternative options is highly recommended. 
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Colloidal semiconductor nanocrystals (NCs) are highly promising cost-

effective alternatives being pursued as luminescent materials [3-11]. Their 

advantages include, firstly, the solution processability derived from colloidal 

synthesis techniques, which are less costly and also scalable. Secondly, the NCs 

are produced as free-standing light emitters, which are amenable to various 

post-processing utilities. In addition, their nanoscale size regime brings 

interesting qualities emerging from quantum confinement effects such as a 

widely tunable bandgap and highly saturated color emission. Thanks to the 

advances in synthesis procedures NCs emitting with high brightness and 

prolonged stability are easily producible. These qualities make them desirable 

for applications in optoelectronics as well as medicine [4, 5, 12]. 

 

Figure 1.1: Emission colors from CdSe quantum dots obtained by varying particle size. Image 

reproduced with permission from [13]. Copyright 2008 American Chemical Society. 

Colloidal NCs are also considered the building blocks of nanoscience [13-15]. 

The advances in colloidal synthesis techniques offer precise control on NC size 

and geometries producing novel material systems [5, 10, 11, 15-17]. The NCs 

may experience size induced quantum confinement in 1-, 2- and 3-dimensions. 

Generally, these materials are referred to as colloidal quantum wells or 
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nanoplatelets (NPLs) for 2D structures, nanowires or nanorods (NRs) for 1D 

structures and colloidal quantum dots (QDs) for 0D structure.  

 The colloidal QDs experience discretization of the energy density of states due 

to 3D confinement [18, 19]. This makes QDs have potential temperature 

independent gain threshold for lasing applications [20, 21]. The quantum 

confinement also results in narrow emission spectral widths, while also 

providing size-controlled tuning of band-edge emission. As a result, deeply 

saturated color emission can be obtained across the visible spectrum using a 

single material system, which makes them very appealing as luminophores 

(Figure 1.1) [2, 6, 22-24]. This enables the development of white light sources 

with a good color rendering index and high luminous efficacy through a 

combination of right proportions of red, green and blue components in the 

emission spectrum [2].  

The popularity of organic LED (OLED) displays shows the importance of 

obtaining saturated colors for display screens. However, the prohibitive costs of 

production limit the application of OLEDs in very large area displays. Quantum 

dot LEDs (QLEDs) provide a cost-effective alternative due to their post-

processing ease and high resistance to environmental degradation [6, 25]. The 

potential colors attainable by QLEDs in the color gamut go beyond the NTSC 

standard for displays (Figure 1.2). With recent techniques QDs can be 

synthesized to have good size monodispersity, large luminescent quantum 

yields and high photostability [16, 26]. For optoelectronic applications, QDs 

have been used as down-converters for solid-state lighting, emissive layers in 

LEDs [27-30] and optical gain media in lasers of multiple colours [31-33]. They 
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have also found commercial application as color-conversion phosphors in LED 

backlit television sets (eg. SONY and Samsung).  

 

Figure 1.2: Potential of QLEDs to cover a wider color gamut. Image reproduced from open 

access article [7] under creative commons license. Copyright 2010 Vanessa Wood and Vladimir 

Bulovic. 

The development of LEDs with QDs as emissive materials is an active area of 

research. High efficiencies of QLEDs that can compete with OLEDs have been 

achieved [29, 30] but the working mechanism and the performance limiting 

factors need further study to understand and improve their efficiency and 

stability [34-37]. The general strategy for achieving high efficiency in QLEDs 

is to achieve balanced charge injection into a highly luminescent QD layer in 

the device. However, the QDs usually do not maintain their performance under 

device operating conditions, leading to ‘roll-off’ behaviour of the efficiency at 

high injection currents [35, 38, 39]. Studying the QDs’ luminescence in the 

operating devices, where the effects of electric field and charging on QDs play 

important roles, is thus necessary.  
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Colloidal quantum wells, also known as nanoplatelets (NPLs), are fast emerging 

as another type of semiconductor nanocrystals, which have great potential in 

display applications due to their sharp emission features [40-44]. They combine 

the advantages of quantum wells with a colloidal synthesis procedure. Their 

emission characteristics depend on their confinement in only the thickness 

direction. The ability to control the thickness precisely minimizes the 

inhomogenous spreading of emission spectrum in NPL ensembles giving rise to 

very narrow spectra. They are also characterised by giant oscillator strength of 

excitonic transition and large absorption cross-sections, which make them 

interesting materials for optical gain and lasing [45, 46]. Synthesis techniques 

for developing heterostructures through growing crown and shell are emerging 

[42, 47-50]. The photoluminescence (PL) efficiency in NPLs can be improved 

by advanced surface passivation through carefully designed heterostructures. 

NPLs also find applications in LEDs and lasing [40, 51, 52]. The aqueous 

dispersion of NPLs has been little studied, inviting further research in this 

direction [10, 53]. In addition, the two-dimensional (2D) structure of NPLs 

induces anisotropic behaviour of optical characteristics, which can be put to 

good use for optoelectronic applications by attaining controlled assemblies of 

NPLs [54, 55].  

1.2 Objectives of the thesis 

Colloidal semiconductor NCs have a high potential for light emissive 

applications. This encourages further research towards enhancing their 

luminescent efficiency, stability and developing assembly techniques using a 

variety of solvent systems. The free-standing nature of NCs produced from 

colloidal synthesis offers the advantages of post-processing treatments, but also 
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requires the study of their luminescent properties from a stand-alone material 

perspective and inside device environments. Especially since the device 

environment can significantly affect their performance leading to non-uniform 

behaviour under different operating conditions. This thesis attempts to offer 

perspectives in both of these directions. From a material development 

perspective, the newly emerging CdSe NPLs are chosen for study, which 

provides a great scope of not only studying novel opto-electronic characteristics 

emergent from their anisotropic structure, but also provide opportunity to 

enhance their luminescent efficiencies by developing versatile heterostructures 

for surface passivation. By improving the efficiency and stability it is aimed to 

enhance their suitability for high-efficiency light-emitting device applications. 

Also, there is a scope of increasing their photo-stability and robustness in 

different solvent systems. A contribution is made here to achieve highly 

luminescent aqueous dispersion for well-passivated NPLs. A contribution is 

also made to achieve controlled assemblies of high-efficiency NPLs, which is 

beneficial for optoelectronic applications. To contribute in the rapidly 

advancing field of QLEDs, the recently developed structure of CdSe@ZnS 

gradient composition QDs is chosen as a working model to study the 

photoluminescent behaviour of emitters inside a device during operating 

conditions. Gaining insights into the effects of device working conditions on 

performance of emissive materials helps to increase the understanding of the 

limiting factors of the device performance. It is aimed that such insights would 

provide an impetus for overcoming the limitations for rapid integration of 

QLEDs towards commercial applications.  
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1.3 Major contributions of the thesis 

The major contributions of the thesis are towards the development of novel 

material system using CdSe/CdS@Cd1-xZnxS core/crown@shell architecture 

for NPLs to increase their photoluminescence efficiency and robustness. In 

addition, aqueous dispersions of the CdSe/CdS@Cd1-xZnxS NPLs have been 

achieved with PL quantum yield increasing up to 90%. The thesis provides 

simple synthesis techniques to achieve the same while detailing out the 

optimized process steps to follow. This adds insights into the factors affecting 

the efficiency of such colloidal materials. At the same time the thesis 

investigates how material efficiency is affected by the working device 

conditions using the CdSe@ZnS QLEDs. The results show the adverse effects 

of charge injection on the intrinsic quantum efficiency of QDs, which is an 

important factor in causing efficiency droop at high current density of operation. 

Additionally, device applications using CdSe/CdS@Cd1-xZnxS NPLs for LEDs 

are demonstrated while also achieving high external quantum efficiency of 5% 

and bright, narrow-bandwidth emission. The thesis also includes techniques for 

achieving controlled assemblies in patterned depositions using 

CdSe/CdS@Cd1-xZnxS NPLs, which may be used to obtain directional 

emission. Thus, the thesis makes contributions on important aspects of gaining 

insights into efficient performance of colloidal semiconductor nanocrystals, 

which is hoped to stir an interest and encourage further development of these 

materials for light-emitting device applications. 
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1.4 Organization of the thesis 

The thesis chapters are organized in the following manner. Chapter 2 provides 

a relevant background on the topics covered in the thesis to facilitate a better 

understanding of the results discussed in later chapters. Chapter 3 presents the 

development of a synthesis route for CdSe/CdS@Cd1-xZnxS core/crown@shell 

NPLs and their dispersions in polar and nonpolar solvents. Technique for 

aqueous dispersion of the NPLs is explained along with observations for time-

dependent evolution of PL QY in different solvent systems. Structural and 

transient photoluminescence characterizations of the materials are also provided 

here. Chapter 4 includes a demonstration of the controlled attachment 

techniques for aqueous CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs in 

patterned deposition of nanoscale size, also directional emission emanating 

from NPLs in films deposited via attachment is shown. Chapter 5 demonstrates 

a device application of CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs in 

LEDs. Chapter 6 provides insights into the limiting factors for QLEDs using 

CdSe@ZnS QDs. Here the technique of fluorescence lifetime imaging is used 

to obtain a spatio-temporal view of PL decay lifetime changes during different 

stages of active device operation and the results are discussed. Chapter 7 closes 

with concluding remarks and recommendations for future work. 
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 Background 

2.1 Semiconductor nanocrystals 

At nanoscale dimensions the electron-hole wavefunctions generated in a 

nanoparticle experience quantum confinement effects. In the case of colloidally 

synthesized nanocrystals, the particle dimension is comparable to the exciton 

Bohr radius, placing them in the strong confinement regime. For example, the 

colloidal QDs feel the confinement in all three directions due to their tiny 

spherical shapes. This leads to discretization of energy levels, which is a 

departure from the band states present in the bulk form. The energy of excitonic 

transition can be formulated using a spherical quantum box model. The 

analytical formulation of the first transition energy gap in a nanocrystal is given 

by [5]:  

  

where Eg0 is the bulk band gap energy,  the electron-hole effective mass, ħ is 

the reduced Planck’s constant, e is the electronic charge,  the high-frequency 

dielectric constant of material, and a is the nanocrystal size. This shows 

excitonic energy level changes can be controlled by changing the nanocrystal 

size ‘a’.  Thus, by controlling the size of the QDs, the emission energy can be 

tuned to span in a wide spectral range. For CdSe nanocrystals, their bandgap 

can be tuned to emit across the visible wavelength range. Hence, the band gap 

tunability and narrow emission bandwidths, which are highly promising 

E
g
 = E

g0
 + 

2ħ2

2a2
 – 1.765 

e2

a
  (2.1) 
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characteristics of colloidal semiconductor nanocrystals, are derived from the 

quantum confinement effects.  

Figure 2.1 shows the absorption spectra from samples of CdSe QDs having 

diameters ranging from approx. 1.2 to 11.5 nm [56]. The samples show sharp 

absorption peaks, which shift towards higher energies with decreasing 

nanocrystal sizes.  

 

Figure 2.1: (Left) Room temperature optical absorption spectra of CdSe nanocrystals dispersed 

in hexane and ranging in size from ~1.2 to 11.5 nm. Reprinted (adapted) with permission from 

[56]. Copyright (1993) American Chemical Society. (Right) Schematic to describe the increase 

in effective bandgap of nanocrystals with decrease in size. 

 

Over the recent decades, the synthesis techniques have developed to provide 

good control of the emission properties of NCs to enable narrow emissions with 

high brightness, and stability [26, 57, 58]. The ability to control size dispersity 

in NCs is very important because a size distribution in the QD ensemble in a 

solution gives rise to inhomogenous broadening of the PL spectrum. Using size 
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selective precipitation, the nanocrystals can be filtered for narrower size 

distribution. The brightness of the NCs when excited by a high-energy light 

source above their bandgap is dependent on their photoluminescence quantum 

yield (PL QY) which is given by [36]:  

𝑄𝑌 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
 (2.2) 

where kr is the radiative rate of recombination of excitons and knr the 

nonradiative rate of recombination. The radiative rate (kr) of recombination is 

dependent on the electron-hole wavefunction overlap inside the nanocrystal, 

which increases due to the strong spatial confinement. Thus, radiative 

recombinations of excitons give rise to bright emission. But the excitons have 

the potential of recombining via a nonradiative channel which causes poor 

brightness if knr is greater than kr. The PL lifetime given by 𝜏 = (𝑘𝑟 + 𝑘𝑛𝑟)−1 

is heavily determined by the fast nonradiative rates in NCs with defects which 

typically give rise to sub-nanosecond PL lifetimes in such NCs [5, 36].  

The main sources of nonradiative recombination channels in NCs are defects, 

which are usually concentrated on the surface due to uncoordinated bonds [59, 

60]. Their effect is especially magnified in NCs because of the high surface-to-

volume ratio, which further increases as the size decreases. The ligands which 

help in the colloidal stability of the NCs also partly passivate the surface defects 

allowing bright emissions from NC solutions. However, in a powder state or in 

the form of films, the exposed NCs show very poor stability and degrade very 

fast under excitation. A much better way of passivating the surface defects is by 

depositing a higher bandgap inorganic capping layer to act as a shell on top of 

the NC core to produce a core-shell heterostructure [59]. The capping of the NC 
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surface with a high-bandgap shell passivates the surface states on the core while 

still maintaining the quantum confinement on the excitons. For example, 

typically the CdSe core QDs are capped with ZnS or CdS shells to produce 

CdSe/ZnS or CdSe/CdS core/shell QDs. Such QDs have much higher PL QY 

and stability than the CdSe core-only QDs [61, 62]. 

Depending on the relative energy bandgap positions of the core and shell 

materials the heterostructure can affect the electron-hole wavefunctions inside 

the NCs. For example, the CdSe/ZnS core/shell QDs produce a type-I energy 

band alignment in which the electron and the hole are both confined inside the 

same region [62] (the low bandgap core in this case). On the other hand, the 

energy bandgap positions of CdS and ZnSe are aligned in such a way that the 

CdS/ZnSe core/shell QDs produce a type-II energy band alignment in which the 

electron and the hole are confined separately in the core and the shell region 

respectively [63] (Figure 2.2), reducing the electron-hole wavefunction overlap. 

In the case of CdSe/CdS core/shell QDs, due to the small conduction band offset 

between CdSe and CdS, the electron experiences delocalization over the entire 

NC, while the hole is confined to the core producing what is called a quasi-type-

II energy band alignment [59, 61]. 

To varying degrees, each type of surface passivation provides different levels 

of PL QY enhancement depending on how well the defects are passivated and 

how isolated are the carriers from the defect states. The type-I energy band 

alignment for CdSe/ZnS provides good confinement of excitons inside the core, 

however due to the high lattice mismatch between CdSe and ZnS (~12%), there 

is a high chance of defect formation at the core-shell interface which reduces 

the PL QY [64]. The lattice mismatch between CdSe and CdS is lower (~4%) 
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due to which there are fewer defects at the interface [64]. However, due to the 

quasi type-II energy band alignment in CdSe/CdS, the electron wavefunction is 

delocalized, which increases the probability of coupling to surface states. It can 

be mitigated by increasing the shell thickness. The giant-QDs using CdSe/CdS 

have achieved high PL QY using this strategy [61]. However, a too thick shell 

also increases the probability of generating defects at the interface [59]. In order 

to take advantage of both the type-I band energy alignment of ZnS and the lower 

lattice mismatch of CdS, core-multi-shell architectures of CdSe/CdS/ZnS have 

been used to great effect [64-66]. Such architecture leads to a stepwise change 

of lattice parameters, which relaxes the lattice strain and in return reduces the 

defects at the interface while at the same time providing effective confinement 

of excitons. Another way of achieving this is by using ZnSe as the interfacial 

layer to produce CdSe/ZnSe/ZnS, which provides much better PL QY 

enhancement due to better step changes in lattice parameters [66]. It can be 

expected that better performance can be obtained from a gradient change in the 

composition to produce an interfacial alloy Cd1-xZnxSe1-ySy, which has indeed 

proved to produce high PL QY. Such gradient composition QDs for example 

CdSe@ZnS or alloyed interface CdSe/CdSeS/CdS QDs have been employed to 

achieve high external quantum efficiencies in QLEDs [26, 39, 66-69]. 
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Figure 2.2: Schematic representations of different kinds of core/shell QDs and their energy 

band gap alignments. 

Under the influence of intense excitation such as for lasing applications, there 

exists a state of multi-exciton formation inside NCs. Such multiexcitonic states 

are susceptible to another form of PL QY quenching through fast Auger 

recombination of excitons. Auger recombination is a very fast nonradiative 

process in which the electron-hole recombination energy is transferred to a third 

carrier exciting it to higher energy levels [70-72]. 

 

Figure 2.3: Schematic representation of Auger recombination of exciton in the presence of extra 

charge carrier (electron in this case). 

