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PREFACE 

Transition metal dopants (e.g., Mn, Cu, Ni ions, etc.) introduce atomic states between the 

conduction band and valence band of host quantum dots.  Cu doping was also well studied in 

the literature due to its interesting optical properties like the tunability of the Cu emission with 

the band gap variation.  In this thesis, we have used this emission to study the bulk and surface 

electronic structure of quantum dots.  

Chapter 1 discusses an overview of doping in quantum dots and different optical dopants that 

were reported in the literature. The literature pertaining to mechanism of the Cu emission in 

quantum dots, the oxidation state of the Cu has been discussed.  The relation of Cu emission 

to the surface and bulk electronic structure are then deliberated.   

In Chapter 2, we discuss the challenges involved in synthesizing Cu doped quantum dots and 

the generic synthesis procedures that were used during the work reported in this thesis. The 

procedures were mostly modified from the well-established literature reports of the synthesis 

of undoped quantum dots. The characterization techniques used in this thesis are also 

discussed.  

Part I. Study of Bulk Electronic Structure Using Cu Emission: Quantum dot based solar 

cells and light emitting diodes involve charge transfer or charge extraction from the quantum 

dot material. The knowledge of their absolute band edge positions is necessary in making them 

more efficient for these applications. Apart from theoretical studies, a few experimental 

techniques like scanning tunneling spectroscopy, photo electron spectroscopy and cyclic 

voltammetry were used for this finding. However, they have limitations in determining the 

band edge variation and also require sophisticated instrumentation. Here, we study the bulk 

electronic structure of II-VI semiconductor quantum dots simply using Cu emission which 

involves a radiative recombination of the electron in conduction band with the hole present in 

the Cu d-state. This study is discussed in the next three chapters. 

Chapter 3 involves determination of the variation of conduction band and valence band in II-

VI semiconductor quantum dots as a function of size using Cu emission. We determined the 

relative band alignment of II-VI semiconductors as a function of size in the quantum confined 
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regime. Our experimental results are in good agreement with the theoretical data and other 

existing experimental data. 

Chapter 4 deals with the internal structure of heterostructures. Central to the success of these 

materials for optoelectronic is the understanding of the photo-generated charge carrier 

localization. In spite of the theoretically expected prediction of the band edges of alloy or 

core/shell with a type I or type II structure, the actual location of the charges are often quite 

different leading to sub-optimal results.  In this work, we have used Cu doping and its 

corresponding photoluminescence to differentiate an alloy from the core/shell structure.  We 

have also studied the charge localization and the adeptness of this method has been assessed 

over a range of widely studied heterostructures. The electron and hole localization obtained 

from this method concurs with the pre-existing understanding in these well studied systems.  

We have also extended this method to obtain the internal structure in previously unknown 

heterostructures proving the usefulness of this method.   

In Chapter 5, we have studied the temperature dependent band edge variation of II-VI 

quantum dots of different sizes. We have fit their band gap variation to Bose-Einstein model 

to obtain average energy of phonons that contribute to this shift. We have compared the 

variation of average phonon energy for CdS quantum dots with that of CdSe quantum dots. 

The band edge variation is characterized by a dominant CB shift for larger sizes with 

decreasing temperature while the smaller size QDs show the variation in both CB and VB. We 

have also studied the binding energy of the trap states as a function of temperature using Cu 

PL QY and average lifetime of Cu PL.  

Part II. Study of Surface Electronic Structure Using Cu Emission: The surface capping 

ligands present around the quantum dots affect their photoluminescence efficiency. However, 

the role of ligand passivation is not clearly understood so far. Here, the combination of steady 

state and time dependent Cu emission is utilized to study the surface electronic structure of II-

VI semiconductor quantum dots. As the intensity of Cu emission increases in presence of hole 

traps, the ratio of Cu emission to band edge emission indicates the extent of hole traps present 

on the quantum dot surface. Since only the photo-generated electron but not the photo-

generated hole is involved in Cu emission, the non-radiative (fast) component present in the 
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time-dependent photoluminescence decay curve indicates the extent of electron traps present 

on the quantum dot surface. This is discussed in the next two chapters. 

In Chapter 6, we study the role of commonly used ligands such as trioctylphosphine, 

trioctylphosphine oxide, oleic acid, dodecanethiol, 3-mercaptopropionic acid, primary amines 

and oleylamine in passivating II-VI semiconductor quantum dots. The role of ligands was 

studied during the synthesis, as well as during specific phase transfer and pyridine exchange 

based ligand exchange procedures. This study was utilized to plan a synthesis of highly 

emitting CdSe quantum dots leading to a substantial increase in the quantum yield. 

Chapter 7 discusses the role of sulfide ions in passivating CdS quantum dots is studied. They 

passivate electron traps but trap the photo-generated hole. They have shown the conductivity 

of ~ 10-4 S cm-1. The conductance behavior of these quantum dots is correlated to their surface 

trap states. Cu emission is used to optimize the concentration of sulfide ligands to obtain 

maximum conductivity for these quantum dots. 

Chapter 8 discusses the applications based on Cu doped quantum dots that have not been 

previously studied.  This is discussed in the two sections. 

Section 1. NIR Phosphors: Cu doped quantum dots show tunable emission with Cu emission 

maxima varying from 1.9 eV to 1.35 eV. They exhibit high photoluminescence quantum yields 

of 25 % to 35% in NIR region and longer photoluminescence decay values of ~ 1 µs. They 

exhibit high thermal stability up to 100 oC in both solution and as film. The combination of all 

these properties makes Cu doped CdS quantum dots a NIR emitting phosphor material. 

Section 2. Visible Photo-detectors: On doping Fe in Cu doped ZnS quantum dots they exhibit 

a broad absorption band in visible region. The doping in these quantum dots is shown to have 

a high photo-response in the visible region unlike their undoped counterparts that is only 

effective in the ultra-violet region. 
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Quantum dots (QDs) cover a broad and interdisciplinary area of research that has been growing 

rapidly worldwide in the past few decades. QDs have the potential for revolutionizing the ways in 

which materials and products are created and the range and nature of functionalities that can be 

accessed. They are already having a significant commercial impact, which will further increase in 

the future. QDs have extremely small size which is about 10 nm or less. Owing to their interesting 

characteristics, these materials find a lot of applications in many fields such as optoelectronics,[1-

6] biology[7, 8] and so on. QDs have been engineered to have a quantum efficiency of radiative 

recombination approaching unity at room temperature, far above what has been achieved from 

bulk materials.[9, 10] 

QD consists of a surface portion and a bulk portion. The surface-ligand chemistry of QD 

is known as surface electronic structure and the energy levels of QD is called bulk electronic 

structure. It is important to understand the both the bulk and surface electronic structure of QDs in 

designing them for efficient applications where both the surface-ligand chemistry and the absolute 

positions of CB and VB play a major role. 

1.1. Electronic structure of QDs: 

This section is divided into three sub-sections. The size dependent optical properties and the 

surface properties of the QDs will be discussed in the first two sub-sections. In the last sub-section, 

the other ways of improving the properties of QDs, the hetero structures will be discussed.  

1.1.1. Tunability of optical spectra: 

The exciton has a finite size within the crystal which is defined the Bohr exciton radius (aB), which 

is a material specific property and can vary from 1 nm to about 10 nm. If the size of a 

semiconductor material is less than the size of the exciton, the photo-generated charge carriers 

become spatially confined, which increases their band gap. These QDs form a bridge between the 

bulk semiconductors and their molecular analogues as shown in Figure 1.1(a). In this size regime, 

the particles show size dependent optical properties.[11-13] For example, CdSe QDs (Eg= 1.76 eV, 

aB = 9.6 nm) can emit fluorescent light throughout the visible spectrum with changing their size as 

shown in Figure 1.1(c). 
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Figure 1.1. (a) Electronic energy states of a semiconductor in the transition from discrete molecules to 

nano-sized crystals and bulk crystals. Blue shading denotes ground state electron occupation. (b) 

Comparison of a colloidal QD and an island like, self-assembled QD epitaxially deposited on a crystalline 

substrate. (c) Absorption (upper) and fluorescence (lower) spectra of CdSe semiconductor QDs showing 

size tunability. Reprinted with permission from ref [13]Copyright 2010 American Chemical Society.   

The emission properties of the QDs are strongly dependent on their surface chemistry. This 

makes the study of QD surface very interesting and challenging. 

1.1.2. Surface properties of QDs: 

The dependence of optical properties on particle size is largely a result of the internal structure of 

the QD. Usually, smaller QDs results in a very high surface to volume ratio. The atoms on the 

surface of a crystal facet are incompletely bonded within the crystal lattice, thus and leaving one 

or more “dangling orbital” on every atom pointed out away from the surface of QD. Most QDs are 

highly faceted (Figure 1.2(b)), and each surface facet contain unpassivated orbitals.[14, 15] Usually 

these surface energy states are within the semiconductor band gap and hence can trap charge 

carriers at the surface, thereby reducing the overlap between the electron and hole, increasing the 

probability of nonradiative decay events. In order to avoid non-radiative pathways, the surface of 

the QDs are usually protected by passivating ligands. to minimize surface trap states. Molecules 

such as oleic acid, TOP, TOPO and primary amines bind to the QD surface through ligand-metal 
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bonds between the basic moiety on the ligand and metal atoms on the QD surface. It gives colloidal 

stability to the QDs in nonpolar solvents through hydrophobic interactions with the alkyl chains 

on the ligands.[16] Ligands with polar end groups such as mercaptopropionic acid can be similarly 

used to solubilize QDs in polar solvent. 