The Auger process also occurs in the presence of extra charge carriers inside the 

NC. For example, if a NC is charged due to the presence of an electron trapped 

in it, when an exciton is generated inside it after excitation, the extra electron 

can induce a fast Auger process by absorbing the energy of the exciton to move 
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to a higher energy state. This results in the exciton recombining without 

producing a photon, while the extra electron can relax back to its initial state to 

quench the next generated exciton.  

The Auger process is especially active in strongly confined materials such as 

QDs (strong confinement in all three dimensions) due to the relaxation of 

momentum conservation rules for carrier transitions between energy levels [68]. 

This again has serious consequences for QLEDs where there is a high 

probability of imbalanced charge injection into the QD emissive layer. In 

addition to the presence of charges, the extent of electron-hole wavefunction 

overlap and abruptness of interface at core-shell interfaces is found to impact 

the Auger recombination of excitons. Remarkably, using a gradient composition 

alloyed interface can greatly suppress the Auger recombination of excitons [68, 

69]. A gradient composition alloy causes a smoothening of the confinement 

potential at the core-shell interface which acts to suppress the Auger 

recombination probability by reducing the overlap between initial and final 

states of the intra-band transition taking place in the Auger process. This has led 

to increased robustness in QLEDs at high current densities and much reduced 

lasing thresholds in QDs. Another way to reduce gain threshold in QDs has been 

to use type-II or quasi type-II energy band materials which experience 

suppressed Auger recombination due to reduced electron-hole overlap [67, 73]. 

For applications involving high density NC films a major portion of PL QY is 

lost via fast nonradiative exciton transfer to other defected NCs [36, 74-77]. 

This exciton transfer mechanism is very active in close packed NC films. It is 

especially undesirable if there is even a small fraction of NCs with defects in 

the ensemble due to the orders of magnitude of difference in the typical radiative 
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rate (kr) and the exciton transfer rate (kET) [36]. Using some simplified models, 

the impact of this fast exciton transfer can be understood. Considering that an 

ensemble of QDs contains two types of dots which are characterised by either 

PL QY equal to unity or zero; if the fraction of the unity PL QY QDs is Q0, the 

PL QY of the QDs after an infinite number of exciton transfer steps in a close 

packed film can be shown as [36]: 

𝑄∞ =  
𝑄0𝑘𝑟

[𝑘𝑟+𝑘𝐸𝑇(1−𝑄0)]
 (2.3) 

Now, assuming the sample has Q0 = 0.9, and taking the typical values of kr = 

0.05 ns-1 and kET = 0.5 ns-1 [36], the above expression takes a value of 0.45, i.e. 

the overall QY in the close packed film reduces by half. Instead, if the Q0 = 0.7 

and having the same rates of exciton transfer and radiative recombination, the 

overall QY reduces to 0.175, i.e. to a quarter of its original value.  This has 

serious consequences for applications using QD films such as QLEDs and 

lasing. It necessitates the design of QDs where the exciton transfer in films is 

minimized. The exciton transfer rate is highly dependent on the proximity of 

QDs and reduces considerably with the increase in distance between the QDs 

[61, 78]. Thick shell QDs can be successful in mitigating these effects to some 

extent. But a thick shell adversely reduces the radiative rate of recombination in 

quasi-type II QDs under the influence of high electric fields typically 

experienced in QLED devices and also is a source of strain induced defects [37]. 

In addition to charging induced Auger recombination of excitons, the electric 

field induced reduction of radiative rate are the two main factors which reduce 

the device operation lifetimes and stability [35, 38, 39]. It makes the study of 

NC stability inside device conditions necessary.  
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2.2 Nanocrystal light-emitting devices 

The external quantum efficiency (EQE) of QLEDs, which is the ratio of the 

number of photons collected out from the surface of the device divided by the 

number of charge carriers injected from the electrodes into the device, is 

dependent on three factors [36]: 

𝐸𝑄𝐸 =  
𝑖𝑛𝑗

× 
𝑒𝑚

× 
𝑜𝑐

 (2.4) 

 where inj is the fraction of injected charge carriers that form an exciton, em is 

the fraction of the formed excitons that recombine radiatively to generate 

photons under device operating conditions and oc is the fraction of the 

generated photons that are collected outside the device from its surface. 

 

Figure 2.4: Schematic representation for relative energy band gap alignments of constituent 

layers in a typical nanocrystal LED. 

A schematic architecture for a NC-LED is shown in Figure 2.4. It consists of 

the emissive layer (EML) of NCs sandwiched between the charge transport 

layers, the hole transport layer (HTL) on the anode side and the electron 

transport layer (ETL) on the cathode side. The charge transport layers help in 

efficient transfer of the charge carriers injected at the electrodes into the EML 

and play a fundamental role in the enhancement of inj. The charge injection 

efficiency can be increased by aligning the relative energy band gaps of the 
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charge transport layers with the conduction and valence band of the EML in 

such a way so that charge injection barriers are minimized. The charge transport 

layers can be made of organic or inorganic materials and can be deposited by a 

variety of ways including solution process spin casting, thermal evaporation, 

sputtering, etc [6, 25, 36]. In recent years, the use of hybrid device architectures 

made of inorganic ETLs (eg. ZnO) and organic HTLs (eg. 4,4-Bis(N-

carbazolyl)-1,1-biphenyl or CBP) have become popular due to the excellent 

benefits of balanced charge injection, stability and ease of processing offered 

by them [28, 29]. The highest QLED EQEs have been reported using such 

architectures [29, 30]. inj is governed by the balance of charge carriers arriving 

at the EML to form excitons. An imbalance in charge carrier injection into EML 

can lead to charging of the NCs which gives rise to Auger related nonradiative 

recombination mechanisms of exciton quenching leading to the loss of EQE 

[36]. 

Along with achieving high EQE performance for devices, it is important to 

focus on enhancing their operating lifetime. Keeping em high plays an 

important role in maintaining the device performance over wide operating 

ranges. It depends on the intrinsic PL QY of the NCs, but more importantly on 

the emission efficiency of the NCs under device operation conditions. As seen 

in the previous section, the QY of NCs suffers high losses in films due to fast 

nonradiative exciton transfer to defected NCs. In addition, inside a device the 

NCs are susceptible to quenching behaviours from exciton transfers to the 

charge transport layers [30]. Moreover, the NCs have to maintain their emission 

efficiency under the wide range of operating conditions. The device operating 

conditions involve subjection to high electric field and current density. Under 
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such harsh conditions the QY of NCs suffers loss from field induced exciton 

polarization and charging induced Auger recombination [37]. The CdSe/CdS 

QDs suffer from both the effect of electric field and QD charging which 

drastically reduce the device lifetime [35, 39]. The CdSe@ZnS QDs show a 

promise of suppression of Auger recombination and resistance to electric field 

induced polarization due to type-I energy band alignment [26]. Investigating the 

emission efficiency of these QDs under device operating conditions would be 

highly beneficial [79].  

The fraction of photons generated inside the device that are able to come out 

(oc ) or the out coupling efficiency is typically limited by the refractive indices 

and thickness of the constituent layers of the device and the substrate [80]. 

Usually the device light extraction is done from the glass side, which limits the 

portion that can couple out to air from the surface due to total internal reflection. 

Roughly, about only 20% of the light generated inside the device gets coupled 

to air without the use of additional light extraction features [5]. It is a major 

limiting factor for EQE of devices which can be increased by using light 

extraction features such as microlens array, patterned nanostructures and optical 

engineering of device layer waveguides [80-82]. However, intrinsically 

directional emitters such as NRs or NPLs hold a promise of increasing the oc 

limit by a factor of 1.5 over the more isotropic emitters like QDs [83, 84]. In 

order to make use of the anisotropic optical behaviour of NRs or NPLs ways to 

achieve their controlled assemblies need to be explored [54, 83, 85]. 
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2.3 Colloidal semiconductor quantum wells (nanoplatelets) 

Colloidal semiconductor quantum wells or nanoplatelets are a recently 

introduced class of 2D nanomaterials synthesized colloidally [43]. Their lateral 

dimensions are typically larger than the exciton bohr radius for the material. 

Thus, their electronic and optical properties are strongly dependent on the 

confinement in the direction of vertical thickness which makes their optical 

features very sensitive to thickness changes. For example, a single monolayer 

(ML) thickness increase (corresponding to about ~0.3 nm [42]) from 3 ML to 4 

ML for CdSe NPLs shifts the band edge of transition from 462 nm to 512 nm, 

while a 5 ML NPL band edge transition occurs at 550 nm (Figure 2.5). The 

quasi 2D geometry and strong confinement in the direction of thickness brings 

interesting properties on excitonic optical transition features including giant 

oscillator strength, large absorption cross-sections, high exciton binding 

energies, very fast radiative lifetimes of recombination and extremely narrow 

full-width-at-half-maximum (fwhm) of emission [41, 43, 44]. Due to such 

favourable qualities they exhibit very low gain thresholds for lasing which also 

point to a potential suppression of Auger recombination in them [45, 46, 48]. 

Their advantageous features have been put to good use to obtain lasing 

thresholds an order of magnitude lower than obtainable from regular quantum 

dots [33, 46].  

The strong nature of vertical confinement leads to the splitting of the hole 

energy levels which can be observed in the absorbance spectra of CdSe NPLs 

occurring as distinct optical features (Figure 2.5). However, the PL emission 

occurs from the electron-heavy hole band edge transition. The PL spectroscopy 
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of single NPLs shows fwhm values very close to the ensemble indicating an 

absence of inhomogenous broadening in them [41]. 

 

Figure 2.5: The absorption (solid line) and PL spectra (shaded) of 3 ML, 4 ML and 5 ML thick 

CdSe NPLs synthesized in our lab. The heavy-hole (hh) and light-hole (lh) transition peaks for 

4 ML NPLs are indicated. 

The narrow fwhm of emission makes them attractive for display and lighting 

applications [40, 51]. The core-only NPL solutions can exhibit PL QYs as high 

as 40% which is typically higher than the core-only QD solutions. In film forms 

they are highly susceptible to stacking together because of development of van 

der Waals forces between their large flat surfaces. It affects their opto-electronic 

properties through drastic PL quenching due to fast nonradiative energy transfer 

to NPLs with defects [74, 76, 77]. This phenomenon makes achieving controlled 

assemblies for NPLs without stacking highly important, not only for the PL QY 

retention but also to make use of interesting optical characteristics generating 

from their 2D electronic structure such as anisotropic optical emission 

behaviour [54, 55]. However, there is great scope for increasing their photo-

chemical stability by way of surface passivation.  

The 2D structure of NPLs gives an opportunity to fabricate advanced 

heterostructures to tune their optical characteristics in different ways. A 

passivating crown can be grown to cover only the periphery having the same 
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thickness as the core. For example, the growth of a CdS crown around a CdSe 

core leads to passivation of fast hole trapping states resulting in high PL QYs 

[47]. Moreover, the crown adds to the absorption strength in the near UV 

wavelength regions acting like a funnel for exciton generation inside the core 

via ultra-fast transfer of the excitons from the crown to the core. This results in 

a single band edge excitonic emission peak with a very narrow emission 

bandwidth from the core although there is an excitonic peak appearing for the 

crown material in the absorption spectrum. Using the core/crown architecture 

heterostructures having different band energy alignments like inverted type-I or 

type-II can also be made having interesting properties [49, 50]. 

 

 

Figure 2.6: Schematic representation for core, core/crown and core/shell NPL architectures. 

 

Another way of growing a NPL heterostructure is by covering the entire surface 

area with a high-bandgap material such as CdS or ZnS to make core/shell 

architecture [42, 86-88]. The shell not only increases the PL QY but also 

increases the photochemical stability. However, the formation of a shell causes 

the shifting of the band edge transition to lower energies due to reduction in the 

confinement in the thickness direction (Figure 2.7) and the change in effective 

dielectric constant. Due to the extreme nature of confinement for NPLs, the red-

shifting of optical characteristics occurs in NPLs even on the growth of a 
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core/shell with type-I band energy alignment like CdSe/ZnS, which is a 

departure from the behaviour of QDs with same heterostructure [62]. Also, there 

is an increase in the PL emission bandwidth due to enhanced exciton-phonon 

coupling in the shell [44]. However, the emission bandwidths are still lower 

than typically obtained from other NCs if the shell growth is achieved without 

any inhomogeneity of deposition among NPLs. Due to the large lateral area, the 

effect of lattice strain is also high which can be mitigated to some extent by 

alloying the shell composition. Such core/shell NPLs have also been shown to 

exhibit very low lasing thresholds [45, 46]. A versatile technique to combine 

the advantages of both crown and shell passivation methods is to have a 

core/crown@shell architecture resembling a platelet-in-box shape [48]. 

Although the PL QY of CdSe/CdS@CdS NPLs in hexane solution was reported 

by Kelestemur et al. to be ~40%, the core/crown@shell NPL architecture is 

highly favourable in general for lighting and lasing applications. In addition to 

the surface passivation and exciton-relaxation induced Auger recombination 

suppression provided by the CdS shell, presence of the CdS crown passivates 

fast nonradiative defect centers on the periphery and increases the absorption 

cross-section. The combined advantages of crown and shell resulted in better 

gain threshold than similar samples having singly core, core/crown or 

core@shell and also exhibited high stability against prolonged laser 

illumination. This architecture is very promising especially by further 

enhancing it by optimized shell composition using gradient alloying which 

might benefit from suppressed Auger recombination due to smoothening of 

interfacial electrostatic potential leading to further reduction in gain thresholds 

and promising applications in LEDs. 
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Figure 2.7: The absorption spectra of different NPLs and their heterostructures: 4 ML CdSe 

core, 4 ML CdSe/CdS core/crown, 4 ML CdSe/CdS core/crown with 6 ML CdS shell (core-

crown-shell) and  4ML CdSe core with 10 ML CdS shell (core-shell). 

 

2.4 Synthesis methods 

Murray et al. achieved controlled growth of nanocrystals using a ‘hot-injection’ 

method [56]. They synthesized highly monodisperse samples of CdSe, CdS and 

CdTe QDs. The process involved the rapid co-injection of precursors at a high 

temperature in a coordinating solvent containing ligand molecules. Due to the 

sudden injection of precursors the reaction mixture was super saturated with 

reactants which underwent nucleation to produce NC seeds stabilized by the 

ligands. When the concentration of the reactants reduced below a threshold 

level, further nucleation of seeds stopped and instead the NC growth phase 

began, subsequently leading to a stable colloidal solution of NCs passivated by 

ligands. The NCs were further filtered by size selective precipitation to produce 

highly monodisperse, uniform and crystalline samples. 

In general, synthesis methods follow similar principles involving reaction 

between precursors in suitable solvents at high temperatures in the presence of 

ligands [57, 58, 88]. The shell capping of the cores is also done in a similar way 
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by adding additional shell precursors to a reaction mixture containing the 

separately prepared core NCs as seeds for further growth at a suitable 

temperature. It is important to control the injection rate of the precursors to keep 

their concentrations low enough to induce their growth on the NC seeds instead 

of new nucleation. By making an appropriate choice of precursors, a versatile 

‘one pot’ synthesis of gradient composition NCs heterostructures such as the 

CdSe@ZnS QDs can be performed [26]. In this method the precursors were 

chosen in such a way that, by using the reactivity difference between the Cd and 

Zn precursors, the core and shell were formed in the same synthesis, resulting 

in a gradiently changing composition. The method also allowed the flexibility 

of achieving wavelength tuning of QDs by adjusting the stoichiometry. The 

simplified approach led to widespread adoption of the method for producing 

QDs for use in high-efficiency QLEDs with increased stability [66]. 

Ithurria et al. developed a method for synthesizing colloidal NPLs made of 

CdSe, CdS and CdTe [43]. The synthesis involved the modification of a QD 

synthesis procedure using a reaction mixture containing cadmium myristate and 

anion precursors. By adding cadmium acetate during the growth phase of the 

monomer seeds, a preferential growth in the lateral direction of the monomers 

was induced to produce NPLs. The thickness of the NPLs produced depended 

on the temperature at which the acetate precursor was introduced. The lateral 

size of the synthesized NPLs depended on the amount of precursors and the time 

for which the reaction proceeded. NPLs of multiple thicknesses in the reaction 

mixture were separated by using size selective precipitation.  

CdSe/CdS core/crown NPLs can be synthesized using similar method [47]. First 

the core only NPLs of desired thickness are produced, cleaned and put in a 
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reaction mixture with precursors containing cadmium acetate. Then by slowly 

injecting the anion precursors at a suitable temperature the lateral growth of 

crown around the core NPLs is achieved. The lateral size of the crown can be 

controlled by using the right amount of precursors. 