 

Figure 1.2. Surface properties of CdSe QDs. (a) and (b) depict transmission electron micrographs of quasi-

spherical QDs with two orientations on the substrate, and (c) depicts a quantum rod. All scale bars are 5 

nm. In the atomic models, the crystalline orientations and lattice facets are identified by their Wurtzite  

Miller indices, and the polarity of each facet is noted as Cd2+ for cationic, Se2- for anionic, and CdSe for 

nonpolar. (d) illustrates the terminal dangling orbitals on each type of facet, and (e) shows the effects of 

surface hole traps on the fluorescence of small 2.1 nm QDs. Reprinted with permission from ref 
[13]Copyright 2010 American Chemical Society. 

The PL of QDs can be significantly controlled by tuning their surface chemistry. For 

example, very small CdSe QDs display two emission bands, one due to excitonic recombination 

and another which is at a lower energy resulting from recombination at sub band gap defect sites 
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on the surface (Figure 1.2(e)).[15] This surface trap emission arises from the presence of Se2--rich 

facets, which have usually shown poor binding ability to most basic ligands, making these QDs 

especially prone to surface trapping of holes.[15] QDs with surfaces terminated by anions usually 

show little or no fluorescence emission due to the very high number of surface trap states for 

nonradiative recombination. The addition of excess Cd2+ ions to the surface of QDs can passivate 

these selenium sites. These cationic rich surface sites are known to strongly bind to basic ligands. 

This results in passivation of hole trap states. The resultant PL efficiency gets enhanced as shown 

in Figure 1.2(e).  

The number of surface atoms and the types of facets are also dictated by the QD shape. 

Figure 1.2(b) shows the fraction of surface atoms on a CdSe QDs for different shapes and sizes. 

Spherical QDs have the smallest number of surface atoms and are thermodynamically most stable. 

This makes them potential candidates for applications where emission play a major role, e.g. in 

light emitting applications. On the other hand, the nano structures such as rods and wires contains 

a very high number of their atoms on their surface. This is useful in utilizing them for applications 

such as for redox chemistry, energy transfer, photocatalysis, water splitting and sensing as the QD 

photo-generated charge carriers can stay mostly on the surface. Several other interesting materials 

properties are closely related with the fraction of atoms on the QD surface. 

However, it is not possible to passivate all kinds of trap states using the ligands as it 

depends upon various factors such as nature of passivating ligands[17-19] and the bulkiness of the 

ligands.[20] This results in reducing the PL QY. This problem can be overcome by passivating with 

a shell of another semiconductor material which leads to formation of heterostructure QDs. 

1.1.3. Tunability from heterostructure QDs: 

The two well established strategies to improve QDs’ surface passivation drastically which was not 

achieved with simple ligand passivation is by overcoating with a shell of a second semiconductor, 

resulting in core/shell QDs, or by mixing with a second semiconductor material homogeneously, 

results in forming alloy QDs.  

Depending on the bandgaps and the relative band edge positions of the involved semiconductors, 

these core/shell materials are mainly classified into type I, inverse type I, and type II structures.[21, 

22] The classification is depicted in the scheme shown below in Figure 1.3. 
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Figure 1.3. Classification of core/shell materials depending on the relative band alignment of core and 

shell materials. 

In type I, the bandgap of the shell material is larger than that of the core and the band edges 

of the core material are buried inside that of shell material. This leads to the confinement of both 

electron and hole inside the core material. In inverse type I, the bandgap of the shell material is 

smaller than that of the core and, band edges of the core material are buried inside that of shell 

material. Both electron and hole are confined into the shell material. In type II, either the VB edge 

or the CB edge of the shell material is situated in between the band edges of the core material. 

When the QD is illuminated with photons, the charge carriers are separated in the core and shell 

regions of the material. The fourth type of alignment is one wherein one of the charge carriers is 

localized either inside the core or shell and the other charge carrier is delocalized over entire QD. 

This alignment is known as qausi type II.  

In type I QDs, the shell can passivate the surface of the core by moving the surface traps 

energetically away from the core. This leads to enhancement of its PL efficiency. With respect to 

core QDs, core/shell particles show enhanced stability against photodegradation. The best example 

Type I

Quasi type IIType II

Inverse Type I

CB

VB
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for this system is CdSe/ZnS. The ZnS shell significantly improves the PL QY from just <5% to 50 

%.[23] Shell growth leads to a small red shift in both absorption wavelength maximum and the PL 

wavelength. This small red-shift can be attributed to the partial leakage of charge carriers into the 

shell material.  

In reverse type-I systems, a material with smaller bandgap is overgrown onto the core with 

wider bandgap. Charge carriers are localized into the shell material and both the absorption and 

emission wavelengths can be red-shifted. The most extensively analyzed systems of this type are 

CdS/HgS,[24] CdS/CdSe,[25] and ZnSe/CdSe.[26] These materials are shown to be potential 

candidates for photovoltaic devices.[2] Growing third material of a higher band gap material on top 

of these core/shell material leads to resistance against photobleaching and the enhancement of PL 

QY.[25] 

In type II systems, with increase in shell growth, both absorption and emission wavelengths 

of the QDs gets red-shifted. The band gap of these materials is much smaller than either one of the 

constituting materials. The advantage with these materials is the possibility to play with the shell 

thickness which allows us to attain the wide-range tunability of both absorption and PL, that is not 

that easily achieved with other materials. For example, type II CdSe/CdTe,[27] CdTe/CdS,[28] 

CdTe/CdSe[29] and CdSe/ZnTe[30] QDs have been designed to show NIR emission which are very 

useful for bio applications. The PL decay times are highly prolonged in these materials contrary 

to type I materials due to the weaker overlap of the electron and hole wave functions as a result of 

separation of the charge carriers into core and shell regions. 

Inverse type I systems like CdSe/CdS shows that the electron is delocalized into shell material 

while the hole is confined to CdSe core.[31] [32, 33] This system has very interesting applications as 

active material for light emitting applications due to very high PL efficiency.[31]     

As already discussed, size dependent band gap variation of semiconductor QDs have been 

widely studied. However, in many applications, very small QDs are necessary to achieve the 

desired energy for the band gap. So, it is challenging to tune the properties of QDs keeping their 

size constant. Another means of tuning the semiconductor band gap is by changing the particle 

composition by means of varying the stoichiometry of constituent materials. This can be achieved 

by mixing two or more semiconductor materials with different band gaps called alloy materials.[34] 

Usually, an increase (decrease) in band gap energy is observed with increasing composition of the 
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wider (smaller) band gap semiconductor in the alloy QDs. These alloyed QDs have properties that 

are composition-dependent along with the effects arising due to quantum confinement. For 

example, CdSe QDs were widely studied which was shown to be continuously tunable over entire 

visible range, however, the NIR region is outside its spectral range. CdSexTe1-x QDs, an alloy of 

CdSe and CdTe, can efficiently emit in the NIR spectral window.[34, 35] These NIR-emitting QDs 

are potentially useful in several biomedical applications. Highly stable QDs of Znx Cd1-xSe are 

formed by alloying CdSe with ZnSe which emit blue light with excellent PL efficiency.[36] So, 

these materials can be used for short range light emitting applications.[37] 

These core/shell and alloy systems are two ideal and extreme cases. The combinations such 

as alloy core with shell, core with alloy shell, core shell with alloy interface and etc. do exist.[38]  

1.2. Doping in bulk semiconductors: 

In semiconductors, doping intentionally introduces impurities into an extremely pure intrinsic 

semiconductor for the purpose of modulating its properties.  

Doping into semiconductors affect magnetic, electrical and optical properties of the host 

material. Doping with transition metal ions into ZnO leads to appearance of magnetism in these 

materials. Mn doped ZnO which was prepared by solid state reaction show ferromagnetism.[39] 

Other transition metal ions of Fe and Co also induce magnetism in ZnO.[40] One of the ways of 

achieving room-temperature ferromagnetism in bulk Zn1-xFexO was found to be adding a little Cu. 

A transition temperature of 550 K was observed in this system. This doping also strongly enhances 

the conductivity of the host material. ZnO is one of the most studied systems due to its optical 

transparency like tin oxide and can be made n-type conducting by doping with Al.[41] However, 

achieving p-type conductivity in ZnO thin films would be useful for making better devices out of 

this material and efforts were made in that direction. The p-type conductivity in ZnO (at room 

temperature) was achieved first by chemical vapor deposition, through N doping using NH3.
[42] 

But that study showed poor reproducibility, high resistance and low carrier concentration which 

cannot be useful for practical purposes. The p-type conductivity of ZnO thin films was improved 

by co-doping with Ga and N.[43] Doping not only affects magnetic and electrical properties but 

also affects the optical properties of the host material. Doping with lanthanide ions make silica or 

silica-based glass visible or NIR optically active material which can be used for photonic 

https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Intrinsic_semiconductor
https://en.wikipedia.org/wiki/Intrinsic_semiconductor
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applications.[44, 45]  The luminescence in these lanthanide materials is due to f-f transitions of 

lanthanide ions. Silica colloids with a diameter of 240–360 nm which were doped with Er ions 

show a clear room-temperature PL at 1.53 mm, with lifetimes as high as 17 ms. They show a high 

PL QY of about 80%. [46] Doping transition metal ions gives interesting optical properties in II-VI 

semiconductor materials. Luminescent Cu semiconductors play a central role in the emergence of 

lighting and display technologies.  Cu incorporated ZnS and related Cu-containing semiconductors 

have been employed as integral components of many black-and-white and color display 

technologies, including, in televisions, and electroluminescent devices. The Cu doping in bulk 

semiconductors was known as luminescent phosphors where the Cu related emission was 

observed. The green Cu luminescence in ZnS was widely used as glow in dark materials.[47] 

Several types of luminescence are observed in bulk Cu incorporated ZnS and related 

semiconductors. Different colored Cu emissions were also observed. 

Doping in semiconductors will be much more interesting if the size of the material is 

reduced to quantum confined regime. That leads to the emergence and development of doped QDs. 

1.3. Doping in semiconductor QDs: 

1.3.1. Synthesis of doped QDs: 

QDs are synthesized by mixing the molecular precursors that contain the constituent elements. 

Thermal decomposition of the precursors leads to nucleation and growth. The separation of 

nucleation and growth during QD synthesis lead to development of high quality QDs.[48] The most 

uniform particles have been obtained by using colloidal chemistry either in organic or aqueous 

phase. The most successful method involves the fast injection of anion precursor to the cation 

precursor at very high temperatures in presence of surfactants to obtain high quality QDs.[12] 

Surfactants in the solution are used to control growth and passivate dangling bonds.[49]  

Doping into semiconductor QDs is not an easy or a simple process as it depends upon the 

nature of dopant, temperature at which dopants are incorporated, crystal structure and size of host 

material, surfactants and so on which makes the process complicated. A lot of efforts were made 

during past many years on doping transition metals into semiconductor QDs[50-53] but the exact 

mechanism of doping is not completely understood. For example, Mn was shown to be doped into 

CdS[54] and ZnSe[52] QDs but not into CdSe.[55] It was assumed that this is only due to intrinsic 
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mechanism which is called self-purification[56] where the dopant atoms are expelled out of the QD 

material specially when the QD size is very small. More dopants can be incorporated into the larger 

QDs which were grown in anion-rich limit. Erwin et al.[57] have shown the underlying mechanism 

that controls doping is the initial adsorption of impurities on the QD surface during growth. They 

found that the doping efficiency is determined by three main factors namely surface morphology, 

QD shape, and surfactants in the growth solution. They have also explored a lot of various factors 

that influence the doping efficiency. Mn doping efficiency is enhanced with increasing anion to 

cation ratio. From the theoretical binding energy calculations, it was found that the CdSe QDs 

would be easier to dope if they are in zinc-blende structure. The same report shows that the 

surfactants themselves can also bind dopant ions, competing with surface adsorption and 

decreasing the doping efficiency. This plays a very important role when the dopant QD binding is 

just moderately strong. For example, Mn binds to (001) surface of ZnSe two times stronger than 

(0001) surface of wurtzite CdSe. This suggests that the previous failure attempts of Mn doping of 

wurtzite CdSe QDs are also due to competitive binding for Mn by surface ligands such as 

phosphonic acids.   

 

Figure 1.4. The two important methodologies for doping in QDs. Reprinted with permission from ref [58] 

Copyright 2005 American Chemical Society. 

There are majorly two synthetic strategies that were proposed for doping transition metal 

ions into the semiconductor QDs in the literature. They are nucleation-doping and growth-doping, 

respectively.[58] Nucleation doping involves mixing of dopant and anionic host precursor during 

the nucleation step leading to the formation of dopant clusters followed by overcoating of the host 

material. After nucleation of QDs, the reaction conditions were varied in such a way the growth of 

the host material became the only dominant process. This results in diffusion of the dopants away 

from the QD surface. For growth-doping strategy, the formation of the small host QDs occurred 

under high temperature and established synthetic conditions and was quenched by lowering the 
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reaction temperature. At this relatively lower temperature, active dopant precursors were 

introduced and doping occurred without the further growth of the host. These two doping schemes 

are shown below in Figure 1.4. 

Usually, Mn doping was achieved by nucleation doping. However, the Cu doping was 

mostly achieved by growth-doping strategy as the nucleation-doping involves very high 

temperature where the Cu dopants were shown to be expelled out of the QD. Chen et al. have 

found that Cu emission in ZnSe QDs is stable up to 210 oC or below and above this temperature 

the Cu emission intensity decreases.[59] When it is 250 oC, the Cu emission completely vanished. 

However, it should be noted that an optimal temperature is needed for the diffusion of Cu into QDs 

as the core doped QDs show higher Cu emission efficiency than surface doped QDs.[58] Along 

with the temperature, reaction time also determine the extent of dopant incorporation which 

controls the relative intensities of band edge and Cu emission. The temporal evolution of the PL 

spectrum of ZnSe QDs in the presence of copper oleate in octadecene at 40 °C was studied.[59] The 

intensity of band edge emission decreases and reaches a plateau after about 45 min, but the overall 

band shape is retained and the Cu emission is not observed. When the temperature is raised to 60 

°C and the reaction is allowed to run for 100 min, the lower energy Cu emission appears. But, the 

band edge emission is still observed even after 100 minutes of annealing at 60 °C suggesting the 

presence of significant amount of undoped QDs. The intense and dominant Cu emission was 

observed only after the temperature was increased to 100 °C. The majority of QDs formed under 

these conditions are doped with copper atoms. The concentration of Cu dopants also affect the 

relative intensities of band edge and Cu emissions. Tananaev et al. have studied PL spectra of a 

series of Cu doped CdSe QD samples with varying the Cu concentration synthesized by a hot-

injection method in which a solution of selenium in TOP was injected into a mixture of cadmium 

oleate and copper stearate.[60] As the amount of copper stearate increases, the band edge emission 

intensity decreases and the Cu emission intensity increases, suggesting increased population of Cu 

doped QDs.  

1.3.2. Properties of doped QDs: 

The introduction of impurity ions into semiconductor QDs strongly affects the properties such as 

magnetic, electrical and optical properties of the host QDs. For example, Cu and Mn doped ZnSe 

QDs were shown to be replacement to highly toxic NIR emissive CdSe QDs.[58] Doping was found 
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to protect against the photooxidation where materials are continuously illuminated e.g. in case of 

solar cells. Here, the energy absorbed can be quickly localized at dopant sites to avoid any 

unwanted side reactions.  For magnetic dopants, confinement of the impurity within the QD can 

enhance its interactions with other carriers to give rise to very high magnetism. On doping ZnO 

QDs with Co and Ni ions, the magnetic and absorption properties are shown to be altered.[61] 3.6% 

Co doping in ZnO QDs results in paramagnetism which are otherwise non-magnetic. They show 

room temperature (300 K) magnetism of 2.56 × 10-3 emu/g. Similar to the case of bulk 

semiconductors, the doping in QDs plays an important role in tuning the transport properties of 

host materials. As the QD films are inherently insulating, the introduction of extra carriers is 

beneficial for enhancing electrical conduction. It is essential to introduce heterovalent impurities 

that provide the charge carriers as the isovalent dopants usually produce any additional charge 

carriers in the system. By introducing Cd impurities into InAs, the conductivity of these films were 

affected.[62] CdSe is one of the most studied QD systems in literature for this study. Several 

strategies were developed for introducing extra charge carriers into the QD films. They include the 

placement of electron donating molecules in the close vicinity of the QD surface[63, 64] and through 

electrochemical doping (application of external electric fields).[65, 66] When carriers were added, 

conductivity was dramatically increased. In principle, it should also be possible to provide extra 

charge carriers to CdSe QDs by adding impurity atoms. Recently, it was shown that doping Ag 

into CdSe QDs alter electrical properties of the host. Ag changes from a n-type to a p-type impurity 

with increased doping in CdSe QDs. Introducing transition metal ions such as Ni2+ into CdZnS 

QDs results in the higher conductivity or current flow in presence of light than undoped ones which 

is normally expected due to presence of effective charge carriers in the doped QDs.[67]   

The other interesting property of these dopants is to alter the optical properties of host QDs 

and they are called optically active dopants. Doping with optically active ions in semiconductor 

QDs results in stoke’s shifted emission, NIR emission, tunability of the absorption and emission 

over wide spectral range and so on. The photo-generated charge carriers funnel through to the 

dopant levels and alter the host optical spectra. For example, doping with Co2+ and Ni2+ induces 

changes in the absorption spectra ZnO QDs.[61] The doping results in the appearance of new bands 

in both the absorption and MCD corresponding to the dopant ligand field splitting and the charge 

transfer bands. The charge transfer bands were further characterized and found that the dopant 

energy levels were pinned in between the CB and VB of the host QDs.[68] These optically active 
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dopant ions not only affect the absorption properties of host QDs but also strongly affect their PL 

properties. One of the extensively studied optically active dopant ions which affects the PL 

properties of host material is Mn2+. This introduces two energy levels in between CB and VB of 

the host material. The photo-generated charge carriers of host QDs funnel through to these dopant 

levels to give rise the Mn2+ dopant emission. So, both the excitation and emission involve a spin 

forbidden transition giving rise to a long-lived emission.[69] The energy position of this peak is 

constant at 580 nm irrespective of the band gap of the host material as the emission always occurs 

in between the two constant Mn2+ d-levels. Though the stoke’s shift is achieved, the tunability of 

the emission energy is lost which is a major limitation with Mn doped QDs. Efforts were made to 

enhance the PL efficiency of Mn2+ emission despite of its lack of tunability.[52, 70, 71] Dopants like 

Ni also found to affect the PL properties of host QDs.[67] Ni doped QDs show a new broad PL peak 

which is red-shifted from the band edge emission which has a longer lifetime (~300 ns). The origin 

of the Ni dopant emission is not known as it is less studied or explored. There are other optically 

active dopants such as Cr and Ag which gives rise to the dopant emission when doped inside 

semiconductor QDs.[72] But, these dopants are not much explored or studied. The other optically 

active dopant ion which is extensively studied along with Mn is Cu and the discussion about the 

Cu doping and its emission mechanism is given in the next section.  