The synthesis of core/shell NPLs can be performed by using either a layer-by-

layer growth procedure (colloidal atomic layer deposition or c-ALD) [86] or a 

continuous shell growth procedure [42]. In both the cases initially core only 

NPLs are synthesized, cleaned and used as reaction seeds for shell growth later. 

While both the syntheses are carried out at room temperature, the c-ALD 

procedure provides a finer control on the shell thickness and composition. In 

the continuous shell growth procedure all the necessary precursors are added at 

the same time. The precursors are chosen to produce the slow release of the 

active species to aid a continuous shell growth till all the precursors are 

consumed. On the other hand, the c-ALD procedure is based on self-limiting 

half reactions. The process follows deposition of layers of cations and anions in 

a step-by-step fashion. In each step excess precursors are added for saturation 

of surface binding sites. Then excess precursors are cleaned after each step so 

that they cannot interfere in the next step. In the work of Ithurria and Talapin, a 

phase transfer of NPLs from polar to non-polar solvent was performed at each 

stage [86]. In this thesis the c-ALD procedure has been used for the synthesis 

of core/crown@shell NPLs with slight modification involving the use of phase 

transfer only in the first step, followed by the rest of the reaction steps along 

with cleaning after each step in the same phase. 

 

  



27 
 

  Colloidal Synthesis and Characterization of 

CdSe/CdS@Cd1-xZnxS Core/Crown@Shell Nanoplatelets 

and Their Aqueous Dispersion 

The contents of this chapter are partially based on the publication: “Ultrahigh-

efficiency Aqueous Flat Nanocrystals of CdSe/CdS@Cd1-xZnxS Colloidal 

Core/Crown@Alloyed-Shell Quantum Wells”, Sushant Shendre, Savas 

Delikanli, Mingjie Li, Didem Dede, Zhenying Pan, Son Tung Ha, Yuan Hsing 

Fu, Pedro L. Hernández-Martínez, Junhong Yu, Onur Erdem, Arseniy I. 

Kuznetsov, Cuong Dang, Tze Chien Sum and Hilmi Volkan Demir, Nanoscale, 

2019, 11, 301-310. Reproduced (adapted) from ref. [89] with permission from 

the Royal Society of Chemistry. The contents of this chapter are derived 

predominantly from the contributions of the candidate towards the publication. 

In this work the candidate contributed with the synthesis of the nanoplatelets 

and heterostructures, dispersion in different solvent media, optical 

characterization involving PL, absorption, QY, performing photoactivation 

studies and controlled assembly of nanoplatelets, apart from the data analysis 

and manuscript preparation. 

 

 

3.1 Introduction 

Aqueous dispersions of efficient, narrow bandwidth emitting NPLs are highly 

desirable for biological applications like bio-molecular labelling and color-

multiplexed imaging. Previous reports of water-based NPLs suffer from very 
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low PL QY, which could be attributed to the extraordinary sensitivity of the 

excitonic recombination in the NPLs to the surrounding media [90, 91]. It is 

desirable to have high emission efficiency as well as stability of NPLs not only 

in aqueous environment but also for optoelectronic applications. For example, 

in LED and lasing applications, in addition to high emission efficiency, having 

stability and robustness is important. This underscores the necessity of robust 

surface passivation techniques which effectively isolate excitonic 

recombination process from the defect states on the surface, especially in harsh 

chemical environments [59]. As discussed in chapter 2, the surface capping with 

heterostructures made of wide bandgap materials can improve the PL efficiency 

of NCs. To potentially maximize the PL QY and robustness of NPLs for 

different solvent media, the core/crown@shell architecture as discussed in 

chapter 2 is very promising for achieving effective surface passivation. By 

growing a gradient alloy shell of Cd1-xZnxS on top of CdSe/CdS core crown 

NPLs not only the peripheral edge passivation is achieved, but also isolation 

from surface states is increased which potentially increase the PL QY and 

robustness. Figure 3.1(a) shows the relative energy bandgap alignments of 

CdSe, CdS and ZnS bulk materials [64]. The alloyed heterostructure shell of 

Cd1-xZnxS with gradiently increasing Zn composition not only provides exciton 

confinement but also effectively relaxes lattice strain produced by shell growth. 

Moreover, due to the smoothening of confinement potential, the Auger 

relaxation process can also be suppressed which makes these NPLs attractive 

for active materials in lasing and LEDs. In this chapter a synthesis method for 

improving the PL QY of NPLs is developed and their dispersion in different 

polar and non-polar media is achieved. It was found that the PL QY of the 
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hetero-NPLs in aqueous media underwent a photo-induced enhancement which 

enabled achievement of PL QY up to 90%, greatly surpassing the efficiency 

values reported before [90, 91]. 

 

 

Figure 3.1: (a) the energy band diagram showing relative positions of CdSe, CdS and ZnS 

bandgaps (b) A schematic structure of core/crown@shell NPLs where N represents the number 

of shell layers on top of 4ML core/crown seeds. 

 

3.2 Results and discussion 

Here, the c-ALD synthesis technique [86] is used to develop CdSe/CdS@Cd1-

xZnxS core/crown@shell NPLs having an alloy shell of Cd1-xZnxS with a 

gradiently increasing Zn content. The synthesis procedures are described in 

detail under the methods section. Thanks to the layer-by-layer shell growth in 

the synthesis steps of c-ALD procedure, a great degree of control on the shell 

composition is achieved allowing the fine tuning of the shell structure at each 

monolayer to optimize the electronic structure. To begin with 4 ML thick 

CdSe/CdS core/crown NPLs (absorbance and PL spectra given in Figure 3.2) 

were used in all cases for shell deposition. On the 4 ML core/crown seeds Cd1-

xZnxS shell was deposited to produce 4+N MLs of CdSe/CdS@Cd1-xZnxS where 

the shell thickness increased in steps of 2 ML corresponding to each cycle of 
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anion and cation layer deposition (refer schematic for illustration in Figure 

3.1(b)). For example, a 6 ML shell thickness sample is produced after 3 cycles 

each of alternating anion and cation deposition steps.  

 

Figure 3.2: Absorbance and PL spectra of 4 ML CdSe/CdS core/crown NPLs. 

 

3.2.1 Optical properties 

To compare the optical characteristics of NPLs produced in different band 

energy alignment regimes, three types of shells made of purely Cd, purely Zn 

and gradiently alloyed Cd1-xZnxS with thicknesses up to 10 MLs were deposited 

on top of the same 4 ML core/crown starting seeds. The absorbance and PL 

spectra for different shell types at varying shell thickness are shown in Figure 

3.3.  
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Figure 3.3: Absorbance and PL spectra for (a)-(b) CdSe/CdS@CdS, (c)-(d) CdSe/CdS@Cd1-

xZnxS and (e)-(f) CdSe/CdS@ZnS NPLs for different thickness of shell deposition. 

 

The PL peak, fwhm and maximum PL QY for each sample type are noted in 

table 3.1 for easy comparison. As can be seen each increase in 2 ML thickness 

of shell results in a distinct red shift in the PL and absorbance excitonic peaks. 

This substantial red shift is caused due to the severe confinement along the 

thickness of a NPL which leads to leakage of carrier wavefunction into the 

shells. Even with the deposition of ZnS shells, there is a notable leakage of 

carrier wavefunctions into the shell of NPLs. The PL red shift is also affected 
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by the change in the dielectric constant [87]. However, the three types of 

samples differ in the extent of red shift of optical spectra produced. While the 

NPLs with 10 MLs of CdS shells have emission peak at 648 nm, the NPLs with 

10 MLs of ZnS shells have the emission peak at 597 nm indicating the greater 

degree of confinement in ZnS shells which is expected from their type-I energy 

band alignment. More so, the NPLs with 10 MLs of Cd1-xZnxS shells have 

emission peak at 635 nm which shows the degree of confinement in the alloyed 

shell samples is greater than samples with CdS shells. Thus, better isolation of 

carrier wavefunctions from the surface states is achieved by alloyed shells than 

CdS shells.  

The PL fwhm of NPLs with shell thickness 6 ML and above are in the range of 

55-60 meV for CdS shells, 65-70 meV for alloyed shells and 100-105 meV for 

ZnS shells. The fwhm of emission upon shell deposition is higher than the 

emission of core/crown NPLs (~35-40 meV), which may occur due to the 

enhanced exciton-phonon coupling in the shell material and/or the relaxation of 

dielectric confinement [42]. The NPLs with CdS shells exhibit narrow fwhm 

values which are close to spectral bandwidths measured in core/shell single 

NPL measurements reported previously [44]. In contrast the fwhm values for 

NPLs with ZnS shells are much higher which could be attributed to greater 

exciton-phonon coupling or inhomogeneity in shell coverage due to significant 

lattice mismatch. In comparison the alloyed shell NPLs have reasonably narrow 

PL fwhm values which can be further tuned by adjusting the composition for 

greater Cd content. The fwhm values for CdS and ZnS shells shown in table 3.1 

appear to follow opposite trends with increasing shell thickness. If the fwhm 

broadening is arising in these samples from inhomogeneity in shell coverage, it 
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might suggest that with the increasing shell thickness the CdS shells get better 

in coverage while the ZnS shells become more inhomogenous. However, the 

exact reason for this trend in fwhm variation in these samples could not be 

confirmed. 

 

Table 3.1: PL peak, fwhm and maximum PL QY for CdSe/CdS@CdS, CdSe/CdS@ZnS, 

CdSe/CdS@Cd1-xZnxS and NPLs for different thickness of shell deposition. 

CdS-only shells PL Peak FWHM QY 

CdSe/CdS@CdS 

2 ML  583 nm 21 nm (~77 meV) ~10% 

4 ML 612 nm 20 nm (~66 meV) ~15% 

6 ML  630 nm 20 nm (~61 meV) ~15% 

8 ML  641 nm 19 nm (~57 meV) ~10% 

10 ML  648 nm 19 nm (~56 meV) ~10% 

ZnS-only shells PL Peak FWHM QY 

CdSe/CdS@ZnS 

2 ML  575 nm 22 nm (~81 meV) ~25% 

4 ML  582 nm 24 nm (~89 meV) ~30% 

6 ML  588 nm 28 nm (~100 meV) ~25% 

8 ML  593 nm 29 nm (~104 meV) ~15% 

10 ML  597 nm 30 nm (~105 meV) ~15% 

Gradient alloy shells PL Peak FWHM QY 

CdSe/CdS@Cd
1-x

Zn
x
S 

2 ML  582 nm 24 nm (~87 meV) ~15% 

4 ML  605 nm 22 nm (~76 meV) ~50% 

6 ML 618 nm 21 nm (~68 meV) ~60% 

8 ML  627 nm 22 nm (~69 meV) ~45% 

10 ML  635 nm 23 nm (~69 meV) ~35% 
 

Lastly, compared to the PL QY values of NPLs with CdS or ZnS shells (15-

30%), the NPLs with alloyed shells have far better PL QY (45-60%) which 
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highlights the optimization achieved through fine tuning of composition to 

allow relaxed interfacial lattice strain and defect reduction. Moreover, all the 

QYs noted in table 3.1 were measured in N-methylformamide (NMF) solution 

as a ratio of absolute number of emitted photons and absorbed photons inside 

an integrating sphere [92]. In the NPLs with Cd1-xZnxS shells the PL QY 

progressively increases with shell thickness up to 6 ML and then decreases upon 

further increase in thickness, which also corresponds to increase in Zn content 

in later shells. It shows the contrasting effect of increasing lattice strain and 

effective carrier wavefunction confinement which reaches an optimum value 

near 4-6 ML shell thickness for the composition of shell used here. In contrast, 

the NPLs with ZnS shells show a drastic reduction in PL QY as the shell 

thickness grows owing to poor strain relief.  

In addition to providing strain relief, the alloying also helps to tune the optical 

spectra over a wide range of wavelengths by changing the composition of the 

shell. For example the NPLs sample with Cd1-xZnxS shell shown in table 3.1 

was prepared by using a mixture of Cd and Zn precursors in varying ratios of 

Cd:Zn content during the cation deposition steps so that there is a gradual 

increase in the Zn content with the increase in shell thickness. The example 

presented has a composition (discussed in next section) optimized for high PL 

QY in the red color region of ~620 nm with a narrow emission bandwidth which 

is desirable for lighting applications. In principle, a combination of the varying 

shell composition and differing thickness can be employed to achieve 

wavelength tuning in between the optical characteristic extremes of purely CdS 

and ZnS shells. The progress of PL QY with reaction time in a cation deposition 

step indicates that the efficiency of NPLs is higher if the reaction is allowed to 
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progress for at least 30-45 minutes (Figure 3.4). However, in the S-layer 

deposition step the reaction time was limited to within 2-5 minutes due to the 

high reactivity of the S precursor. 

 

Figure 3.4: Progress of PL QY with reaction time after adding cation precursor for deposition 

of CdSe/CdS@Cd1-xZnxS NPLs with 6 ML shell thickness. 

3.2.2 Shell composition 

For the example of CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs shown in 

table 3.1, the Zn precursor by volume percentage in the mixture of Cd:Zn 

precursors used for reaction steps at 2, 4, 6, 8 and 10 ML shell thickness were 

93%, 97%, 99%, 99.5% and 99.9%, respectively. For example, for the first 

cation deposition step to achieve 2 ML thickness, a 1 mL precursor mixture 

containing 930 L of Zn precursor and 70 L of Cd precursor of same molarity 

were used for reaction with the core/crown NPLs coated with S-layer (detailed 

description under methods section). Surprisingly, the compositions of the shell 

layers do not exactly follow the compositions of reaction mixtures of precursors. 

In other words, using a precursor having 93% of Zn content in the mixture as 

described above does not result in the incorporation of 93% of Zn content into 

the shell layer. This is explained further from the measurement done using 
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inductively coupled plasma mass spectrometry (ICP-MS) to obtain the content 

of Zn assimilated into the shell layer [93]. 

 

Figure 3.5: Percentage of Zn incorporated into the shells measured by ICP-MS compared to 

the amount of Zn percentage in the precursor solutions used for the shell growth. 

Different samples of CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs having 2 

ML thickness were prepared by depositing a single cation shell layer on top of 

S-layer coated core/crown NPLs such that the cation precursor mixtures for the 

samples varied in the Zn content from 50% to 99%. By conducting the ICP-MS 

measurement on the NPL samples to obtain the Zn content in the samples 

revealed that the actual Zn content in the shell varied from ~2% to ~35% for the 

different samples in a non-linear fashion (Figure 3.5).  Thus, to obtain around 

10% Zn content in the shell a precursor with 90% Zn rich solution was to be 

used. Such non-linearity of composition variation between precursor mixtures 

and the nanocrystals could be either attributed to differing reactivity of the 

precursors used or might be as a result of CdS shell growth being much more 

favourable than ZnS due to lattice mismatch [94]. This allows the estimation of 

composition of the high PL QY alloyed sample (6 ML Cd1-xZnxS shell in table 

3.1) to have Zn content in the shell increase gradiently from <20% initially 

to >35% Zn in the outermost layer.  
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A high-angle annular dark-field transmission electron microscopy (HAADF-

TEM) [95] image of a 6 ML thick NPL sample is shown in Figure 3.6(a). It 

shows the size of NPLs to be around 25.0  5.0 nm in length, 15.0  3.0 nm in 

width and 3.2  0.3 nm in thickness. The thickness corresponds well with the 

expected values of 6 ML of shell thickness on top of 4 ML core NPLs. Also, the 

energy dispersive X-ray spectroscopy (EDX) [96] measurements performed at 

different locations along the edge and center of a single NPL using TEM (Figure 

3.6(b)) confirms the core/crown@shell geometry with the edge locations having 

predominantly S anions while the Se anions are concentrated at the center.  

 

Figure 3.6: (a) A HAADF-TEM image of core/crown@shell NPLs. Inset of (a) shows thickness 

of core/crown@shell NPLs with 6 ML of Cd1-xZnxS shell in gradient alloy composition is ≈3.2 

 0.3 nm. (b) Average atomic percentage of elements measured via TEM-EDX spectroscopy at 

different locations on a single core/crown@shell NPLs with 6 ML of Cd1-xZnxS. 

The X-ray diffraction (XRD) [97] spectra of core, core/crown and 3 types of 

core/crown@shell NPLs having 6 ML thick shells of CdS, ZnS and Cd1-xZnxS 

have been presented in Figure 3.7. The spectral positions of the peaks match 

well with the bulk lines of CdSe and CdS for zinc blende crystal structure. Also, 

the peaks for the core/crown@shell NPLs are narrow indicating a good 

crystallinity of the structure. The peaks show slight shift towards bulk ZnS lines 

upon deposition of Cd1-xZnxS and ZnS shells. However, the proximity of the 

Cd1-xZnxS peaks to the CdS bulk lines suggests that the NPLs have a higher 
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percentage of Cd content in the structure which complements the results from 

ICP-MS measurements. Largely, the XRD patterns show consistency with the 

formation of high crystallinity shells having zinc blende structure over the 

CdSe/CdS core/crown seeds. 