1.4. Cu doping and emission mechanism: 

Unlike the Mn doping, Cu doping results in band gap dependent tunable emission in quantum 

confined regime.[58, 73]  Cu introduces a single energy level in between the CB and VB of host 

material.[74] The Cu emission occurs due to the radiative recombination of electron present in CB 

of host material with the hole present in the Cu energy level.[75]  The band gap dependent tunability 

of this Cu emission arises due to shift in CB with the band gap variation of host QDs. As the Cu 

emission energy is band gap dependent, it can be tuned by varying either size of QD or the 

composition of material in case of alloys. For example, Pradhan and co-workers[73] have shown 

that when the Cu doped ZnS QDs are alloyed with the addition of Cd to form the Cu doped Zn1-

xCdxS alloy QDs, the Cu emission maxima were tuned from ~ 500 nm to ~ 750 nm as shown in 

Figure 1.5.   
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Figure 1.5. (a) The absorption and PL spectra of Cu doped Zn1-xCdxS QDs with varying Cd composition. 

(b) Digital picture of samples collected in a typical experiment from different stages of the doping process 

of the alloyed QDs. The samples are excited using a hand-held UV lamp at 350 nm excitation. Reprinted 

with permission from ref [73] Copyright 2011 American Chemical Society. 

The Cu emission shows a longer lifetime decay (~300-1000 ns) compared to band edge 

emission.[75] The Cu emission is found to be broad in nature whose fwhm varies from 0.2-0.6 

eV.[76] This is much broader compared to fwhm of excitonic luminescence which is around ~ 0.1 

eV.[77, 78] The broadness of Cu emission band cannot be completely accounted by the size 

distribution present in the sample. Specifically, it was shown that the broadness is not due to size 

distribution of the sample as the width of the Cu emission is unchanged even if the sample is 

excited at the lower energy side of absorption spectrum.[79] This is supported by the single particle 

fluorescence studies which show that the broadness is unchanged for the single particles as that of 

ensemble.[80] Recently, the density functional theory calculations proves that the broadness is 

inherent nature of Cu emission and this is due to strong vibronic coupling in the excited state 

causes substantial geometric distortion along totally symmetric and Jahn-Teller nuclear 

coordinates, with a correspondingly large excited-state nuclear reorganization energy.[81] All these 

measurements conclude that Cu emission is inherently broad. 

For a given Cu PL spectrum, two emission bands are usually observed i.e. one due to band 

edge recombination and the second one is Cu related emission as shown in Figure 1.6. To 
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understand the origin of the band edge emission in the Cu doped samples, it is necessary to 

understand the mechanism of Cu emission.  

 

Figure 1.6. A typical PL spectrum of Cu doped CdS QDs. 

 

Figure 1.7. The recombination processes that occur when Cu is in +1 (top panel) and +2 (bottom portion) 

oxidation state respectively. 

As already discussed the Cu emission occurs due to radiative recombination of electron 

present in CB of host material with the hole present in Cu level. It is well known that Cu majorly 

exists in two oxidations states i.e. +1(d10) and +2 (d9). If it is in +1 state, Cu level cannot take any 
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more electrons and so the only way the Cu emission can occur it is when it captures the photo-

generated hole from the VB. In this case, the appearance of band edge emission is due to presence 

of undoped counter parts present in the solution. If it exists in +2 state, the electron from CB can 

either recombine with the hole present in VB or with Cu level to give rise to band edge and Cu 

emission respectively as shown in the schematic given below in Figure 1.7.    

Hence, it is important to know the oxidation state of Cu in order to understand the origin 

of the band edge emission in the Cu doped samples. In literature, the oxidation of Cu dopants is a 

controversial debate as a few reports say that it exists in +1 state[73, 80, 82, 83] and a few other reports 

say that it exists in +2 state.[84, 85] Moreover, a few reports assumed that Cu+2 gets reduced to Cu+1 

during QD synthesis or due to presence of ligands which can reduce the Cu+2 ions to Cu+1. One of 

the simplest ways to determine the oxidation state of Cu is by using EPR spectroscopy. It was 

claimed that addition of CdS QDs to a solution of a Cu2+ salt causes a decrease of the EPR signal 

associated with Cu2+, claiming the reduction of Cu2+ to Cu+ by the CdS QDs.[86] However, in 

semiconductor QDs; the EPR signal for Cu2+ is found to be very weak. Jahn-teller distortions and 

strong spin-orbit coupling leads to internal strains of the crystals which results in the broadening 

of EPR signals, too weak to be detected. So, it is not possible to determine the oxidation state of 

Cu dopants in semiconductor QDs. Other than spectroscopic techniques, the oxidation state of Cu 

dopants was probed by the X-ray absorption and X-ray photoelectron spectroscopic techniques.[83, 

87] The authors of these publications claimed that Cu exists in +1 state in the ground state. For 

example, Meulenberg et al. have shown the comparison of the Cu L-edge X-ray absorption near-

edge structure of copper-doped CdSe QDs to that of copper metal (Cu(0)), CuI (Cu+1), and CuSe 

(Cu+2).[83]  The X-ray absorption onset energy in the copper-doped CdSe QDs is found to be similar 

to that of CuI. This observation made the authors to claim that copper was incorporated into these 

QDs in the +1oxidation state. However, very high percentage (15%) of Cu was doped into these 

QDs for this study. This might lead to formation of Cu clusters and very high dopant concentrations 

are known to alter the electronic structure of host materials. Also, it is not clear where the 

absorption edge rises, so, it is not straight forward to conclude whether Cu exists in +1 or +2 

oxidation state through this technique.  

As Cu1+ have a filled 3d10 electronic configuration, it is expected to be nonmagnetic. In 

contrast, Cu2+ has a single unpaired spin-1/2 electron in their 3d9 shell and are therefore expected 
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to be magnetically active. To judge whether Cu is in +1 or +2 state, Klimov and co-workers have 

performed MCD studies on the Cu doped ZnSe/CdSe QDs.[75] copper-doped QDs clearly 

reveal a markedly enhanced Zeeman splitting (∼2.5 meV at B = 6 T;) and an effective exciton g-

factor of order 7 compared to undoped QDs with a small Zeeman splitting of the 1S exciton (∼0.1 

meV/T) and exciton g-factors of order 2. These results strongly suggest that the Cu dopants are 

incorporated as magnetically active Cu2+ ions.  

 

Figure 1.8. (a) If a photo-generated hole is present in the QD for sufficiently long time, radiative 

recombination is primarily due to a band-to-band transition as it is much faster than the band-to-Cu 

transition; this results in the PL spectrum dominated by band-edge emission (left). If a photo-generated 

hole is instead quickly removed from the QD (using, e.g., hole-withdrawing species) emission becomes 

dominated by the Cu-related band (right). (b) Titration of Cu:ZnSe/CdSe QDs with an increasing amount 

of hole accepting molecules, DDT. Reprinted with permission from ref [75] Copyright 2011 American 

Chemical Society. 

The presence of Cu2+ was further supported by a simple titration experiment. As already 

discussed, if it is in Cu2+, both the band edge and Cu emissions can occur. However, the lifetime 

data suggests that Cu emission decays in 500 ns while the band edge recombination occurs on the 

time scale of a few ns. So, in presence of the hole present in the VB the Cu emission will never 

occur. Hence, the only possible pathway for the Cu emission is if the hole from VB can be 

removed. One of the possibilities is if the hole can be trapped by the surface trap states which 

occurs on the time scale of fs, much faster process than the band edge recombination. Hence, it is 
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expected that the Cu emission intensity will be enhanced in presence of surface hole traps as shown 

in Figure 1.8(a). To check this, the QDs were treated with DDT which is well known to trap the 

photo-generated hole when attached to CdSe QD surfaces.[88] DDT molecules or ligands rapidly 

quench the PL emission in case of the undoped QDs. This is not the case with the Cu-doped QDs. 

In this particular work, the PL spectra of Cu doped ZnSe/CdSe QDs were titrated with increasing 

amounts of DDT. The Cu doped sample shows a band edge emission at 2.3 eV and the Cu emission 

at 1.85 eV. On treatment of the Cu doped QDs with the DDT, the band edge intensity was gradually 

quenched and the Cu emission was gradually enhanced at the same time as shown in Figure 1.8(b). 

A dramatic change in color from green to orange was observed during this titration experiment 

due to increasing contribution from Cu emission and decreasing contribution from band edge 

emission. These results confirm that Cu exists in +2 state but not in +1 state where the holes in Cu 

level and VB compete for the same CB electron and the Cu emission occurs only if hole is quickly 

removed from the QD. In the case of the Cu1+ dopants, both the band edge emission and Cu 

emission would be suppressed together on addition of DDT ligands. Therefore, the DDT titration 

experiments show that Cu dopants exists in +2 state thus strongly supporting the MCD results. 

1.5. Current work: 

The work in this thesis focusses on two aspects, namely, the study of bulk and surface electronic 

structure of II-VI semiconductor QDs and their heterostructures using Cu as an internal standard. 

The thesis is divided into eight chapters along with the methodology chapter where the 

experimental techniques employed throughout these chapters are discussed.  

In Chapter 3, the bulk electronic structure of II-VI semiconductor QDs is studied by 

choosing CdSe as a model system. We determined the relative band alignment of II-VI 

semiconductors as a function of size in the quantum confined regime. Our experimental results are 

found to be in good agreement with the theoretical data and other existing experimental data. 

In Chapter 4, the internal structure of heterostructures is studied. We have used Cu doping 

and its corresponding PL to differentiate an alloy from the core/shell QDs. We have studied the 

charge localization for a wide range of heterostructures study their internal strcture. The electron 

and hole localization obtained from this method concurs with the pre-existing understanding in 
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these well studied systems.  We have also extended this method to obtain the internal structure in 

previously unknown heterostructures proving the usefulness of this method.   

In this Chapter 5, we studied the variation of band gap, CB and VB edges of CdS and 

CdSe QDs as a function of temperature and size, utilizing Cu dopant PL as an internal probe. The 

band gap variation is found to be similar to that of bulk but with a higher average phonon energy.  

The band edge variation is characterized by a dominant CB shift for larger sizes with decreasing 

temperature while the smaller size QDs show the variation in both CB and VB. Further, we have 

also studied the binding energy of the trap states as a function of temperature using Cu PL QY and 

average lifetime of Cu PL.  

In Chapter 6, we study the role of commonly used ligands such as TOP, TOPO, oleic acid, 

DDT, MPA, primary amines and oleylamine in passivating II-VI QDs. The role of ligands was 

studied during the synthesis, as well as during specific phase transfer and pyridine exchange based 

ligand exchange procedures. The ligand exchange with a combination of well passivating ligands 

results in substantial increase in the PL QY of CdSe QDs. 

We discuss the role of sulfide ions in passivating CdS QDs in Chapter 7. The sulfide ions 

passivate electron traps but trap the photo-generated hole. They have shown the conductivity of ~ 

10-4 S cm-1. The conductance behavior of these QDs is correlated to their surface trap states. Cu 

PL is used to optimize the concentration of sulfide ligands to obtain maximum conductivity for 

these QDs. 

In Chapter 8, we show the two applications based on Cu doped QDs that have not been 

previously studied. This is discussed in two sections. 

In section 1 of Chapter 8, we show that Cu doped CdS QDs can be useful as NIR 

phosphors due to their tunable emission varying from 1.9 eV to 1.35 eV and high PL QYs of 25 

% to 35% in NIR region along with longer PL decay values of ~ 1 µs. They exhibit high thermal 

stability up to 100 oC in both solution and as film. The combination of all these properties makes 

Cu doped CdS QDs a NIR emitting phosphor material. 

Doping Fe in Cu doped ZnS QDs can be used as visible Photo-detectors when doped with Fe which 

is discussed in section 2 of Chapter 8. The doping in these QDs is shown to have a high photo-

response in the visible region due to a broad absorption band in visible region unlike their undoped 

counterparts that is only effective in the ultra-violet region. 
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In this chapter, the details of the experimental techniques that were used in this thesis are 

discussed in detail. The techniques are UV-visible absorption spectroscopy, 

photoluminescence (PL) spectroscopy, X-ray diffraction (XRD), transmission electron 

microscopy (TEM), nuclear magnetic resonance (NMR) spectroscopy, inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) and zeta (ζ) potential. 

2.1. UV-visible absorption spectroscopy: 

This technique was used to monitor the formation of QD samples. We have also used this 

technique to find the band gap of the QD samples. When light falls the QD sample, it goes to 

the exited state from the ground state. The energy required for the process to occur is the energy 

difference between CB and VB and hence the band gap of the material can be determined from 

the absorption spectrum.  

Practically, when a beam of light hits a substance, the spectrometer measures the 

intensity before it strikes the substance (I0), and then again after it goes through the substance 

(IT). The incident light may undergo absorption, reflection, interference, and scattering before 

it is transmitted to the detector. Thus, the intensity of light through the substance (IT) will be 

reduced by a certain amount.  

The change in intensity of light can therefore be equated as: 

ΔI = I0 – IT 

The ratio of the light passing through a substance is measured as transmittance. The % 

transmittance is therefore given as: 

%T = 100 (IT/IO) 

Absorbance is defined as the amount of light which is absorbed by the substance and is 

calculated as the negative logarithm of transmittance. 

A=log10(IO/IT) = log10(1/T) = - log10(T) = 2- log10(%T) 

Beer-Lambert’s law allows UV-visible spectroscopy to be useful as not just a qualitative but 

also a quantitative tool. 

Using this law, we have determined the concentration of the samples as the absorbance is given 

by 
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A = ɛ.c.l 

where A = absorbance, ɛ = absorption cross-section, c = concentration of sample and l = sample 

thickness. 

UV-visible absorption spectra of various samples in this thesis were dissolved in 

solvents such as hexane, toluene, chloroform and formamide were obtained using Agilent 8453 

UV-visible spectrometer. 

2.2. Photoluminescence (PL) spectroscopy: 

PL spectroscopy is one of the most commonly used experimental techniques in studying 

photochemistry and photophysics of semiconductor QDs. We have used this technique 

extensively in the thesis to study the electronic structure of QDs.  

2.2.1. Steady state PL spectroscopy: 

 

Figure 2.1. Schematic of the processes that can occur when a QD is photo-excited. 

PL is the subsequent process to the absorption wherein the excited molecule or material comes 

to ground state by releasing the energy in the form of photons. The excited QD can come back 

to ground state through various decay channels as shown in Figure 2.1.  
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When the QD absorbs photons, the photo-generated electron goes to the CB leaving 

the photo-generated hole in the VB (process 1). The excited electron usually comes back to the 

lower excited state of CB through a non-radiative decay as shown as a process 2 in the Figure 

2.1. This process occurs in the time scale of 10-13s. If the electron from the lowest CB state 

recombines back with the hole present in VB, it gives rise to the band edge PL which occurs 

on the time scale of a few ns (process 3). However, the QDs have high surface to volume ratio 

which gives rise a lot of unpassivated atoms (dangling bonds) on their surface which all 

together form surface trap states. The trap states can be of electron trapping or hole trapping 

nature depending upon whether the surface is rich of unpassivated cations or anions 

respectively. The electron traps usually energetically lie below the CB whereas the hole traps 

energetically lie above the VB of QD and trap the charge carriers on the time scale of a few ps 

which is much faster process than the band edge recombination. This can be either radiative or 

non-radiative recombination (process 4). The surface trap emission in QDs is due to radiative 

recombination of the charge carriers with the trap states. 

2.2.1.1. Correction of PL spectrum with grating efficiency: 

Spectral correction is necessary to obtain the true emission spectra of the sample which is free 

from any instrumental artifacts. Most of the detectors have very less efficiencies in the 600-

800 nm regime. For example, the Cu related emission in the Cu doped QD sample looks very 

weak in intensity when compared to the band edge emission as shown in Figure 2.2(a). 

Basically, the PL spectrum of the Cu doped sample looks almost similar to the undoped sample 

which is shown in the same figure. However, a visual inspection of the doped and undoped 

sample (Figures 2.2(b) and 2.2(c)) clearly showed that the Cu doped samples emit in a different 

wavelength regime. It suggests that the as obtained spectrum of the Cu doped samples needs 

to be corrected with the grating efficiency curve which is given in Figure 2.2(a). On correcting 

the PL spectrum of the Cu doped sample, the less intense higher wavelength Cu emission band 

dominates the PL spectrum as shown in Figure 2.2(d). This shows the importance of the grating 

correction in obtaining the true emission spectrum especially in the 600-800 nm regime. We 

have applied this grating correction for the PL spectra that are shown throughout this thesis. 
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Figure 2.2. (a) Uncorrected emission spectra of Cu doped and undoped CdSe QDs along with the 

grating efficiency curve.  Digital image of the emission of different sizes of (b) undoped CdSe QDs and 

(c) Cu doped CdSe QDs.  (d) Spectrally corrected emission spectra of Cu doped CdSe QDs. 

2.2.1.2. Conversion of signal data from Wavelength to Energy units: 

Conventionally, PL spectra are plotted with respect to wavelength. But, it is always preferred 

to plot with respect to energy in material science. Directly changing the x-axis from wavelength 

to energy scale will result in improper data. For example, consider a constant unit signal over 

the range of 400-800 nm. The area over this wavelength range is 400 units. The wavelength 
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scale can be converted to energy scale by using the familiar equation, E=hc/λ. After this 

conversion, the x-axis changes from 400 nm-800 nm to 3.1 eV-1.55 eV. Now, the area will be 

1.55 units which is not equal to that of wavelength scale. To correct this, the signal in the 

wavelength will be scaled by hc/E2 as the function of signal in the energy scale can be written 

as  

f(E) dE= f(λ) dλ 

f(E)=f(λ) dλ/ dE= f(λ) (d/dE (hc/E)) = - f(λ) (hc/E2) 

The factor, hc/E2 is called Jacobian transformation.[1] 

 

Figure 2.3. Corrected and uncorrected fluorescence spectra for CdSe (a) and fluorescence from a laser 

dye (b). Adapted from ref [1] Copyright 2013 American Chemical Society.   

This conversion is important when the spectra are broad enough to cover a wide range 

of energies compared to the ones which are having narrow fwhm. The importance of this 

correction is explained in Figure 2.3. for two different spectra. In case of a QD with broad 

surface trap emission band along with the band edge PL (Figure 2.3(a)), the transformation 
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significantly alters the spectrum. It leads to slight red shift in the PL energy maximum in case 

of surface trap emission and also affects the intensity of the overall spectrum. In contrast, a 

laser dye (Figure 2.3(b)) or the band edge PL of a QD is mostly unaffected by the Jacobian 

transformation.  

We have applied this correction to all the PL spectra shown in the thesis as the Cu 

emission band is usually very broad in nature. 