 

Figure 3.7: X-ray diffraction (XRD) spectra of core, core/crown and 3 types of 

core/crown@shell NPLs having 6 ML thick shells. 

3.2.3 Dispersion in different solvent media 

The CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs show high PL QY in NMF 

solution. They can also be dispersed in non-polar organic solvents like hexane 

or toluene using oleylamine ligands. The process involves simply precipitating 

out the NPLs from NMF using anti-solvent and centrifugation; then redispersing 

them into hexane by adding oleylamine for ligand stabilization and stirring 

(detailed description in methods section). Thanks to the solution stabilization 

provided by oleylamine ligands, the NPLs show increase in PL QY and greater 

solution stability. For example, a NMF solution of 55-60% PL QY experienced 

increase of PL QY up to 70-75% in hexane. The hexane solution showed good 

stability for long time when stored inside a glovebox.   
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These high-efficiency CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs in 

hexane or toluene can be further dispersed into water via ligand exchange to 

obtain even higher PL QY values in aqueous solutions. The process followed 

for obtaining aqueous dispersions was by using ethylenediamine (EDA) to assist 

the exchange of oleylamine ligands with 3-mercaptopropionic acid (MPA) 

ligands (refer methods section for detailed procedure). Dai et al. [98] reported 

a EDA assisted ligand exchange technique to transfer QDs of different sizes 

capped with oleophilic ligands into water by capping them with thiolated 

ligands. It may be proposed that following a similar process for the 

core/crown@shell NPLs, the EDA molecules first binded to the NPL surface by 

replacing the oleophilic ligands temporarily and assisted their transfer into the 

water phase, whereupon they were replaced by strongly binding thiolated 

ligands. A high concentration of EDA:NPL not only ensured complete surface 

coverage, but also assisted in having favourable pH of around 12 for the 

replacement with MPA to occur. The process suffered from surface etching of 

the NPLs if allowed to run for prolonged times which resulted in blue shifting 

of the optical spectra (suggesting a reduction in size). However, the surface 

etching was arrested by adding little quantity of cations precursors mixed in 

water during the ligand exchange process and reducing the time in contact with 

EDA. Remarkably, after ligand exchange into aqueous solutions under optimum 

conditions, the PL QY of NPLs was found to increase from their initial value. 

For example, a solution of NPLs in toluene having PL QY ~70% saw increase 

in PL QY to ~80% immediately upon transfer to water which tended to increase 

with time under the influence of photo-illumination, with the best sample 

reaching PL QY up to 90% in water. Dai et al. [98] have also reported PL QY 
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enhancement in their measurement for certain QDs after transfer to water which 

was speculated to arise from higher capping density and stronger binding of the 

thiolated ligands on the nanocrystals surface in comparison to the bulkier 

original oleophilic ligands. Here a similar mechanism may be proposed to 

explain the PL QY enhancement in NPLs immediately after transfer to water 

with MPA ligands. However, more systematic data on ligand binding on NPL 

surface is required, especially taking into account the different geometries of 

QDs and NPLs, to conclusively attribute the increase in PL QY to higher 

capping density of ligands. The PL spectra of CdSe/CdS@Cd1-xZnxS having 6 

ML shell thickness dispersed in NMF, toluene and water solutions show good 

retention of optical features except a slight shift in PL peak position (Figure 

3.8). Previous reports of ligand exchange to transfer NPLs into water have 

resulted in drastic reduction of PL QY due to insufficient surface passivation 

[90, 91]. This shows the CdSe/CdS@Cd1-xZnxS NPLs exhibit good robustness 

for transfer into aqueous solutions.  

 

Figure 3.8: PL spectra of CdSe/CdS@Cd1-xZnxS NPLs having 6 ML shell thickness in water, 

toluene and NMF. 
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3.2.4 Time resolved PL measurement in different solvents 

Time resolved PL (TRPL) [99] measurements were also performed on the 

solutions of CdSe/CdS@Cd1-xZnxS NPLs with 6 ML thick shells in NMF, 

toluene and water. A streak camera having temporal resolution of 10 ps was 

used with a laser source at 400 nm excitation at a repetition rate of 1 kHz and 

pulse width of 150 fs. The PL decay for the three samples are shown in Figure 

3.9. The long PL decay for water based NPLs is evident from the TRPL data. 

The decay curves for NMF and toluene solutions were fit with tri-exponential 

decay functions and the PL decay in water solution was fit with bi-exponential 

decay function to obtain best fit. The fits for NMF and toluene samples yielded 

lifetime components in similar range, specifically: 1 ~1-2 ns, 2 ~7-8 ns and 3 

~18-19 ns. The fit for water solution yielded lifetime values of 1 ~17 ns and 2 

~77 ns. The fit parameters are noted in table 3.2. A comparison of the intensity 

weighted lifetimes given by (A2/A) for the three samples shows the 

average lifetime of PL decay for water-based samples (~35 ns) is around three-

fold higher than the NMF and toluene (11-13 ns) solutions.  

 

Figure 3.9: Time resolved PL measurements for solutions of CdSe/CdS@Cd1-xZnxS NPLs 

having 6 ML thick shell in (a) NMF, (b) toluene and (c) water; (d)-(f) the residuals of the 

corresponding fitting with decay functions shown below them. 
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Table 3.2: Fitting parameters for the transient PL decay functions for solutions of 

CdSe/CdS@Cd1-xZnxS NPLs having 6 ML shell in NMF, toluene and water. 

 


1
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A
1
 

(%) 

A
2
 

(%) 

A
3
 

(%) 

Intensity 

weighted 

lifetime 

(ns) 

NMF 2 8 19 22 54 24 13 

Toluene 1 7 18 9 74 17 11 

Water 17 77 n.a. 92 8 n.a. 35 

 

A longer PL decay lifetime accompanied with a high PL QY suggests effective 

passivation of fast nonradiative recombination channels. The different dielectric 

constants of the solvent media also contribute to the change in decay lifetimes. 

Figure 3.10 (a) shows the transient PL spectra for water sample captured at 

different time instances in the decay curve which show minimal shift in PL peak 

position and fwhm. Additionally, the TRPL decays at three different emission 

wavelengths on the blue-side, red-side and at the peak position shown in Figure 

3.10(b) are identical which seems to suggest that the emissions are emerging 

from a type-I band alignment [100, 101]. 
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Figure 3.10: (a) Transient PL spectra at different time instances of TRPL decay for 

CdSe/CdS@Cd1-xZnxS NPLs in water (inset) the streak camera image with pseudo-color map 

of the TRPL decay (b) TRPL decays at three different emission wavelengths on the blue-side, 

red-side and at the peak position for CdSe/CdS@Cd1-xZnxS NPLs in water. 

 

3.2.5 Effects of photo-illumination in different solvents 

The PL QYs in different solvents were observed to vary with time under the 

influence of photo-illumination. Particularly the water based NPL samples 

tended to increase in PL QY over time under ambient light illumination. To 

observe the variation of PL QY more carefully, three samples in NMF, hexane 

and water were observed over a course of 10-15 days by keeping one set under 

ambient illumination and another set covered in darkness by using an aluminum 

foil to wrap the vials. The PL QY values for NMF, hexane and water samples 

on day-one were 50%, 60% and 71% respectively. Figure 3.11 shows the 

variation of PL QY measured at random intervals over the course of the time 

period for the three samples. It can be observed that while the samples kept in 

dark roughly maintained their initial QY (the water sample showing a slight 

increase), the solutions kept exposed to ambient illumination showed different 

responses. The NMF sample exposed to light initially showed a little increase 

in QY followed by a reduction in approximately 50% of its initial value after 12 

days. The hexane sample exposed to light showed a reduction in its PL QY by 
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approximately 25% of its initial value after 12 days. In contrast with the other 

two, the water-based samples exposed to light showed an increase in the PL QY 

by approximately 15% of their initial value over the same period.  

 

Figure 3.11: Variation of PL QY for solutions of CdSe/CdS@Cd1-xZnxS NPLs (6 ML shell) in 

(a) NMF, (b) hexane and (c) water under photo-illumination against time; filled indicators for 

samples exposed to light and hollow indicators for samples kept in dark. 

 

Figure 3.12: Variation of PL QY for different samples of CdSe/CdS@Cd1-xZnxS NPLs (6 ML 

shell) in water over a long period. 

 

Similar trends of increasing PL QY were observed for different water-based 

samples with varying degrees of photo-enhancement of PL QY over their initial 

values (Figure 3.12). The variations in the trends (which also led to varying 

levels of stability of the samples) were found to be at least partially dependent 

on the concentration of MPA used for ligand exchange. The optimum 
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concentration of MPA to be used for ligand exchange was determined 

empirically by using four different concentrations of MPA with same 

concentration of core/crown@shell NPLs in the EDA assisted ligand exchange 

process. Specifically, a NPL sample in hexane was divided identically into four 

parts whose original optical density at 400 nm, recorded by diluting 100 L of 

the sample in 3 mL of hexane taken in a quartz cuvette, was measured as 4. The 

four samples were treated with the ligand exchange process by keeping all the 

parameters same except the concentration of MPA added for ligand exchange. 

The four different concentrations were prepared as 0.005 M, 0.05 M, 0.1 M and 

0.5 M and added to the four samples of NPLs in the ligand exchange step. The 

PL QYs of the samples immediately after ligand exchange and after 3 days of 

exposure to ambient light are shown in Figure 3.13. It was found that the sample 

with 0.005 M MPA was lowest in PL QY immediately after ligand exchange 

and its PL QY value increased very slightly after 3 days. The 0.05 M, 0.1 M and 

0.5 M samples had nearly similar values of PL QY immediately after ligand 

exchange. Among them, the 0.05 M and 0.1 M samples showed an increase in 

PL QY after 3 days, whereas, the sample with 0.5 M MPA suffered a 

degradation with drastic loss of QY. Thus, concentration of MPA in the range 

of 0.05 M to 0.1 M was found suitable for use with the concentration of NPLs 

as described above to obtain stable and efficient aqueous dispersions. 
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Figure 3.13: Variation of PL QY for CdSe/CdS@Cd1-xZnxS NPLs (6 ML shell) in water using 

different concentration of MPA ligand over time. 

 

To observe the effect of photo-illumination on the optical characteristics of 

CdSe/CdS@Cd1-xZnxS NPLs in different solvents under controlled conditions, 

another set of samples in NMF, hexane and water were illuminated with a 

commercially available white LED lamp for duration of 24 hours. The radiant 

power for the lamp was measured to be around 100 W at 25 cm. A set of 

control samples in three different solvents from the same NPLs were kept in 

dark condition. The Figure 3.14 shows the absorbance and PL spectra before 

and after illumination along with the spectra of the control samples. As can be 

seen the NMF and toluene samples were accompanied with a slight blue shift in 

absorbance and PL spectra whereas the water-based samples did not show any 

change in the spectral characteristics. Besides, the spectral characteristics of all 

control samples kept in dark were also unaffected. In addition, the PL QYs of 

samples under illumination were also noted. The NMF sample underwent an 

increase in PL QY from 40% to 50%, the hexane sample suffered a PL QY loss 

from 60% to 50% and the water sample experienced an increase in PL QY from 
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70% to 76% in the duration of 24 hours. The change in PL QY observed for the 

different samples was consistent with the trend seen in Figure 3.11.  

 

Figure 3.14: The absorbance and PL spectra for CdSe/CdS@Cd1-xZnxS NPLs (6 ML shell) in 

(a)-(b) NMF, (c)-(d) hexane and (e)-(f) water before and after illumination with a standard lamp 

for 24 hours. 

 

These results confirm that photo-illumination plays a significant role in the 

variation of the PL QY stability of the samples in different solvents 

accompanied with a change in their optical characteristics. Previous reports of 

photo-enhancement of PL QY in aqueous nanocrystals have been explained 
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with different photoactivation mechanisms ranging from simple light induced 

ligand rearrangement to complex photochemical changes involving 

photooxidation of nanocrystal surface accompanied by photo-adsorption of 

water molecules on surface leading to defect passivation [102]. From the blue 

shift in optical spectra of NPL samples in NMF and hexane after illumination 

there is an indication of susceptibility of these NPL to photo-corrosion of 

surface under illumination. However, the presence of MPA ligands for NPLs in 

water acts to suppress this effect and in turn increases the PL QY. The thiol 

ligands are known to undergo oxidation under photo-illumination in aqueous 

environment [103]. It can be speculated that the photooxidation of MPA assists 

in adsorption of water molecules on the NPL surface which acts to passivate 

surface defects and increase the PL QY as suggested by Valcarel et al. [102]. 

However, further detailed experiments are necessary to understand the 

mechanisms of photoinduced PL QY enhancement of water based NPL 

samples.  

3.3 Methods 

Chemicals: Cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O) (99.999% trace 

metals basis), cadmium acetate dihydrate (Cd(OAc)2·2H2O) (>98%), cadmium 

oxide (CdO) (99.99% trace metals basis), zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O) (98% reagent grade), zinc acetate (Zn(OAc)2) (99.99% trace 

metals basis), sodium myristate (>99%), selenium (Se) (99.999% trace metals 

basis), sulfur (S) (99.998% trace metals basis), technical grade 1-octadecene 

(ODE) (90%), technical grade trioctylphosphine (TOP) (~90%), technical-

grade oleic acid (OA) (90%), technical-grade oleylamine (OAm) (70%), N-
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methylformamide (NMF) (99%), and ammonium sulfide solution (40–48 wt% 

in H2O), 3-mercaptopropionic acid (MPA) (>99%), were purchased from 

Sigma-Aldrich. Hexane, ethanol, methanol, toluene, chloroform and acetonitrile 

were purchased from VWR and used without any further purification.  

 

Preparation of Cadmium Myristate: Cadmium myristate was prepared 

according to a previously reported recipe [47]. Typically, 1.23 g of cadmium 

nitrate tetrahydrate was dissolved in 40 mL of methanol and 3.13 g of sodium 

myristate was dissolved in 250 mL of methanol. When both the powders were 

completely dissolved, the solutions were mixed and stirred vigorously for 1 h. 

Cadmium myristate was formed as a precipitate which was removed by 

centrifugation and washed by redispersing in methanol to remove any unreacted 

and/or excess precursors. After repeating the washing step for at least three 

times, the precipitated part was completely dried under vacuum overnight. 

 

Synthesis of the 4ML thick CdSe Core NPLs: The synthesis followed the recipe 

reported previously with slight modifications [47]. Typically, 170 mg of 

cadmium myristate, 12 mg of Se and 15 mL of ODE were loaded into a three-

neck flask. After degassing the mixture for 1 h at room temperature, the solution 

was heated to 240 °C under argon atmosphere. When the solution turns bright 

orange (generally around 190-200 °C), 80 mg of cadmium acetate dihydrate was 

swiftly added to the reaction solution. After reaching 240 °C the solution was 

cooled to room temperature and 0.5 mL of OA was injected. CdSe NPLs were 

precipitated by adding acetone and dispersed in hexane. Size selective 
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precipitation using centrifugation at different speeds was used if any additional 

sizes of NPLs were formed. 

 

Preparation of Anisotropic Growth Solution for CdS Crown: A previously 

reported procedure was followed with slight modifications [47]. For the 

preparation of cadmium precursor, 480 mg of cadmium acetate dihydrate, 340 

μL of OA, and 2 mL of ODE were loaded in a beaker. The solution was 

sonicated for 30 minutes at room temperature. Then, it was heated to 160 °C in 

ambient atmosphere under continuous stirring and alternating sonication until 

the formation of whitish color homogeneous gel. After the cadmium precursor 

was prepared, it was mixed with 3 mL of 0.1 M S-ODE stock solution and used 

for the CdS crown coating. 

 

Synthesis of CdSe/CdS Core/Crown NPLs: A typical core-seeded synthesis 

method reported previously was used with slight modifications [47]. A portion 

of the 4 ML core synthesis in hexane and 15 mL of ODE were loaded in a three-

neck flask. The solution was degassed at 100 °C for the complete removal of 

hexane. Then, the solution was heated to 240 °C under argon flow and a certain 

amount of anisotropic growth mixture for CdS crown was injected at the rate of 

12 mL/h. After obtaining the desired crown size by adjusting the injection 

amount, the resulting mixture was further annealed for 5 min at 240 °C. After 

that, the solution was cooled down to room temperature and the core/crown 

NPLs were precipitated using ethanol. The NPLs were cleaned 3 times with 

ethanol and methanol to remove any traces of unreacted precursors which was 
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crucial for the shell growth step using c-ALD. Lastly, they were then dispersed 

in hexane to be used for shell deposition. 