2.2.2. PL quantum yield (QY): 

The PL QY is defined as the ratio of the number of photons emitted to the number of photons 

absorbed. It gives the information how the excited QD be deactivated either through radiative 

or non-radiative processes. PL QY will be 100% if all the excited photons decay radiatively to 

the ground state. 

PL QY= 
Number of photons emitted

Number of photons absorbed
 

Experimentally, PL QY can be used measured by comparative method or absolute method.[2] 

“Comparative method” involves the use of well characterized standard samples with 

known QY values. This method is widely used and suitable for weakly absorbing samples in 

dilute solutions. The solutions of the reference and test samples with identical absorbance at 

the same excitation wavelength can be assumed to be absorbing the same number of photons. 

Hence, the ratio of the integrated PL intensities of the two solutions (recorded under same slit 

width, dwell time and other conditions) will yield the ratio of the QY values. Since QY for the 

reference sample is already known, it is straight forward to calculate the QY for the sample 

under measurement from the equation given below. 

QYsample = 
𝑰𝒔𝒂𝒎𝒑𝒍𝒆  𝑨𝒓𝒆𝒇 𝜼𝒔𝒂𝒎𝒑𝒍𝒆 

𝑰𝒓𝒆𝒇   𝑨𝒔𝒂𝒎𝒑𝒍𝒆 𝜼 𝒓𝒆𝒇
 QYref 

where I= integrated PL Intensity 

                                 A=absorbance at excitation wavelength 

                        η= refractive index of the solvent 
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This method strongly relies on the reference sample and there are only few reference samples 

that are available in longer wavelengths which limits this method for measuring PL QY as the 

method requires similar optical properties for the standard as that of the sample. 

These limitations can be overcome by use of integrating sphere which collects all the 

emission from the sample and this method is known as “Absolute method”. We have used this 

method to calculate the PL QY of the QD samples in this thesis. The method involves 

measuring the scattering spectra of solvent and samples along with the emission spectrum of 

sample. The intensity of the scattering spectrum of the sample is less than that of solvent as the 

QDs present in the sample absorbs the incident light. The intensity difference in the scattering 

spectra of solvent and sample gives the number of photons absorbed by the sample. Then with 

the help of emission spectrum which gives the number of photons emitted and the intensity 

difference in the scattering spectra, the measurement of PL QY of the sample is trivial.  

2.2.3. Time-resolved PL spectroscopy (TrPL): 

Here, the PL of QDs is monitored as a function of time after excitation by a flash of light. The 

time resolution can be obtained in a number of ways which depends on the required sensitivity 

and time resolution. TCSPC (Time-Correlated Single Photon Counting) is one of them and it 

is a digital counting technique which counts photons that are time-correlated in relation to a 

short excitation light pulse. This technique is used in finding the radiative and non-radiative 

lifetimes that occur during the relaxation of QD to the ground state as shown in Figure 2.1. In 

this thesis, we have extensively used this technique to obtain average lifetimes of Cu PL and 

band edge PL. Average lifetime is the time taken for the population of excited state molecules 

to become 37% of its original intensity after the excitation of QDs at time, t=0. Also, the 

lifetime and the percentage contributions of non-radiative decay processes in the PL decay 

curves are obtained by analyzing the fast components present in decay curve. 

2.2.4. Temperature dependent PL spectroscopy: 

Here, the PL spectra (both steady state and time resolved) are measured as a function of 

temperature. Low temperature PL studies are of great interest in semiconductor materials.[3] 

The electron-phonon interaction usually decreases at low temperature leads to increase in the 

band gap of material. Also, the PL intensity and the average lifetime of the sample is usually 
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high at low temperature compared to room temperature as the traps are relatively ineffective 

at low temperature. This will be discussed in detail in Chapter 5.  

Steady state PL spectra of the QD samples which are dissolved in hexane or Formamide 

were collected using the 450 W xenon lamp as the source on the FLSP920 spectrometer, 

Edinburgh Instruments, while the lifetime measurements were carried out using a pulsed diode 

laser, EPL-405 (λex=405 nm) and pulsed LEDs, EPLED-380 (λex=380 nm) and EPLED-270 

(λex=270 nm) as excitation sources. Absolute PL QY was determined using an integrating 

sphere for both doped and undoped samples. For low temperature measurements, the samples 

which are dissolved in hexane were drop casted on a glass substrate and the solvent was 

allowed to evaporate leaving behind the QDs on the substrate and the measurements were 

performed using an Oxford DN2 liquid nitrogen cryostat with the same spectrometer.  

2.3. X-ray Diffraction (XRD):  

This is very common and useful technique for material chemists in day to day life for 

determining the crystal structure of materials.  

X-ray diffraction technique mainly works based on the constructive interference of the 

x-rays that were diffracted from the different crystal planes of the QD. It obeys Bragg’s law. 

Suppose, an x-ray beam incident on a pair of parallel planes P1 and P2 which have an 

interplanar distance of d. The two parallel incident rays 1 and 2 make an angle, θ with these 

planes. A reflected beam will have a maximum intensity if the waves represented by 1’ and 2’ 

are in phase. The difference in path length between 1 to 1’ and 2 to 2’ must then be an integral 

number of wavelength of incident ray, λ. We can express this relationship mathematically as 

Bragg’s law. 

nλ=2dsinθ where n=1,2,3,….. 

where d is the interplanar distance and θ is the angle of incident X-rays.  

The XRD peaks become broader with decreasing the size of the particles due to the 

finite size of the QDs. There is a relation between the peak broadening and the size of the QDs 

and it is given by Scherrer’s equation,  

   Dhkl= (0.89 λ/ βhkl cos Ɵ) 
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where Dhkl= thickness of the crystal 

λ= X-ray wavelength 

          β= line broadening at fwhm 

                                                          Ɵ=Bragg angle. 

Crystal structure identification of the QDs was carried out using X-ray diffraction, 

recorded on Bruker D8 Advance diffractometer using Cu Kα radiation. Since the diffracted 

intensities from these QDs are generally weak, all patterns were recorded at a slow scan rate 

(0.75o per minute) in order to get a high signal-to noise ratio. The bulk XRD patterns were 

obtained from the inorganic crystal structure database and broadened using the Scherrer 

formula to simulate the corresponding QD XRD.  

2.4. Transmission electron microscopy (TEM): 

TEM is a very powerful tool for material science. The interaction between the electrons and 

the material can be used to observe the crystal structure and other features in the structure by 

illuminating a high-energy beam of electrons through a thin QD sample. TEM can be used to 

study the quality, shape, size, growth of layers in core/shell materials and defects in 

semiconductors QDs.  

The TEM works on the same basic principle as the light microscope but uses electrons 

not light. Because the wavelength of electrons is much smaller than that of light, the optimal 

resolution attainable for TEM images is many orders of magnitude better than that from a light 

microscope. The beam of electrons from the electron gun is focused into a small, thin, coherent 

beam by the use of the condenser lens. The beam then strikes the sample and parts of it are 

transmitted depending upon the thickness and electron transparency of the sample. This 

transmitted portion is focused by the objective lens into an image on charge coupled device 

camera, to obtain the image of sample.  

We have used this technique to determine the formation, size and shape of the QDs. 

The monodispersity of the formed QDs was examined by calculating the size distribution of 

large number of QDs present on TEM grid.  
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Samples for TEM were prepared by adding a solution of the QDs dissolved in hexane 

dropwise on carbon coated Cu grid. The solution was allowed to evaporate leaving behind the 

QDs. TEM images were recorded using Technai F30 UHR version electron microscope, using 

a field emission gun at an accelerating voltage of 300 kV.  

2.5. Inductively coupled plasma-optical emission spectroscopy (ICP-OES): 

This technique is widely used for quantitative detection of the elements present in the given 

unknown sample or to determine the composition of constituents in a given sample. The 

instrument consists of a light source unit, plasma generator, spectrometer, detector and a data 

processing unit. The component elements of the material are excited into higher energy levels 

by applying plasma energy which has very high electron density and temperature (10000 K). 

A very high electromagnetic field is used for ionizing the argon gas so that the plasma is 

generated. Solution samples are introduced into the plasma environment through a narrow 

tube. When the excited atoms return back to lower energy states by emitting photons. The 

element type is determined based on the energy of the emitted photons, and the content of each 

element is determined based on the signal intensity.  

We have used ICP-OES mainly for detecting the percentage of Cu in the Cu doped 

samples and the composition of constituent elements in the alloy QDs. First, the standards of 

constituent elements of different concentrations were prepared and measured to obtain a plot 

of concentration vs intensity within the linear regime. The concentration of the elements in the 

unknown sample is then obtained from this calibration plot by measuring the intensity and 

obtaining the corresponding concentration. Sample preparation was done by washing the QDs 

several times to remove excess precursors and then digested in concentrated HNO3 and diluted 

with Millipore water. ICP-OES measurements were carried out using a Perkin-Elmer Optima 

7000 DV instrument. 

2.6. Nuclear Magnetic Resonance (NMR) spectroscopy:  

It has become the important method of analysis for organic compounds, because in many cases 

it provides a way to determine an entire structure using one set of analytical tests. It is also 

increasingly used in inorganic chemistry and biochemistry in the recent years.  
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Nuclear Magnetic Resonance is a property of the nucleus of an atom and it depends on 

nuclear spin (I). When a nucleus with I = 1/2 is placed in a magnetic field, it can either align 

itself with the field (lower energy) or against it (higher energy), two energy levels will be 

formed. When radio waves are applied, nuclei in the lower energy state can absorb the energy 

and jump to the higher energy state. We can observe either the absorption of energy or the 

subsequent release of energy as the nucleus "relaxes" back to the lower energy state. 

Traditionally this was done by scanning slowly through a range of radio wave frequencies 

(continuous wave). However this has largely been replaced by the faster Fourier Transform 

method where one big and broad pulse of radio waves is used to excite all nuclei and then the 

results are analyzed by computer. Most commonly used NMR nuclei are proton (1H), 13C, 15N 

and 31P. 

NMR is also used in studying the ligand bonding and dynamics on the QD surface.[4, 5] 

The advantage of this technique comes from the broadening of the NMR peaks of the ligands 

when they are bound on the QD surface compared to the free ligands. The slow motion of the 

ligands causes the broadening of the NMR peaks of the ligand molecules when they are bound 

to the QD surface because of quasi solid-nature of QDs. In other words, the broadening is due 

to inhomogeneity of the chemical environment of the ligands when they are bound to the QD 

surface. In this thesis, we have monitored the ligand exchange on the QD surface by studying 

the peak broadening of the 1H NMR and 31P NMR spectra. 

1H and 31P NMR spectra were measured using a Bruker AV-400 spectrometer with 

chemical shifts reported as parts per million (ppm). CDCl3 was used as solvent for all the 

compounds except pyridine and pyridine capped QDs which were collected in DMSO-d6 

solvent. TMS was the internal standard for 1H NMR, and TPP with δ = -6 was the internal 

standard for 31P NMR spectra. 

2.7. Zeta (ζ) potential:  

This is very important tool in determining the colloidal stability of charged species in the given 

dispersion medium. ζ-potential is the potential difference between the dispersion medium and 

the stationary layer of fluid attached to the dispersed particle. The magnitude of the ζ- potential 

indicates the extent of electrostatic repulsion among the charged particles present in a 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance#Continuous_wave_.28CW.29_spectroscopy
http://en.wikipedia.org/wiki/Fourier_transform_spectroscopy
https://en.wikipedia.org/wiki/Dispersion_medium
https://en.wikipedia.org/wiki/Dispersed_particle
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dispersion. When the potential is small, attractive forces may exceed this repulsion and the 

dispersion may break and flocculate. So, colloids with high ζ-potential are electrically 

stabilized and the colloids with low ζ-potentials tend to agglomerate. The sign of the ζ- 

potential indicates whether they are negatively charged (negative ζ-potential) or positively 

charges particles (positive ζ-potential). We have used this measurement to characterize the 

formation of sulfide rich CdS QDs in Chapter 7. The presence of negative ζ-potential indicates 

the presence of sulfide ligands on the CdS QD surface. 

ζ-potential measurements were done in both water and formamide. ζ- Potential 

measurements were carried out using a Nano ZS (Malvern, UK) employing a 532-nm laser at 

a back-scattering angle of 173°. 
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Chapter 3 

II-VI Semiconductor Quantum Dots 
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3.1. Abstract:  

Efficiency of the QD based solar cells relies on charge transfer at the interface and hence on 

the relative alignment of the energy levels between materials.  In spite of high demand to obtain 

size specific band offsets, very few studies exist and are studied using meticulous methods like 

photoelectron spectroscopy. However, semiconductor charging during measurements could 

result in indirect and possibly inaccurate measurements due to shift in VB and CB position.  

Here, in this report, we devise a novel method to study the band offsets by associating an 

atomic like state with the CB and hence obtaining an internal standard. This is achieved by 

doping copper in semiconductor QDs, leading to the development of a characteristic intra-gap 

Cu-related emission feature assigned to the transition from the CB to the atomic like Cu d state.  

Using this transition, we determine the relative band alignment of II-VI semiconductor QDs as 

a function of size in the below 10 nm size regime.  The results are in excellent agreement with 

the available photoelectron spectroscopy data as well as the theoretical data.   

3.2. Introduction: 

The study of electronic structure of QDs plays an important role in tailoring the band offsets 

to maximize the degree of overlap between the wave functions[1] as well as in various 

applications like the excitonic solar cells [2] along with obtaining of high quality QDs.[3] One 

of the key factor governing the efficiency of the solar cells is the interfacial electronic energy 

alignment and hence is important to accurately determine the electronic energy offsets in 

QDs.[4, 5] An in-depth understanding of the bulk electronic structure in QDs greatly enhances 

our capability of obtaining high quality QDs and using them more effectively in potential 

applications. 

It is well known for a long time that the band gap of the QD varies as a function of size 

and several techniques, particularly absorption spectroscopy, have been used extensively to 

study the evolution of bandgap of these materials.[6] Cyclic voltammetry, that is more 

compatible with organic ligands, has been useful in finding out the absolute positions of band 

edges in bulk with respect to vacuum using ionization potential and electron affinity.[7-9]  

However, along with specific concerns about solvent, electrode and electrolyte, it is not quite 

straight forward to obtain the shift in CB and VB of the QDs from the ionization potential since 
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optically observed band gap is not related to the ionization potential and electron affinity in a 

direct manner.[10]  More recently, a rapid technique known as the photoelectron spectroscopy 

in air has been introduced to determine the ionization potential on films and powder. While 

this technique has been used to determine the VB and CB variation as a function of size in QD 

samples,[10] it is evident that it involves substantial number of assumptions to derive the CB 

and VB shift including the effective mass approximation and an arbitrary assumption of the 

dielectric constant of the matrix. Clearly, although extensive research has been devoted for the 

study of size dependent evolution of CB and VB via experiment, deconvolution of the shift in 

CB and VB in QDs has mainly been dominated by theoretical results.[11-14]  Nevertheless a few 

examples exist wherein the position of the band edges have been determined using 

photoemission spectroscopy,[15-19] x-ray absorption spectroscopy[18] or scanning tunnelling 

spectroscopy.[20] These methods, while providing the basis for the experimental realization of 

the isolated study of evolution of CB and VB has major limitations in terms of experiment. 

Both photoemission and x-ray absorption spectroscopy and most often scanning tunnelling 

spectroscopy have to be carried out in ultra-high vacuum that makes these measurements very 

expensive and time consuming.[17] Additionally inaccuracies in the energy positions set in due 

to the problems of charging of semiconductor QDs.[16, 17, 21]  Due to the presence of surface 

organic ligands, the samples may also be damaged in the beam or may degas extensively.[21]  

Hence development of a simple alternate method that is organic ligand friendly, less time 

consuming and straight forward to measure is necessary to accurately map the CB and VB 

positions in the QDs. The presence of such a method has an additional important consequence 

in study of hetero-nanostructures. Currently, due to the absence of extensive data for the band 

offsets as a function of size, it has been generally assumed that the band alignment in QDs 

follow the same trend as that of bulk materials. Consequently, it would not be possible to 

determine the presence of band crossings, if any, although it would drastically affect the 

properties of the hetero-structure in question. The measurement of band offsets for a large 

number of sizes in various QDs opens up a new arena of study in the field of QD 

heterostructures. 

In this chapter, we introduce a novel way of measuring band offsets by doping small 

amounts of Cu into the QD and studying the emission from the CB to the atomic-like Cu d 

level.  This method, along with being a more direct probe that can be performed at atmospheric 
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conditions with a simple optical measurement also has an additional advantage of being an 

internal standard present permanently in the QD. This technique allows us to study the band 

offsets in large scale assemblies thus acting as an excellent internal standard to study the bulk 

electronic structure of the QDs.  In this chapter, we have first used CdSe as a model system to 

study the variation of band offsets as a function of size. Further we not only prove the generality 

of the proposed method by extending this technique to other II-VI semiconductors but also use 

this technique to determine the relative band alignment in II-VI semiconductor QDs. 

Interestingly, we show for the first time that while band alignment in bulk can be extended to 

QDs in the study of VB, it is not true in the case of CB. Consequences of these band crossings 

have also been explored in this chapter.   

3.3. Experimental section:  

3.3.1. Materials: CdO, stearic acid and copper(II) acetate monohydrate were purchased from 

S D Fine chemicals. oleic acid (90%), ODE (90%), and TOP (90%) and Se pellets were 

obtained from Sigma Aldrich. TMAH (98%) was obtained from Spectrochem.  All purchased 

chemicals were used without further purification.   

Copper stearate was synthesized and purified similar to the literature reports [22] 

published previously.  Briefly, copper acetate was dissolved in methanol and added dropwise 

to a flask containing TMAH and oleic acid to obtain precipitates of copper stearate that was 

thoroughly washed with methanol and acetone. 

Cadmium oleate was synthesized using modified literature methods.  Briefly, CdO, 

oleic acid and ODE (4.5 mL) were degassed in vacuum and backfilled with Ar and heated to 

high temperature in argon atmosphere till the solution turns colorless. Cadmium oleate with 

different molarities were prepared by varying the weight ratios of CdO to oleic acid (1:2.5 – 

1:5). 2 M TOPSe solution was prepared by dissolving appropriate amount of Se in TOP in a 

glove box.  It was then further diluted with TOP to obtain different molarities (1.2 M – 0.33 

M) of the solution. 

3.3.2. Synthesis of Cu doped CdSe QDs: Appropriate solution of cadmium oleate and 

ODE were degassed in a three-necked flask and heated to 180˚C. TOPSe (0.47 mmol – 1.68 
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mmol TOP/ 0.0197 g Se) was injected at 180 ˚C in Ar atmosphere and annealed for a minute 

to form CdSe QDs. The reaction was cooled down to 140 ˚C and copper stearate solution of 

different molarities was added drop wise and annealed for 20 mins. Samples were washed with 

hexane methanol mixture and precipitated using ethanol. To obtain the bigger sizes, reaction 

mixture was heated to higher temperature after 20 minutes with additional injection of 

cadmium oleate precursor. In the undoped case, instead of the copper stearate solution of ODE, 

only ODE was added as blank and was annealed for similar length of time. Samples were 

washed with hexane methanol mixture and precipitated using ethanol. 