 

Synthesis of CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs: We used a 

slightly modified c-ALD procedure than reported previously [86]. 1 mL of 

core/crown NPL seeds in hexane were kept for use such that 100 L of these 

NPLs dissolved in ~3 mL hexane had an optical density of ~2 at 370 nm. For 

cation precursors we used 0.4 M cadmium nitrate tetrahydrate (Cd-nitrate) and 

0.4 M zinc nitrate hexahydrate (Zn-nitrate) solutions in NMF. For sulfur 

precursor we used 40-48 wt% solution of ammonium sulfide in water. 

Specifically, for the first sulfur shell growth, we added 40 L of ammonium 

sulfide in 4 mL NMF and under vigorous stirring added 1 mL of CdSe/CdS 

core/crown seeds, which we had prepared separately. After 2 minutes of stirring 

when all the NPLs had entered the NMF phase from hexane, the reaction was 

stopped by quickly adding acetonitrile and excess toluene to precipitate the 

NPLs via centrifugation. This cleaning step was repeated once more by 

redispersing the NPLs in NMF and precipitating them using acetonitrile and 

excess toluene to remove any remaining sulfur precursor. Finally the NPLs were 

dispersed in 4 mL of NMF for the next cation deposition step. For obtaining a 

high QY, it was found important that the absorption spectrum of NPLs after first 

sulfur shell growth corresponded well with the growth of 1 ML of shell. Next, 

for producing an alloyed shell sample we added 1 mL of solution having a 

mixture of X% Cd-nitrate and (100-X)% Zn-nitrate in NMF by volume for the 

cation step. For typical high quantum yield samples we used X<10 for first 

cation step and successively reduced it till zero in subsequent cation steps. The 
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reaction was allowed to continue by stirring for atleast 45 minutes in ambient 

atmosphere and light, after which the NPLs were precipitated out by adding 

acetonitrile and excess toluene for centrifugation. The cleaning step like before 

was done once more to remove all excess precursors. This cycle of sulfur and 

cation precursors was further repeated (now only in NMF) to increase the 

number of shells as required while gradually increasing the Zn content with each 

cycle. Each cycle added 2 monolayers of cation-sulfur shells on top of the 

previous. For pure Cd-shell or pure Zn shell, either 1 mL of 0.4 M Cd-nitrate or 

1 mL of 0.4 M Zn-nitrate solution in NMF were used respectively in each cation 

step described above. In the end the core/crown@shell NPLs were dispersed in 

NMF for further use. 

 

Dispersion in hexane/toluene using oleylamine ligands: The core/crown@shell 

NPLs were precipated from NMF using excess toluene and acetonitrile using 

centrifugation. Then, the precipitate was dissolved in hexane by adding excess 

oleylamine and stirred for 3 hours to complete the ligand addition. It was 

cleaned mildly once by precipitation by adding ethanol and dispersed in 

toluene/hexane for further use. 

 

Ligand Exchange of NPLs to MPA for aqueous dispersion: A previously 

reported ethylenediamine assisted ligand exchange procedure was used with 

slight modifications [98]. To disperse the NPLs into water, the NPLs were 

precipated from toluene/hexane using ethanol and dispersed into 3 mL 

chloroform. Then, 1 mL ethylenediamine was added and the solution was stirred 

for 1 hr. After that, 3 mL of 0.15 M solution of deionised water containing 3-
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mercaptopropionic acid (MPA) was added for ligand exchange. The immediate 

transfer of the NPLs into the water phase completed the ligand exchange process 

after which the NPL-water solution was transferred to a separate vial. A 

miniscule quantity of zinc nitrate hexahydrate was added to the solution to 

compensate for any surface etching during the ligand exchange process. 

 

3.4 Summary 

In summary, the CdSe/CdS@Cd1-xZnxS core/crown@shell architecture was 

effectively used to increase the PL QY of NPLs in both polar and non-polar 

solvents. The optimized gradient shell of Cd1-xZnxS grown by the c-ALD 

procedure not only helped to effectively relax the interfacial strain, but also 

reduced fast nonradiative recombination channels. This resulted in substantial 

increase in PL QY in comparison to CdSe/CdS@CdS and CdSe/CdS@ZnS 

NPLs. The alloying also helped to tune the optical spectra over a wide range. A 

versatile synthesis route was developed for preparation of high-efficiency 

CdSe/CdS@Cd1-xZnxS NPLs providing the optimal precursor ratio in reaction 

mixtures. Techniques were described to disperse them in both non-polar and 

polar solvents using different ligands. Aqueous dispersion of the NPLs with PL 

QY up to 90% were obtained. The optimum concentration of ligand to be used 

for ligand exchange was also determined. TEM, EDX, XRD and ICP-MS 

characterization was performed on the newly synthesized NPLs. The TRPL 

analysis of aqueous NPLs showed a long PL decay lifetime of ~35 ns. Also, a 

photoinduced increase in PL QY was observed for aqueous NPLs. The effect of 

prolonged illumination on NPLs in different solvents was also studied. Overall, 
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a new material system using NPLs for high efficiency was developed which can 

be further used for various applications ranging from biological labelling to 

LEDs and lasers.   
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 Controlled Assemblies of Aqueous 

CdSe/CdS@Cd1-xZnxS Core/Crown@Shell Nanoplatelets 

The contents of this chapter are partially based on the publication: “Ultrahigh-

efficiency Aqueous Flat Nanocrystals of CdSe/CdS@Cd1-xZnxS Colloidal 

Core/Crown@Alloyed-Shell Quantum Wells”, Sushant Shendre, Savas 

Delikanli, Mingjie Li, Didem Dede, Zhenying Pan, Son Tung Ha, Yuan Hsing 

Fu, Pedro L. Hernández-Martínez, Junhong Yu, Onur Erdem, Arseniy I. 

Kuznetsov, Cuong Dang, Tze Chien Sum and Hilmi Volkan Demir, Nanoscale, 

2019, 11, 301-310. Reproduced (adapted) from ref. [89] with permission from 

the Royal Society of Chemistry. The contents of this chapter are derived 

predominantly from the contributions of the candidate towards the publication. 

In this work the candidate contributed with the synthesis of the nanoplatelets 

and heterostructures, dispersion in different solvent media, optical 

characterization involving PL, absorption, QY, performing photoactivation 

studies and controlled assembly of nanoplatelets, apart from the data analysis 

and manuscript preparation. 

 

 

4.1 Introduction 

Along with the development of nanocrystal synthesis methods to improve 

efficiency, techniques for their structured assembly and integration into 

microstructured optoelectronic applications also have to be developed [24, 104]. 

Colloidal semiconductor nanocrystals possess an advantage due to their solution 

processability to be integrated into desired configurations in devices which 
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might be difficult to achieve using epitaxial film growth. For example, large 

size display screens which use quantum dots as color filters or in the form of 

QLEDs require precise pixelated array of red, green and blue emitters in 

controlled patterns, with no cross contamination, on a single substrate. A 

promising method for achieving controlled deposition and film formation is 

layer-by-layer assembly technique [105, 106]. The water based NPLs have 

promising utility in optoelectronic applications [3, 9]. The layer-by-layer 

assembly method can be applied to achieve controlled assemblies for the water 

based NPLs using electrostatic interactions between alternate layers of 

functionalized NPLs and a linker. Such controlled assemblies for NPLs are 

additionally advantageous in overcoming the strong stacking phenomenon in 

NPLs which undermine their film formation and performance in optoelectronic 

applications [77]. Moreover, controlled orientation of the dipole transitions in 

NPLs can be advantageous to access their anisotropic optical characteristics like 

directional emission perpendicular to the surface [54]. 

4.2 Results and discussion 

4.2.1 Controlled assembly of nanoplatelets 

Using poly(diallyldimethylammoniumchloride) (PDDA) linker molecules 

patterned deposition of water based NPLs was successfully achieved. 

CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs dispersed in water were 

synthesized having surface functionalized with MPA ligands as described in 

chapter 3. The layer-by-layer assembly process [105] as described in methods 

section was followed (Figure 4.1(a)).  
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Figure 4.1: (a) A schematic diagram depicting the process of selective attachment of NPLs; A 

PL intensity map of NPLs captured using a confocal microscope from (b) ~20 m × 20 m 

square pattern and (c) a pattern with holes having 1 m diameter. 

 

Patterned depositions of NPLs in different shapes and size were obtained. For 

example, in Figure 4.1 the PL intensity images of a square of size ~20×20 µm2 

and an array of circular dots having diameter of 1 m is shown. The images 

were captured using a confocal imaging microscope with a 375 nm excitation 

source. The attached NPLs produce a bright emission from the patterned areas. 

Also, the uniformity of the coverage was maintained even at the sharp edges of 

the square. Figure 4.2(a) shows PL intensity images from another set of electron 

beam lithography patterns of array of dots with different diameters. The patterns 

also have the characters A, B, C and D attached with NPLs, and the diameters 

of dots in patterns are as follows: A≈300 nm, B≈500 nm, C≈700 nm and 

D≈1000 nm. The Figures 4.2(a)-(d) show the zoomed in scanning electron 

microscope (SEM) images for dots in the patterns A, B, C and D respectively. 

The NPL deposition inside the dot area can be clearly observed in the zoomed-

in images. The layer-by-layer assembly method provides a versatile technique 

to extend the range of miniaturization of nanocrystal deposition patterns beyond 
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the limits of photolithography which were reported earlier [105]. Moreover, the 

robustness of electrostatic interactions on the surface is boosted by the flat 

geometry of NPLs due to large surface area, gaining an advantage over QDs for 

this method. This method also provides a viable alternative to obtain controlled 

film formation of NPLs which are troubled by high prevalence of stacking 

during film deposition [77]. Such a method also offers control on obtaining 

uniform orientation of NPLs which might be important for optoelectronic 

applications due to the inherent anisotropy of optical processes in NPLs [54, 

107]. NPLs have the transition dipole for emission in the platelet plane which 

gives rise to directional external radiation pattern orthogonal to the surface. 

Intrinsically directional emitters are highly promising for increasing the EQE of 

LEDs which is limited due to the restricted out coupling of emitted radiation 

from the LED substrate into air [80, 83, 84]. 
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Figure 4.2: The top row consists of PL intensity images of attached NPLs emitting from 

patterns in the shape of characters and dots of different diameters measured using a confocal 

microscope. The size of the holes (dots): A  300 nm, B  500 nm, C  700 nm and D  1 µm; 

(a) to (d) The zoomed-in SEM images to show the NPLs attached inside the dots corresponding 

to sizes given by characters A-D shown in the top row. 

 

4.2.2 Directional emission from attached nanoplatelets  

The layer-by-layer assembly procedure for water based NPLs as described 

above can be used effectively in orienting the NPL transition dipoles in the same 

plane to obtain directional emission [54]. The results of a back focal plane 

imaging experiment with different configuration of QDs and NPLs in film are 

presented in Figure 4.3. QDs emitting in similar wavelength range, synthesized 

using a previously reported recipe [28], were used as control samples for 
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isotropic emitters. The CdSe/CdS@Cd1-xZnxS NPLs films were deposited in 

two different ways, one sample by spin casting and other using layer-by-layer 

assembly as described before. Figure 4.3(a) shows a schematic representation 

for the three samples (named as QD-spin, NPL-spin and NPL-attached).  

 

Figure 4.3: (a) A schematic representation of film of spin coated QDs, spin coated NPLs and 

NPLs attached on substrate using linker. (b) k-space and (c) angle dependent intensity profile 

of p-polarized spectra of spin coated spherical QDs, spin coated NPLs and attached NPLs. 

The numerical aperture of the objective lens used for collection of emission 

limited the maximum angle of collection () in the pseudo-momentum space k 

given by k = nsin(). The p-polarized emission radiation pattern against the k-

space and  are shown for the three samples in Figure 4.3(b) and (c). The k = 1 

value corresponds to the angle of total internal reflection at the air-surface 

interface of the films. For a 100% emission contribution from in-plane transition 

dipoles the intensity of p-polarized component is zero [54] at the value of k = 1. 

The NPL-attached sample shows a significantly more pronounced dip (~52% 

deeper) in the intensity of radiation pattern at k = 1 compared to the QD-spin 

and NPL-spin samples which indicates a higher emission contribution from in-

plane transition dipoles in the NPL film made from layer-by-layer assembly. 
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The corresponding radiation pattern of the NPL-attached sample observed from 

the polar plots against  (Figure 4.3c)) has a much more prolate shape towards 

 = 0 direction than the NPL-spin and QD-spin samples, in other words it 

means the attached NPL film emits much more strongly perpendicular to the 

surface. In contrast the spin-casted NPL film has more isotropic radiation 

pattern, similar to the QD film, indicating the presence of randomly oriented 

transition dipoles which may be emanating from a high proportion of stacked 

NPLs in the film.  

Oriented assembly of directional emitters can be advantageous for obtaining 

improvement in EQE of LEDs [80, 84]. It can also help in reducing the coupling 

of emission to the surface plasmon modes of the electrodes as well as reduction 

in the loss to waveguide modes inside device layers. It is estimated that the EQE 

of LEDs can be improved by as much as 50% by using high-efficiency emitters 

with transition dipole oriented parallel to the surface compared to a random 

orientation [80]. The combination of advanced light extraction features can add 

to the efficiency improvement further [81, 82]. The CdSe/CdS/Cd1-xZnxS 

core/crown@shell NPLs are highly promising for application in NPL-LEDs as 

shown in chapter 5. They can prove to be versatile emitters for efficient LEDs 

not only offering high quantum efficiency but also in the form of directional 

emitters to enhance the out coupling of light from the devices. Further research 

using controlled assembly of NPLs for directional emission in LEDs is thus 

highly beneficial.  
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4.3 Methods 

Controlled attachment of NPLs: The linker solution made up of 2% PDDA and 

0.5 M NaCl dissolved in de-ionized water (DI-water) was prepared. The desired 

patterns were produced on a glass substrate using electron beam lithography of 

poly(methyl methacrylate) (PMMA) polymer layer, in which the polymer was 

removed from the locations where NPL deposition was desired. The exposed 

areas on the substrate were made hydrophilic by O2-plasma treatment. The 

substrates were then alternately covered with linker solution and dilute aqueous 

NPL solution for 10 minutes each followed by rinsing with pure DI-water and 

blow drying with N2 gun after each step. The linker molecules were first 

attached onto the exposed areas on the substrate on top of which the MPA 

functionalized NPLs got attached by electrostatic interactions. The washing 

steps removed the excess materials from the surface to obtain the monolayers 

of NPLs attached in the desired patterns. 

Back focal plane measurement: The spectrally resolved back focal plane 

imaging measurement was performed using an inverted microscope setup 

containing oil immersed objective lens with 100 magnification and numerical 

aperture of 1.25 (which limits the maximum angle of collection () in the 

pseudo-momentum space k given by k = nsin(), where n = 1.52 is the refractive 

index of oil used). The spectral information was collected using a spectrometer 

equipped with CCD camera. The back focal plane was imaged onto the entrance 

slit of the spectrometer aligned parallel to polarizer/analyzer present in the setup 

which helps to selectively measure the p-polarized component of film emission.  
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4.4 Summary 

In summary, the structured assembly of colloidal CdSe/CdS@Cd1-xZnxS 

core/crown@shell NPLs using linker-based attachment procedure was 

successfully demonstrated in this chapter. Thanks to the water solubility of 

NPLs the layer-by-layer assembly method was applied to achieve controlled 

assemblies using electrostatic interactions between alternate layers of 

functionalized NPLs and the linker. The attachment was achieved for patterns 

of different shapes and sizes, down to a few hundred nanometers. Also, the 

technique offered the ability to attach NPLs on their flat surfaces which could 

be capitalized to obtain directional emission perpendicular to the surface. Such 

controlled assemblies offering the ability to access anisotropic optical property 

of NPLs are very appealing for diverse opto-electronic applications. It could be 

potentially applied to increase the light outcoupling in light-emitting or custom 

lasing applications.  
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  LED Application Using Colloidal 

Nanoplatelets 

5.1 Introduction 

Colloidal NPLs bring the advantages of low cost synthesis, solution 

processability, along with bright, intrinsically narrow emission which can be 

tuned across the visible spectrum [11]. Due to their very recent introduction, 

there are relatively few reported demonstrations of NPL-LEDs till now. Fan et 

al. [52] have reported green-emitting NPL-LEDs using core-only NPLs to show 

the possibility of achieving fwhm as low as 12.5 nm, however the devices have 

very low brightness (<100 cd/m2) with unreported efficiency values. NPL-LED 

reported by Chen et al. [40] using the core-shell NPLs have higher emission 

brightness (~4500 cd/m2) in deep red color accompanied with a fwhm ranging 

in 25-30 nm, however the peak EQE reported is only 0.63%. Zhang et al. [51] 

reported green-emitting NPL-LED using core-crown NPLs which have an EQE 

of 5% and narrow fwhm of 14 nm. Liu et al. [108] demonstrated red-emitting 

NPL-LED having high power efficiency of ~9 lm/W using type-II core-crown 

NPLs. Very recently, Giovanella et al. [109] reported deep red-emitting NPL-

LED with core-shell NPLs having EQE of 5.73% which remarkably increased 

to 8.39% upon exposure to air. However, it is not clear in their report if the 

LEDs retain their brightness levels after the air exposure. Overall, there is a 

growing interest in the development of LEDs using NPLs, especially since there 

is good scope to increase the device performance on par with the state-of-the art 

quantum dot LEDs reaching up to 20% EQE [30]. NPLs are potentially 

advantageous as active material in LEDs due to their important properties like 

large oscillator strength, fast radiative recombination rate and reduced 
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susceptibility to Auger relaxation of excitons as evidenced from their 

applications in gain materials for lasing [46]. In addition, the development of 

controlled film formation techniques compatible with LED fabrication could 

improve the light extraction efficiency due to their intrinsic emission 

anisotropy. A further improvement of NPLs for display and lighting 

applications is thus highly beneficial. In this chapter, NPL-LEDs are developed 

using CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs to obtain bright, efficient 

and saturated red emission.  

5.2 Results and discussion 

Using the synthesis technique described in chapter 3, CdSe/CdS@Cd1-xZnxS 

core/crown@shell NPLs dispersed in toluene, emitting at 616 nm with fwhm 22 

nm and having a PL QY of 60% were prepared. The shell composition was 

tuned for a 6 ML shell thickness with Zn concentration estimated to be varying 

from <15% in the first layer to >40% in the outermost layer. The Figure 5.1(a) 

shows the absorbance and PL spectra of the NPLs dispersed in toluene. Using a 

mix of spin coating and thermal evaporation techniques as described in Methods 

section, devices having following structure were made: 

ITO/ZnO(~50nm)/NPLs(~40nm)/CBP(~60nm)/MoO3(~10nm)/Al(>100nm). 

The thickness of the spin coated ZnO and NPL films were measured using 

surface profiler using a scratch test. The schematic of different component 

layers of the device and the zero-bias steady state band diagram for the different 

constituent layers is shown in Figure 5.1(b).  
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Figure 5.1: (a) The absorbance and PL spectra of CdSe/CdS@Cd1-xZnxS NPLs (6 ML shell) 

dispersed in toluene (b) schematic of device architecture and the zero-bias steady state band 

diagram. 

The Figure 5.2 shows the atomic force microscopy (AFM) height images of thin 

films made on ITO glass similar to the device layers, made of ZnO and NPL 

film on ZnO. The surface roughness of the NPL film on ZnO was determined 

to be 4.9 nm.  

 

 

Figure 5.2: AFM height images of thin films spin coated on ITO, made of (a) ZnO and (b) NPL 

film on ZnO. 

 

Multiple devices with similar NPLs made in different batches were fabricated. 

The current density-voltage-luminance (J-V-L) characteristics and 

electroluminescence (EL) spectrum of the best NPL-LED are shown in Figure 
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5.3. The turn-on voltage for the device defined at 0.1 cd/m2 luminance was as 

low as 2.4 V and the device recorded a maximum luminance of 17,820 cd/m2 at 

7 V. The EL spectrum at 4 V (Figure 5.3 (b)) shows the EL peak coincides with 

the PL peak at 616 nm with a slightly broader fwhm of 26 nm. The image of 

light emission from device area of 2  2 mm2 shows uniform coverage of NPLs 

in the device area and corresponds to the CIE coordinates of saturated red 

emission of (0.67, 0.33). The EL peak shows a red shift and further broadening 

of fwhm at high bias voltage which could be attributed to quantum confined 

Stark effect (QCSE) or joule heating of the device.  

 

Figure 5.3: Device characteristics of CdSe/CdS@Cd1-xZnxS NPL-LED (a) Current density-

voltage-luminance (J-V-L), and (b) EL and solution PL spectra, (insets of (b) show EL intensity 

graphs at different voltage and an image of an electroluminescent device having area of 2×2 

mm2). 
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Figure 5.4: (a) Current and power efficiencies, and external quantum efficiency of NPL-LED 

against voltage (b) Luminance and external quantum efficiency against current density. 

 

The current and power efficiencies (CE and PE) as well as the calculated EQE 

are shown in Figure 5.4(a). The device recorded a maximum CE of 8.5 cd/A at 

3.5 V and a maximum PE of 8 lm/W at 3V. The EQE of the device was nearly 

5% in the luminance range of 100 to 1000 cd/m2 (Figure 5.4(b)) and reduced to 

around 3.5% at a luminance of 10,000 cd/m2. The distribution of EQE values 

measured for multiple devices is shown in Figure 5.5(a). Figure 5.5(b) shows 

the operational stability of typical devices encapsulated in nitrogen atmosphere 

measured against time at different initial luminance values by driving the 

devices at constant current densities. When driven at a current density of 10 

mA/cm2 the device EL intensity reduced from initial luminance of ~500 cd/m2 

to 50% of its value in about 50 minutes, whereas when driven at a current 

density of 100 mA/cm2 the EL intensity reduced from an initial luminance of 

~5000 cd/m2 to 45% of its value in about 30 minutes. 
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Figure 5.5: (a) Distribution of EQE values of multiple NPL-LEDs. (b) EL intensity variation 

of devices at different initial luminance values measured against time by driving at constant 

current. The corresponding voltage variation is shown with hollow symbols of same color. 

 

The importance of robust surface passivation of NPLs for use in NPL-LEDs 

becomes evident upon considering the NPL-LEDs made of core-only NPLs. 

Devices with core-only NPLs were made using a device structure as below: 

ITO/ZnO(~50nm)/NPLs(~30nm)/CBP(~60nm)/MoO3(~10nm)/Al(~100nm). 

The PL and absorbance spectra of the 4 ML core-only NPLs dispersed in hexane 

are shown in Figure 5.6(a). The NPLs possessed a sharp emission at 512 nm 

with a fwhm of 9 nm measured in a hexane solution. The steps followed for 

device fabrication were similar for all layers except the deposition of NPL film. 

In this instance, core-only NPLs were spin coated from a hexane solution having 

a PL QY ~45%. The J-V-L characteristics and the EL spectrum for a typical 

device are shown in Figure 5.6 (b) & (c).  
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Figure 5.6: (a) The absorbance and PL spectra of 4 ML CdSe NPLs in hexane, (b) J-V-L 

characteristics and (c) EL spectrum for NPL-LED made from 4ML core-only CdSe NPLs. 

The J-V-L characteristics showed a low turn-on voltage of 2.3 V and a 

maximum luminance of ~150 cd/m2 at 5.8 V. The EL spectrum measured at 4.5 

V showed a peak at 516 nm and a fwhm of 18 nm which was slightly broader 

than the PL spectrum. The device EQE was lower than 0.01 % and the device 

stability was not very good. The EL spectrum also showed some parasitic 

emission at very long wavelengths which might occur from the device 

degradation due to joule heating.  

As discussed in chapter 2 the low EQE of the core-only NPL-LED may occur 

from low charge injection efficiency (inj) and/or a low emission efficiency 

(em) of the NPLs in the device. Chen et al. [40] used a method of surface 

treatment of NPL films with MPA ligands to improve the charge injection in 

their device. They note that the benefit of improved charge injection might occur 

at a cost of possible reduction in emission efficiency of the NPLs in the film due 

to surface modifications. To test if a similar method could be used for improving 

the performance of the core-only NPL-LEDs shown above, new LEDs were 

made by including a ligand exchange treatment on the core-only NPL films. The 

steps followed for device fabrication were similar for all layers except the 

deposition of NPL film. After spin coating a layer of core-only NPLs from 

hexane, the film was subjected to ligand exchange by dipping in a MPA solution 
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(10%) in acetonitrile for 90 seconds, followed by rinsing with acetonitrile and 

blow drying with a N2 gun. Multiple devices were tried while varying the 

number of times this step was repeated. The best results were obtained when 

this step was repeated 3 times. The later steps for vacuum deposition were 

similar to the steps followed for the NPL-LED described before. The MPA 

treatment of NPL film causes a shift in the absorbance and PL spectra (Figure 

5.7 (a) & (b)) due to the surface modification of the NPLs by the thiol groups in 

the MPA ligands. The PL of the film also undergoes a broadening of fwhm.  

 

Figure 5.7: (a) The absorbance and (b) PL spectra for 4 ML CdSe NPLs in film before and after 

MPA treatment. 

 

It is noted that the ligand exchange step introduces a variability in the device 

characteristics by causing inconsistencies in the effect on film morphology. 

However, the devices showed an improvement in brightness and EQE over the 

core-only NPL-LED without ligand exchange. The maximum luminance in the 

different devices varied from ~1200-3600 cd/m2 and the EQE varied from 0.05-

0.12%. The J-V-L characteristics of the best device are shown in Figure 5.8. 

The device shows a low turn-on voltage (measured at 3 cd/m2) of 2.5 V and 

reaches a maximum luminance of ~3570 cd/m2 at 8 V. The EL spectra (Figure 
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5.8(b)) show small red shift and fwhm broadening with increasing bias, which 

can be explained from QCSE or local heating of device at high current density. 

The EQE of the device was ~0.1%.  

 

Figure 5.8: (a) Current density-voltage-luminance (J-V-L) characteristics (b) EL intensity (c) 

EQE and Luminance vs current density for core-only NPL LED with MPA treatment. 

 

Although by performing the ligand exchange step the current injection 

efficiency (inj) of core-only NPLs could be improved, the EQE still remained 

low indicating a low emission efficiency (em) of the core-only NPLs in the 

devices. This was in spite of having a PL QY of ~45% for the core NPLs in 

solution. It can be explained from the low PL QY of NPLs in film form. NPLs 

are prone to stacking in a film, which increases the chances of exciton 

quenching via fast energy transfer to trap sites in defected NPLs [74, 77]. 

Surface passivation techniques like crown and shell growth reduce the 

population of defected NPLs with surface trap sites in the NPL ensemble to 

result in higher QY [48]. This is confirmed from the TRPL decay measurement 

for core-only and core/crown@shell NPL films shown in Figure 5.9. The decay 

curves were fit with bi-exponential decay functions. The mean-lifetimes given 

by the amplitude weighted average of lifetimes (
∑ 𝑎𝜏

∑ 𝑎
) of core-only and 

core/crown@shell NPLs are 1.5  0.1 ns and 4.2  0.3 ns respectively. The 
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mean-lifetimes can be correlated with the area under the decay curves for the 

two samples which is indicative of the PL QY of the NPLs. The short mean-

lifetime of core-only NPLs shows the presence of fast exciton quenching 

through nonradiative channels, which are better passivated in the case of 

core/crown@shell NPLs resulting in a higher mean-lifetime. It is evidenced 

from the performance of core/crown@shell NPL-LEDs (EQE > 2%) that the 

passivation of lateral surfaces and peripheral edges of NPL core is crucial in the 

performance of the NPL-LEDs. 

 

Figure 5.9: The time resolved PL decay spectra for 4 ML CdSe core-only and 4+6(shell) ML 

CdSe/CdS@Cd1-xZnxS core/crown@shell NPL films. 

 

A comparison between different red-emitting NPL-LEDs reported in literature 

and the core/crown@shell NPL-LEDs developed in this chapter are presented 

in table 5.1. 

Table 5.1: Comparison between different red-emitting NPL-LEDs reported in literature and 

this work. 

NPL EM peak FWHM L-max EQE-max Ref 

CdSe/CdZnS  

core/shell 

646 nm 25-30 nm 4499 cd/m
2 0.63 % [40] 
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CdSe/CdZnS 

core/shell 

658 nm 25 nm 1540 cd/m
2 5.73 % 

8.39 % (air) 

[109] 

CdSe/CdSeTe 

core/crown type II 

600 nm 40 nm 34520 cd/m
2 3.57 % [108] 

CdSe/CdS/Cd
1-x

Zn
x
S 

core/crown@shell 

616 nm 26-28 nm 17820 cd/m
2 5.02 % This 

work 

 

The core/crown@shell NPL-LEDs developed in this chapter can benefit an 

important requirement for developing quality white light sources. Apart from 

the need to have highly saturated emission, general lighting using white light 

sources has an additional critical requirement of matching the spectra of the 

illumination sources with the human eye sensitivity. A high-quality white light 

source should not only have high power conversion efficiency, but it should also 

emit in the spectral region which can be sensed by the human eye. The variation 

of the human eye sensitivity in different illumination regimes along with a trade-

off between the color rendering index (CRI) and the luminous efficacy of optical 

radiation (LER) (a figure-of-merit used to indicate the overlap between the light 

source spectral power density function and human eye sensitivity curve) puts 

stringent requirement on red light sources. To obtain warm white light emission 

with CRI >90 and LER >380 lm/Wopt the red component emission peak should 

be in the proximity of 610-620 nm with fwhm of not more than 30 nm [2]. There 

is however, greater flexibility in the choice of emission peaks for the blue, green 

and yellow components. NPLs offer extremely narrow emission bandwidths as 

emitters in light-emitting applications. The previous reports of core-shell NPL-

LEDs lack in this crucial aspect as red-light sources, thus there is a need for 

further research in this direction. CdSe/CdS@Cd1-xZnxS core/crown@shell 
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NPLs with a precisely tuned shell composition offer the potential for production 

of red-emitting NPLs which can precisely match these requirements for 

developing quality warm white light sources. 

5.3 Methods 

The device fabrication was done as follows. Commercially available patterned 

ITO coated glass substrates were cleaned in an ultrasonic bath using deionised 

water, acetone, ethanol and isopropyl alcohol consecutively. The cleaned 

substrates were dried with N2 and transferred to a N2 glovebox for spin coating 

further layers. First, a ZnO nanoparticle solution in ethanol was spin coated on 

the ITO surface to form a film of thickness around 50 nm as an electron transport 

layer. The samples were baked in the N2 atmosphere at 150 C for 15 minutes. 

After which the NPL solution in toluene was spin coated on top of that. The film 

was dried with no annealing for 30 minutes. Then the substrates were transferred 

to a vacuum chamber to deposit subsequent layers: CBP (4,4’-Bis(9-

carbazolyl)-1,1’-biphenyl) (60 nm), MoO3 (10nm) and Al (>100nm) 

respectively. After removing from the vacuum chamber, the devices were 

encapsulated with a cover glass sealed using an UV-cured epoxy resin in N2 

atmosphere.  

The device characterization was done using Yokagawa GS610 source meter for 

current density-voltage-luminance (J-V-L) measurements, Minolta luminance 

meter LS110 for luminance measurements and PR-705 SpectraScan 

Spectroradiometer for recording spectrum. The TRPL decay measurement was 

done with a Becker & Hickl FLIM system having a confocal microscope and a 

375 nm excitation laser source using time correlated single photon counting 
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(TCSPC) technique [99]. The film thicknesses were determined using a surface 

profiler using the standard scratch test. 

The ZnO nanoparticles were synthesized using a previously reported recipe 

[66]. Briefly, 3 mmol of zinc acetate (anhydrous) was dissolved in 30 mL of 

dimethyl sulfoxide. An ethanol solution of 10 mL dissolved with 5 mmol of 

tetramethylammonium hydroxide was dropwise introduced to the above Zn 

solution and stirred for 1 h under ambient conditions. The ZnO nanoparticles 

were precipitated with an excessive amount of acetone and then completely 

redispersed in ethanol. The solution was filtered before use.  

 

5.4 Summary 

In summary, a device application in LEDs was demonstrated for 

CdSe/CdS@Cd1-xZnxS core/crown@shell NPLs. The LEDs showed a high EQE 

of ~5% in a wide brightness range of 100-1000 cd/m2, having low turn-on and 

operating voltages. It was accompanied by narrow emission bandwidth (~26 

nm). The high performance of the CdSe/CdS@Cd1-xZnxS LED demonstrated 

effective passivation of NPL surface and robustness in device environment. A 

comparison with the LED made from CdSe core-only NPLs highlighted the 

importance of achieving effective surface passivation for device applications. 

The CdSe/CdS@Cd1-xZnxS NPLs also offer the precise tuning of wavelength in 

a wide range by controlling the composition of the alloy. Moreover, the gradient 

composition produces smoothing of energy bandgap alignment which helps to 

reduce fast nonradiative Auger recombination of excitons. Thus, the 
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CdSe/CdS@Cd1-xZnxS NPLs are highly promising materials for use in LEDs to 

obtain bright, efficient and color saturated emissions.  
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  Exciton Dynamics in Colloidal Nanocrystal 

LEDs under Active Device Operations 

The contents of this chapter are based on the publication “Exciton Dynamics 

in Colloidal Quantum-Dot LEDs under Active Device Operations,” Sushant 

Shendre, Vijay Kumar Sharma, Cuong Dang, and Hilmi Volkan Demir, ACS 

Photonics, 2018, 5 (2), 480-486. Reproduced (adapted) with permission from 

[79]. Copyright 2018 American Chemical Society. The contents of this chapter 

are derived predominantly from the contributions of the candidate towards the 

publication. In this work the candidate contributed with the synthesis of the 

QDs, optical characterization involving PL, absorption, QY, fabrication of the 

devices, time resolved PL and FLIM experiments, apart from the data analysis 

and manuscript preparation. 

 

6.1 Introduction 

QLEDs suffer from an efficiency roll-off behavior at high current densities. The 

limiting factors of efficient operation of QLEDs need to be studied to 

understand and improve their performance not only on the efficiency but also 

on the intensity and the stability [34, 36, 37]. Initially, Shirasaki et al. [35] 

reported that efficiency roll-off in QLEDs is electric field induced and is not 

related to QD charging. Bozygit et al. [38] also suggested the effect of electric 

field induced QCSE to be the primary cause. However in the same year, Bae et 

al. [39] demonstrated that QD charging leads to efficiency roll-off at high 

current densities by doing TRPL studies with CdSe/CdS core/shell QDs. The 



79 
 

efficiency roll-off or “droop” has also been reported [68, 110, 111] in GaN 

based LEDs explained by charging and Auger process. Bae et al. also 

demonstrated that by introducing an optimized alloy layer between the core and 

the shell rather than abruptly terminating boundaries, the Auger recombination 

can be suppressed. It can however be understood that the effect of electric field 

(QCSE) is higher in CdSe/CdS QDs when compared with gradient composition 

CdSe@ZnS QDs. Indeed, development of gradient composition QDs for green-, 

blue- and red-emitting QDs of CdSe@ZnS with varying precursor composition 

showed high-performance QLEDs [66]. However, there is still not a clear 

understanding of QD performance in the active QLED and their role in device 

efficiency. In this work, exciton dynamics of colloidal nanocrystals in LEDs are 

systematically studied under operating conditions using CdSe@ZnS QDs as a 

working model. The exciton behaviour was analysed for significantly large 

number of QLED regions to understand their dynamics statistically and then 

correlate them with QLED fabrication and different operating conditions. 

 

6.2 Results and discussion  

The QLED devices were fabricated with the inverted structure architecture 

(Figures 6.1(a) and 6.1(b)) using colloidally synthesized green CdSe@ZnS QDs 

having a gradient composition Cd1-xZnxSe1-ySy structure where CdSe was at the 

central core and ZnS at the outermost shell [26]. The device structure was 

ITO/ZnO(~50nm)/QD(~40nm)/CBP(~60nm)/MoO3(~10nm)/Al(>100nm). The 

AFM heights image for a thin film of QDs similar to the device layer deposited 

on top of ITO/ZnO is shown in Figure 6.1(c). It shows the RMS roughness of 
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the QD layer was 2.4 nm. The TEM image of these QDs shows a uniform size 

(~6 nm) dispersity (Figure 6.2(a)). The absorbance and PL spectra of the QDs 

are shown in Figure 6.2(b). The PL of the QD solution has a peak at 513 nm, a 

fwhm of 36 nm and a QY of 60% measured with an integrating sphere as the 

ratio of absolute emission photons and absorption photons. The spin-casted QD 

films on the glass substrate show slightly red-shifted spectrum with a 516 nm 

peak. The red shift of PL spectrum and lower PLQY of the QD film compared 

to that of QD solution are known to be associated to the close-packed QDs in 

the film form [75]. 

 

Figure 6.1: (a) The QLED architecture (b) the steady state band energy diagram of device and 

(c) the AFM heights image for a thin QD film deposited on top of ITO/ZnO. 

 

 

Figure 6.2: (a) TEM image of CdSe@ZnS QDs and (b) Absorbance, PL and EL spectra of the 

QDs and QLED. 
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The EL spectrum of the QLED illustrated in Figure 6.2(b) shows a pure 

emission of the QD layer at a peak wavelength of 516 nm and with a 37 nm 

fwhm, which are very much similar to the PL characteristics of QDs in the film 

shown in the same figure. The current density and luminance of the device as 

functions of the applied bias are presented in Figure 6.3(a). The luminance 

reaches the maximum value of 38,500 cd/m2 at the bias of 8.7 V. The turn-on 

voltage of 3.1 V is relatively low. Figure 6.4 shows the operational stability of 

typical devices encapsulated in nitrogen atmosphere measured against time at 

different initial luminance values by driving the devices at constant current 

densities. When driven at a current density of 10 mA/cm2 the device EL 

intensity reduced from initial luminance of ~1000 cd/m2 to 40% of its value in 

about 70 minutes, whereas when driven at a current density of 130 mA/cm2 the 

EL intensity reduced from an initial luminance of ~10000 cd/m2 to 10% of its 

value in about 30 minutes. 

 

Figure 6.3: (a) Current density-voltage-luminance (J-V-L) characteristics of QLED, (b) the 

EQE vs voltage. 
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Figure 6.4: EL intensity variation of QLED devices at different initial luminance values 

measured against time by driving at constant current. The corresponding voltage variation is 

shown with hollow symbols of same color. 

 

The EQE variation of the QLED with bias is shown in Figure 6.3(b). The device 

reaches a maximum EQE of 2.5% at around 5.5 V and rolls-off on increasing 

the bias. It is aimed to study the exciton dynamics of the QDs under the device 

operating conditions, which might provide insights into understanding the 

reasons for decrease in efficiency in the QLEDs at high biases.  

 

Table 6.1: Table to show comparison between the QLEDs having similar device structures, 

and using similar QDs, reported in literature and this work. 

QD structure EM 

peak 

(nm) 

Device structure V
T 

(V) 

L max 

(cd/m2
 

) 

CE 

max 

(cd/A) 

EQE 

max 

(%) 

Ref 

CdSe@ZnS 

(ZnSe–rich 

tailored 

composition) 

537 ITO/PEDOT:PSS/TFB/QD/ZnO/Al 2.0  20,000  63  14.5  [66]  

CdSe@ZnS 

(CdS-rich 

tailored 

composition) 

534 ITO/PEDOT:PSS/TFB/QD/ZnO/Al 2.2  20,000  31  7.5  [66] 

CdSe@ZnS 518 ITO/PEDOT:PSS/PVK/QD/ZnO/Al n.a. 9010  2.1  0.5  [112] 
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CdSe@ZnS/ZnS 

(thick shell) 

516 ITO/PEDOT:PSS/PVK/QD/ZnO/Al n.a. 85,700  46.4  12.6  [112] 

CdSe@ZnS 520 ITO/ZnO/QD/CBP/MoO
3
/Al 2.4  218,800  19  5.8  [28] 

CdSe@ZnS 516 ITO/ZnO/QD/CBP/MoO
3
/Al 3.1  38,500  8.3  2.5  This 

work 

 

 

The technique of fluorescence lifetime imaging measurements (FLIM) [99] was 

used to take the TRPL decay of QDs inside a device under different biasing 

conditions. Figure 6.5(a) shows the intensity image captured by time-correlated 

single photon counting (TCSPC) at the corner of a device. The area of 

measurement was chosen such that it contains four regions (as illustrated in the 

figure, quadrants I-IV). The quadrant I consists of the charge transport and 

emissive layer stack in the device without any of the electrodes on the top and 

in the bottom. The quadrant II is the region where there is ITO electrode below 

the device stack layers. The quadrant III is the active device region formed by 

the overlap of the Al and ITO electrodes on the top and in the bottom of the 

other device layers, respectively. Lastly, the quadrant IV has only the Al 

electrode on top of the other device layers. The area marked by the red dotted 

border was used as a scan area on the device which is about 160160 m2 in 

area divided into 256256 pixel array. The FLIM measurement consists of 

recording the TRPL decay curves in each pixel using TCSPC technique. Each 

pixel acts as an ensemble of QDs, thus a FLIM measurement helps to analyse a 

large number of ensembles of QDs at a time to obtain a statistical distribution 

of the results.  
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Figure 6.5: (a) Microscope view of scanned area at the corner of the device. (b) A typical time-

resolved photoluminescence decay curve with two exponential (τ1, τ2) parameter fit. (c) 

Intensity images of the scanned area (256256 pixels) at 0 and 3.5 V. (d) Distribution and 

pseudo-color images of offset (y0) in the scan area at 0 V and 3.5 V. (e) Distribution and pseudo-

color images of lifetimes (τ1, τ2) in the scan area at 0 V. 

 

A typical TRPL decay curve is shown in Figure 6.5(b). Fitting is applied to each 

pixel with a bi-exponential decay function as shown in the figure (I = y0 + A1 e
-

t/τ
1 + A2 e –t/τ

2). Here y0 represents the background illumination coming from 

stray light sources or in this case the electroluminescence from the device after 

turn-on; τ1 and τ2 are the decay lifetimes, and A1 and A2 are their corresponding 

amplitude factors. Figure 6.5(c) shows the intensity images of the scan area at 

0 and 3.5 V. On careful observation in the intensity image at 0 V, it is possible 

to clearly mark out the ITO edge running vertically down. If the image is divided 

into four quadrants as shown in Figure 6.5(a), there is a clear contrast in the PL 

intensities of the pixels in the upper half and lower half of the image. The 

quadrants III and IV (lower half) have Al layer and their higher PL intensity 
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might possibly be due to optical reflection effect from Al for both excitation and 

emission photons. The quadrant III forms the active device region whose 

electroluminescence can be clearly observed from the intensity image of the 

scan area at 3.5 V bias, higher than the device’s turn-on voltage of 3.1 V. The 

single bright spot in the quadrant II appearing in all images is a contaminated 

spot in the optical measurement system; it is not from the QLED sample and 

hence to be removed in this analysis. 

By fitting the PL decay curves in each pixel, the decay parameters associated 

with optoelectronic characteristics of the materials and devices can be extracted. 

The distributions of these characteristics over the scan area are presented as 

corresponding pseudo-color images. Figure 6.5(d) shows the pseudo-color 

images of the parameter y0 for the scan area (inset) and its distribution across 

the pixels at 0 and 3.5 V. Comparing with the intensity images shown in Figure 

6.5(c), it can be seen that at 0 V the background intensity in the experiment (i.e. 

the dark count of detector, the background photons of the lab) is almost uniform 

across the scan area with a narrow distribution (in the blue color region). In 

contrast at 3.5 V, the y0 parameter in the active device region (quadrant III) is 

higher compared to the other regions due to the electroluminescence from the 

device adding to the background intensity. This can also be confirmed from the 

broadened distribution with multiple peaks (in the blue and green color regions) 

in Figure 6.5(d). In addition, it shows that the electroluminescence is much 

stronger at the ITO edge in the active device region (corresponding to y0 above 

120), which is not very clearly discernible from the intensity image alone.  

Figure 6.5(e) shows the pseudo-color images of the lifetime parameters (τ1 and 

τ2) and their distribution among pixels at 0 V. It is interesting to note that the 
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distribution of τ1 has two distinct peaks around 0.7 ns (blue region) and 6-6.5 

ns (green region), and these two peaks correspond to QDs in two regions in the 

scan area as seen from the pseudo-color image of τ1. The blue region, fast PL 

lifetime QD region, corresponds to the quadrants III (active device) and IV, 

which all have Al electrode on top of the other device layers. The quadrants I 

and II, which do not have an Al electrode, show τ1 with the peak around 6-6.5 

ns region. On the other hand, the τ2 distribution in the entire scan area has a 

single peak around 7 ns (yellow-green region), showing the uniform decay rate 

τ2 for the entire scan area. In fact for the QDs in the quadrants I and II, the τ1 

and τ2 distributions overlap each other effectively, implying the single decay 

lifetime that is similar to τ2 of the QDs in the quadrants III and IV. Thus, it can 

be inferred that the τ2 corresponds to the intrinsic decay lifetime of the QDs 

inside the device and the fast lifetime τ1 is induced in the QDs inside the device 

due to the effect of Al layer. It could be the result of the exciton quenching effect 

caused by the Al metallic electrode or some damages induced on the QDs while 

deposition of Al. As will be discussed later, this fast lifetime comes from QDs 

having lower quantum efficiency.  

Considering that the thickness of intermediate layers between the QDs and Al 

on top is about 60-70 nm, it is unlikely that this lifetime is induced by the 

quenching of excitons in QDs due to plasmonic effects. It is more probable that 

a layer of QDs are partially damaged while deposition of Al on top as the 

electrode. This is possible because the deposition of Al using thermal 

evaporation techniques requires heating to high temperatures to evaporate it. 

This heating effect probably leads to reduction in their QY and lower efficiency 

of device performance. Measurement of the heating effect on the PL emission 
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of a QD film was done by measuring the PL spectra of a QD film on glass 

substrate while heating it using a hotplate in a nitrogen atmosphere. The 

integrated PL intensity (proportional to QY) of the QD film shows a monotonic 

decrease with increase in temperature (Figure 6.6). 

 

Figure 6.6: (a) PL spectra of the QD film at different temperature and (b) the integrated intensity 

of the PL emission calculated from the PL spectra against T-1, where T is the temperature of the 

QD film. 

 

 

Figure 6.7: FLIM measurement results of QDs in two structures: QD/CBP/Al and Al/CBP/QD. 

(a) The typical PL decay curves with their fitting curves. (b) The lifetime distributions for 1 

and 2 over the scan area for both the cases. (inset: the reduced chi-square (2
r) distribution for 

both the fits showing values close to 1). 
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Another experiment was performed to test the effect of depositing aluminium 

by measuring the decay lifetime distributions of QDs in two structures: in one 

a QD layer was spin coated on glass and the CBP and Aluminium layers were 

thermally evaporated (QD/CBP/Al) on top of it to make it similar to the device 

layers, in another, first the layers of aluminium and CBP were thermally 

evaporated on glass and then the QD layer was spin coated on it (Al/CBP/QD) 

so that the effect of thermal evaporation on the QD layer is not present. The 

results are shown in Figure 6.7. It was found that the fast lifetime value of 1 

(centred around ~0.7ns) occurs again only in QD/CBP/Al structure whereas it 

is not present in the other. This lifetime component is similar to the fast 1 

lifetime component observed in the QLED in the aluminium region (quadrants 

III and IV). This reassures that the low value of 1 lifetime component is 

occurring in the QLED due to the effect of thermal evaporation of Al. Although 

the other structure also shows a two-lifetime distribution, the 1 value in that 

case is centred around ~5ns. Lower temperature technique to deposit metallic 

electrode such as sputtering method might reduce the heating effect. Also, 

reduced Al deposition rate using thermal evaporation or other techniques might 

be useful. 

In the subsequent discussion, the effect of applying bias on the exciton PL decay 

lifetime is analysed starting from 0 V going up to 3.5 V when the device is 

sufficiently electroluminescent but still not very bright to cause any nonlinear 

effects on the PL single photon counting. The device starts slightly emitting at 

3.1 V and becomes fully electroluminescent quickly with increasing bias. The 

electroluminescence is captured in the TCSPC system as a background 

emission, which is different from the pulsed excitation and emission for time-
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resolved PL analysis. It is reflected as the fit parameter y0 in the decay curves. 

An area well within the active device region was chosen, away from the device 

edges, for all further analyses as shown in Figure 6.8(a) to obtain a qualitative 

understanding of the exciton decay especially under QLED operating 

conditions. Figure 6.8(a) shows the pseudo-color images of the y0 parameter at 

different biases in the selected area of the active device region and its 

distribution across the pixels. As can be clearly seen, the background (y0) is 

constant and has almost uniform distribution till 3 V, after which it starts 

increasing together with the increase of electrical current. This increasing 

background light intensity is associated with device electroluminescence. 
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Figure 6.8: (a) Pseudo-color images and distribution of offset (y0) in a small region of the active 

device in the scan area at different applied biases. (b) Distribution and pseudo-color images of 

lifetime τ1 of the same region as shown in (a) at different biases. (c) Distribution and pseudo-

color images of a lifetime (τ2) of the same region as shown in (a) at different bias. (d) 

Photoluminescence photon count of the two-lifetime components at different biases in the same 

region as shown in (a). (e) Intensity-weighted average lifetime (τi) distribution in the same 

region as shown in (a) at different times in the experiment. 

 

Figure 6.8(b) presents the distribution and pseudo-color images of the lifetime 

τ1 at different biases, which is the fast lifetime component induced by Al 

deposition as can be recalled from the previous discussion. It can be seen that 

τ1 is almost uniform in the device area and its central distribution peak is around 
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0.7 ns with a fwhm of around 0.25 ns at different biases. Such fast decay 

lifetimes usually occur due to activation of fast nonradiative channels, which 

might indicate some damage caused to the QDs during Al deposition. Also, the 

distribution does not show much change on applying the bias, another indication 

of the physical damage for the QDs instead of active quenching of excitons by 

other mechanisms.  

In contrast, in Figure 6.8(c) the τ2 decay lifetime having the central distribution 

peak at around 7.3 ns (fwhm around 0.8 ns) at 0 V is almost uniformly 

distributed in the entire device area. With the increase in bias starting from 3.0 

V, there is a systematic shift in the central value of τ2 distribution towards 

shorter lifetime accompanied with an increase in the spread of lifetime 

distribution. The shift of τ2 has ‘turn-on’ behaviour similar to the electrical 

current injection into the device. The turn-on voltage for both τ2 shift and 

electrical current happen at around 3.0 V. At 3.5 V, the τ2 lifetime is faster with 

a central distribution peak around 6.6 ns and a fwhm of around 1.5 ns. This 

indicates that electrical current through the device rather than the effect of 

QCSE, causes an enhancement of the fast decay channels, which leads to a 

reduction in the τ2 lifetimes.  

The nature of these decay channels becomes further clear from Figure 6.8(d), 

which shows the total photoluminescence photon count taken from the selected 

area of the active device region at different biases. The photon count 

corresponds to the area below the decay curves after removing the constant 

intensity y0. This can be computed by taking the sum of the product of amplitude 

and lifetime fit parameters (A1τ1 + A2τ2). This PL photon count is a reflection 

of the quantum efficiency of the QD ensemble with two different recombination 
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channels. Figure 6.8(d) shows the change in the contribution of each lifetime 

component to the total photon count with the application of bias. As can be seen, 

the total PL photon count decreases with increasing bias, which is 

predominantly due to the decrease in the contribution from the lifetime τ2 

component.  The contribution from τ2 component at 0 V is about 90% of the 

total intensity contribution. This confirms that the lifetime τ1 is predominantly 

occurring from QDs with fast nonradiative channels. Since the photon count 

from τ1 component also remains nearly unchanged with bias, this observation 

reinforces the earlier discussion that these are coming from QDs that might be 

physically damaged during Al deposition. The reduction in τ2 with increasing 

bias is also due to increasing of fast nonradiative channels in the QDs. With 

increase of bias voltage, electrons and holes start to get injected into the QD 

layer and their recombination in QDs generates spontaneous emission photons. 

These two types of charge are injected differently through their corresponding 

charge injection layers and the imbalance of these injections would charge the 

QDs. The decrease of τ2 with bias implies that the charge imbalance in the QDs 

induces fast nonradiative recombination of excitons with Auger like 

mechanisms. The broadening of the lifetime distributions also suggests the 

spreading of the nonradiative channels among the QD ensemble. 

Figure 6.8(e) shows the intensity-weighted average lifetime (τi) of the two 

lifetimes in the specified area of active device region at different times during 

the experiment. It is given by τi = (A1τ1
2 + A2τ2

2)/(A1τ1+A2τ2) and is considered 

as a measure of an apparent lifetime [99] of the QD excitons when using a multi-

exponential decay fit. At the start of the experiment, the τi lifetime distribution 

at 0 V is centred at 6.6 ns, which reduces to around 5.6 ns at 3.5 V. By measuring 
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the lifetimes upon applying 0 V again immediately after 3.5 V, it is found that 

the lifetime shifts back slightly towards its position at the start of the 

experiment. This shows that, upon removing the bias, there is a slight recovery 

of the exciton lifetimes towards its original values, however there is a residual 

effect of the bias, possibly due to retained charges in the QDs, which prevent 

the full recovery of the lifetime to its original value at the start of the experiment. 

This agrees with the previous discussion that the reduction in the exciton 

lifetime during device operation is due to the charging of QDs. Further, another 

measurement which was carried out without applying any bias on the device 

after a long time (> 3 h) shows that the exciton lifetime still further recovers, 

but not fully. The result indicates that the charging of the device after operation 

might take very long time to subside or there might be some physical QD 

damage during the operation. The detailed intensity images of the entire scan 

area for the fit parameters y0, τ1 and τ2 at different biases are shown in Figure 

6.11. 

To validate the measurement approach in the active device, a further discussion 

about the TCSPC technique to obtain the exciton lifetime in the experiments is 

given here. The reduced chi-square (χr
2) distribution for all the fitting is close to 

1 as shown in the Figure 6.9.  
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Figure 6.9: (a) Pseudo-color image for 2
r distribution for PL decay curve fitting over the entire 

scan area at 0 V (b) 2
r distribution for different biases in the marked area shown in (a). 

 

The photon detection probability (characteristic of the TCSPC setup) is small 

enough to avoid any distortion effects in the range of experiments. However, 

the lifetime measurement under high constant illumination might distort the PL 

decay curves and result in different implications of exciton lifetime fitting. To 

investigate this effect, a separate series of experiments using FLIM 

measurement were performed for a plain QD film on glass while monitoring 

and controlling the background illumination intensity with a lamp during 

measurement. Here the counting rate was controlled to be similar to the 

experiments with QLEDs under different biases. The results are shown in the 

Figure 6.10.  

There is indeed an artificial distortion of PL decay curves, producing an increase 

in measured lifetime distribution peaks and fwhm with increasing background 

intensity. The distribution curves and pseudo-color images of lifetime () on the 

QD film (with increasing background illumination in cases 1 to 5) shows the 

distribution peak increasing from a central value of around 11 ns with fwhm 0.6 

ns to around 12.2 ns peak with fwhm 1.8 ns (from cases 1 to 5). This is a result 
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of an artificial distortion in fitting caused by the increasing background intensity 

might be falsely construed as an increase in exciton decay lifetime of QDs. 

However, this result is opposite to the effect of increasing bias observed in the 

QLED where exciton lifetime decreases with increasing bias and 

electroluminescence. Hence, the effect of bias in the QLED is occurring from 

the intrinsic changes in the exciton dynamics of QDs and the effect is more than 

what is observed due to the opposing artificial distortion produced from 

increasing background intensity. The artificial effect of increasing background 

illumination intensity on the lifetime distribution fwhm, however, cannot be 

completely ruled out.  

Thus the results in this chapter suggest the need for improving the QD structure 

for suppression of Auger recombination. Although a composition gradient shell 

which smoothens the confinement potential at the core-shell interface is 

essential, there is a further scope of improvement for the CdSe@ZnS 

composition gradient QDs used in this work. Very recently, by capping the 

CdSe cores with a thick composition gradient CdxZn1-xSe interlayer followed 

by a wide bandgap ZnSeyS1-y outerlayer, Lim et al. [113] have reported “droop 

free” QLEDs in which Auger recombination is greatly suppressed. The choice 

of alloy shells for the interlayer and outerlayer also help in retaining the type-I 

confinement of carriers inside the QDs. In addition, the wide bandgap outer 

layer can be tuned to balance charge injection inside the QDs by controlling the 

composition. The future direction of research can benefit from following similar 

strategies for green and blue emitting QDs. 
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Figure 6.10: FLIM measurements taken on a plain QD film on glass by manipulating the 

background illumination intensity using a lamp to simulate the effect of electroluminescence 

from a device. (a) PL decay curves fit with single exponential decay function at different 

constant background illumination intensity levels with their fitting curves. (b) 2
r distributions 

for the curve fit over the entire QD film with the pseudo-color images showing the goodness of 

fitting. (c) The intensity and pseudo-color images for y0 parameter with increasing background 

illumination intensity (increasing in case 1 to case 5) and the distribution curves of the same. 

(d) The distribution curves and pseudo-color images of lifetime () on the QD film (with 

increasing background illumination in cases 1 to 5). 
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Figure 6.11: Intensity and pseudo-color images for the entire scan area for the fitting parameters 

y0, 1 and 2 at different biases along with their different color legends. The y0 images show the 

growing electroluminescence with bias from the device in the active device region. There is a 

visible change in the 2 lifetime component towards lower lifetime values in the same (active) 

region with increasing bias. The 1 lifetime component remains mostly unchanged. 
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6.3 Methods 

Synthesis of CdSe@ZnS QDs: CdSe@ZnS QDs were synthesized according to 

a modified method reported in the literature [26]. For a typical preparation, 0.4 

mmol of cadmium oxide (CdO), 4 mmol of zinc acetate (Zn(Acet)2) and 5 mL 

of oleic acid (OA) were mixed and heated to 100°C under vacuum in a 50 mL 

3-neck flask. After, 15 mL of 1-octadecene (ODE) was injected and the whole 

mixture was degassed again to 100 °C. Then the reactor was filled with argon 

and further heated to 310 °C. At this temperature, 2 mL of tri-n-octylphosphine 

(TOP) with 0.2 mmol of selenium (Se) and 4 mmol of sulphur (S) were injected 

into the flask swiftly. The reaction was kept at 310 °C for 10 min for the QD 

growth. For purification, excess acetone and methanol were added to precipitate 

the QDs, followed by centrifugation at a speed of 7,000 rpm for 10 min. The 

purified QDs were dispersed in toluene for later use. 

Synthesis of ZnO nanoparticles: For a typical synthesis of ZnO nanoparticles 

using a previously reported recipe [66], 3 mmol of zinc acetate (anhydrous) was 

dissolved in 30 mL of dimethyl sulfoxide. An ethanol solution of 10 mL 

dissolved with 5 mmol of tetramethylammonium hydroxide was dropwise 

introduced to the above Zn solution and stirred for 1 h under ambient conditions. 

The ZnO nanoparticles were precipitated with an excessive amount of acetone 

and then completely redispersed in ethanol. The solutions were filtered before 

use. 

Fabrication and Measurements: All device fabrication was carried out using 

standard procedures, a combination of spin-casting and thermal vapor 

deposition in a vacuum chamber. The device fabrication was started with spin-
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casting a ZnO nanoparticle layer of 50 nm as an electron injection layer on top 

of a patterned ITO glass. Then, a QD layer of 40 nm was deposited also by the 

spin-casting technique. Each spin-casting step was followed by baking at 90 oC 

in nitrogen environment. The sample was then loaded into a thermal evaporator 

to deposit CBP (4,4’-Bis(9-carbazolyl)-1,1’-biphenyl, 60 nm) and MoO3 (10 

nm) as the hole transport and injection layer, respectively. The device was 

finally finished with a 200 nm thick aluminium (Al) layer as the anode. A 

schematic structure and the zero bias energy band configurations of the device 

layers are presented in Figures 5.1(a) and 5.1(b).  

The voltage-current measurements were performed using Yokagawa GS610 

source meter. The luminance measurements were taken using Minolta 

luminance meter LS110. The time-resolved PL spectroscopy was performed 

with a Becker & Hickl DCS 120 confocal scanning FLIM system with an 

excitation laser of 375 nm. The system has a temporal resolution of 200 ps. For 

all the time-resolved PL measurements, photons were collected in 300 s. 

6.4 Summary 

To summarize, in this chapter the effects of bias voltage on the exciton 

dynamics in a working colloidal nanocrystal LED device using the gradient 

composition CdSe@ZnS QDs as a working model were presented. By analyzing 

the time-resolved PL decays of many QDs distributed on QLED devices, their 

changing exciton behaviour with statistically large population could be 

understood. It was found that besides QY reduction of the emissive layer due to 

device structure and fabrication, charge imbalance caused by the current 

injection during the device operation reduced the QY and lowered the efficiency 
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of the QLED. This detailed investigation reveals that the efficiency decrease in 

QLED devices at increased current densities is due to charging induced Auger 

recombination of excitons in the QDs.  
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 Conclusion and Recommendations 

7.1 Concluding remarks 

Colloidal NCs are favourable candidates for light-emitting applications. The 

results in this thesis help to advance the progress in developing colloidal NCs 

for applications in optoelectronic as well as biological applications for example 

in LEDs, lasing, biolabelling, etc. In this thesis an effort was made to offer 

perspectives on the development of NCs from a material and device oriented 

point of view. From a material perspective, development of NPLs is highly 

promising due to the interesting properties arising from their 2D electronic 

structure including high oscillator strength of band edge transition, large 

absorption cross-sections, high exciton binding energies, fast radiative rate of 

recombination, very narrow emission spectra and an intrinsically directed 

emission orthogonal to surface. These properties make them an important class 

of NCs apart from spherical QDs. Thus development of finely-tuned 

heterostructures of NPLs to increase their efficiency, stability and bandgap 

tunability for use in different optoelectronic applications such as LEDs and 

lasing should be actively pursued. The use of NCs in LEDs offers the ability to 

control the tuning of emission across the visible spectrum. The present NC-

LEDs suffer from a reduction of emission efficiencies under strong biasing 

conditions. There is a debate on the origin of the causes of this efficiency 

reduction, strong electric field and charge injection being the two predominant 

ways of inducing performance degradation. Further research in the direction of 

understanding the luminescence behaviour of NCs inside operating devices is 

required to overcome the challenges facing their commercialisation. The results 

in this thesis offer some findings in these directions. 
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It is found that fabricating heterostructured NPLs enables rendering their 

aqueous dispersions which was a challenge with core-only NPLs. The results 

found in this thesis suggest that using a CdSe/CdS@Cd1-xZnxS 

core/crown@shell heterostructure is beneficial to achieve high PL QY of NPLs 

in both polar and non-polar solvents. The use of a gradient alloy shell (Cd1-

xZnxS) is, in particular, better than pure shells of CdS or ZnS to achieve high 

efficiency. It is found that c-ald offers a versatile synthetic route to precisely 

control the composition of the gradient alloy shell. The ability to control the 

composition of the shell has an additional benefit of the ability to tune the 

emission wavelength of the NPLs in a wide range by using a combination of 

seed material and shells of different thickness and compositions. This thesis 

offers a synthetic method detailing out the steps to achieve bright NPL materials 

in different solvents including water which might be beneficial for development 

of biological markers based on NPLs. It is found that the ability to have aqueous 

dispersions of NPLs allows their controlled attachment on surfaces using a 

linker based technique. Such an attachment technique offers a new way to obtain 

controlled assemblies and film formation of NPLs which might help tackle the 

phenomenon of stacking induced PL quenching of NPLs in spin-coated films. 

It is found that the CdSe/CdS@Cd1-xZnxS NPLs are also capable of directed 

emission orthogonal to their surface which might be additionally benefitted 

from the use of controlled attachment for their film formation.  

It is also found that CdSe/CdS@Cd1-xZnxS NPLs can also be applied to obtain 

bright and saturated red emission. The LEDs made from these hetero-NPLs 

have high efficiency, unlike the LEDs made of core-NPLs which suffer from 

low efficiency. The findings on the investigations into the factors affecting 
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QLED performance using the CdSe@ZnS QDs adds more insight on the 

problem of QLED efficiency roll-off behaviour. The results show a turn-on like 

behaviour of charge induced PL QY reduction of QDs inside operating LEDs. 

The present work indicates that still further efforts are required for improvement 

in synthesis techniques to mitigate the effects of Auger recombination induced 

by charging in QDs. This is because charging seems to play a much more 

important role in device operation (especially for QDs having higher quantum 

confinement such as green and blue emitters). As discussed at the end of section 

6.2, the recently reported red-QD structure having the core capped with a thick 

gradient composition interlayer and a wide bandgap gradient composition 

outerlayer seems to show promising results for overcoming the problem of 

efficiency droop. Such structures need to be further extended to green and blue 

QDs. Overall, the thesis has made valuable contributions to existing research 

problems and at the same time raised new avenues for further exploration of 

new directions. 

7.2 Future outlook 

A future direction of research work is to increase the stability of NCs for light-

emitting device applications. A composition tuning of shells to achieve type-I 

electronic confinement while at the same time having a smooth transition of 

confinement potential appears to offer increased suppression of Auger 

recombination. An extension of the current work on CdSe/CdS@Cd1-xZnxS 

core/crown@shell NPLs is to apply them for lasing and other applications. This 

work shows their potential for efficient NPL-LEDs, however there is further 

scope for improving the device efficiency and operational stability. 

Development of controlled assemblies of NPL films compatible with LED 
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fabrication process for using their directional emission might be highly 

beneficial for improving the light extraction efficiencies of LEDs. Also, 

investigations into the exciton dynamics of NPLs in LED operating conditions 

needs to be pursued especially for comparison between high-efficiency QLED 

and NPL-LEDs. Since better suppression of Auger recombination in NPLs is 

expected due to 2D geometry and large lateral dimensions, it might have 

interesting implication for NC-LED applications. The aqueous dispersion for 

the NPLs shows photo enhancement of PL QY, however the mechanisms need 

to be understood so that they may be replicated for other systems. Since c-ALD 

synthesis is performed at room temperature, there may be scope of having 

defects in the material. However, the insights developed from this work should 

guide other synthesis techniques to achieve such gradient alloy composition 

which might also be commercially viable. And lastly, efforts towards moving 

to non-toxic and easily recyclable material systems are highly encouraged to be 

able to reach much wider acceptability. 
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