3.3.3. Synthesis of other Cu doped II-VI semiconductor QDs: Cu doped CdS QDs 

were synthesized by first preparing the different sizes of CdS QDs using already reported 

method in literature.[23] Following the formation of CdS QDs, 10 µmoles of copper stearate 

solution in 1 mL of ODE was added at 150 oC and maintained for two hours at that temperature 

to obtain Cu doped CdS QDs of different sizes. Cu doped CdTe QDs were synthesized by 

preparing CdTe QDs of different sizes as reported in literature[24] followed by cooling the 

reaction mixture to 160 oC. At this temperature, 50 µmoles of copper acetate in 0.5 mL of 

oleylamine was added as the copper precursor[25] to the reaction mixture in order to obtain Cu 

doped CdTe QDs of various sizes. Samples thus obtained were washed with a mixture of 

hexane and methanol and then precipitated using acetone. Cu doped ZnS and Cu doped ZnSe 

QDs were synthesized using the methods reported in literature.[22, 26]   

3.4. Results and discussion: 

Cu doping of semiconducting QDs has been extensively explored in several recent reports.[22, 

25, 27-30] One common trend emerging from these studies is the presence of the characteristic 

long-lived intra-gap Cu-related PL band accompanied by suppression of the intrinsic BE 

emission.  It is well known in the community that the impurities like Cu,[22, 25, 27, 30, 31] Eu,[31-34] 

Co[35, 36]  or Mn[31, 37-39] introduce atomic-like states within the forbidden gap of the host 

semiconductor that can exchange charges with the VB and CB via radiative and non-radiative 

transitions.  While the mechanism of this intra-gap luminescence in Cu has been extensively 

debated in several recent reports,[25, 28, 30] the origin of this wide band has been universally 

accepted and has been attributed to the optical transition from the CB of the host semiconductor 
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to the atomic-like Cu d level. It has been extensively proven in literature that energies of atomic 

levels with respect to vacuum is independent of the host semiconductor (for example, Mn d-d 

transition at 2.15 eV,[31, 37, 38] or Eu 5D0 - 
7F2 transition at ~ 2eV [31-34] ) and size. [36, 39]  However 

in most of these cases optical transition has been observed from an atomic level to an atomic 

level and hence cannot be used to determine the electronic structure of the host.  The presence 

of a single Cu d level in the mid band gap region presents us with a unique opportunity to 

measure the association of an atomic state with the CB of the host semiconductor providing  

an important internal standard[40] to study the shift in the CB as a function of size and as a 

function of various host materials. 

 

Figure 3.1. (a) Bulk band gap and position of the Cu state in CdS, CdSe, CdTe, ZnS and ZnSe. The 

relative bulk band alignment[41, 42] and the Cu state positions[43-47] are collected from various literature 

references.  (b) Schematic of the energy level diagram showing the variation of the CB, VB and the Cu 

d level with decreasing size.  

A compilation of available literature[41-47] on the band alignment as well as Cu levels 

in bulk semiconductors is shown in the Figure 3.1(a). Analogous to the other transition metal 

and lanthanide energy levels arising from atomic states, it is evident that the Cu level also 

remains constant from one semiconductor to another in the bulk regime. Similarly, as shown 
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by earlier theoretical results for Mn[39] and experimental and theoretical results for Co and 

other impurity levels,[36] one would expect that same would be true as a function of size for the 

Cu d levels. The schematic representing the transitions from the CB to the Cu d level in addition 

to the band gap transition under this assumption is shown in Figure 3.1(b). If this assumption 

was indeed true, it would be possible to independently investigate the shift in the CB of the 

host QDs as a function of size by determining the position of the Cu related PL peak.  

3.4.1. Characterization of Cu doped CdSe QDs:  

 

Figure 3.2. (a) XRD patterns of a typical Cu doped and undoped CdSe QDs along with the simulated 

pattern for 2.5 nm particle and the bulk wurtzite and zinc blende crystal structures. (b) Typical high 

resolution TEM of Cu doped CdSe QDs. Shown in the inset is the SAED pattern of the QDs. (c)  

Absorption (thin solid line) and PL spectra of doped (thick solid line) and undoped sample (dotted line) 

along with a typical area under the PL peaks. (d) Time resolved PL data of the undoped (closed circles) 

and doped (open circles) sample at the BE emission (black circles) and the doped sample at Cu related 

emission (red circles) along with a single exponential fit (black line).   
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We have used CdSe QDs as a model system to study the bulk electronic structure since it has 

been one of the most widely synthesized QDs in literature with narrow size distributions and 

excellent optical stability. However, doping CdSe with various dopants including Cu have been 

tried by different groups and has been classified as undopable[48] based on the absence of Cu 

emission peak in the optical spectrum, with reasons being attributed to intrinsic self-

purification to fundamental thermodynamic or kinetically controlled processes such as the 

crystal structure.[22, 48, 49]  In this chapter, we demonstrate that presence or absence of PL 

emission attributed to Cu states does not determine the efficacy of doping in QDs. For example, 

in this specific case of CdSe, we illustrate in Chapter 6 that it is possible to obtain the emission 

from the CB to the copper d state by systematically varying the ligands to alter the surface of 

the QD. A logical route to the synthesis and characterization of Cu doped CdSe with a 

prominent emission from CB to the Cu d level has been established by systematically varying 

the surface ligands.    

Cu doped CdSe QDs were synthesized using cadmium oleate as the Cd source and TOP 

complex of Se (TOPSe) as the Se source. The details of the synthesis are given in the 

experimental section.  Copper stearate in ODE solution was injected into the solution after the 

formation of CdSe, the amount of Cu being determined such that the solution did not precipitate 

when heated at high temperatures. The formation of QDs was characterized using XRD 

measurements. Typical XRD patterns of doped and undoped CdSe are shown in Figure 3.2(a).  

Comparing the XRD patterns with that of the bulk CdSe, crystallizing in zinc blende and 

wurtzite structures, we observe that both doped and undoped QDs crystallize in the same cubic 

zinc blende phase with similar lattice parameters. Similar to earlier literature reports, [50] the 

pattern was simulated (also shown in Figure 3.2(a)) by broadening the bulk XRD pattern using 

the Scherrer formula and quantitative information on the size of the QDs was obtained. The 

size of the QDs obtained by this procedure for both doped and undoped samples was found to 

be 2.5 nm implying that the size and crystal structure have not changed after doping Cu. In the 

earlier literature, there has been a debate[49] on the viability of doping based on the crystal 

structure of the QD and has been concluded that the QD can only be doped if it is formed in 

the cubic phase. Thus, our QDs should be ideal candidates to dope with Cu. QD sizes were 

also confirmed using TEM and a typical TEM image is shown in Figure 3.2(b) that shows an 

abundance of spherical particles with sizes in agreement with XRD results. SAED shown in 
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the inset to Figure 3.2(b) as well as lattice fringes seen in these particles confirms a high degree 

of crystallinity of the sample as is also evident from the XRD patterns. The amount of Cu 

present in the sample was measured using ICP-OES and found to be 0.25%.   

Typical PL and absorption spectra of doped and undoped QDs are shown in Figure 

3.2(c). It is important to note here that "as obtained" spectrum of doped QDs do not result in 

the spectrum shown in Figure 3.2(c). Since the Cu related emission is broad and occurs in the 

600-800 nm regime where most detectors are known to have decaying efficiencies we obtain 

a Cu peak that is weak as a consequence of the artifact of decaying detector efficiency.  We 

have corrected the as obtained PL spectrum using the grating efficiency curve as explained in 

the Chapter 2. Additionally, since we are interested in studying absolute energy of the host 

QD, we have also applied the necessary energy correction[51] as explained in Chapter 2 to 

arrive at the final spectrum that will be referred to as PL spectra for future references. In Figure 

3.2(c), on comparison of the PL spectra with the undoped CdSe, we observe the presence of 

an intense PL at ~1.63 eV (shaded red) and a weak residual BE emission peaked at about 2.25 

eV (shaded green) in case of Cu doped CdSe QDs. ICP-OES analysis of the extensively washed 

sample shows the presence of substantial Cu within the QD. Upon incorporation of copper, the 

ratio of the red-shifted PL peak relative to the BE absorption feature has traditionally been 

used to determine the extent of success in integrating the Cu atom into the lattice of the QD.[28]  

However, PL lifetime studies shown in Figure 3.2(d), collected at both the spectral features 

shows that the Cu related emission is several orders of magnitude slower than the BE emission 

similar to the earlier reports,[30] and hence intensity ratio of the Cu related PL emission cannot 

be used as a direct measure of the capability to dope Cu into the lattice of the QD. The BE 

emission lifetime is found to be about ~20 ns while the Cu2+ PL lifetime is mostly single 

exponential with a much larger lifetime (~500 ns), confirming that the peak is not due to the 

surface states and is due to the weak spatial overlap between the CB electron wave function 

and the localized copper state.  The QY of the Cu emission at ~1.63 eV was found to be quite 

high (~ 15%).   
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3.4.2. Size dependent bulk electronic structure of the CdSe QDs:  

 

Figure 3.3. (a) Typical absorption and PL spectra of the doped and undoped CdSe QDs for varying 

sizes showing a shift in the Cu related emission position.  Inset shows a digital picture of Cu doped 

samples of various sizes. These are excited using a hand-held UV lamp at 350 nm excitation. (b) 

Variation of bandgap as a function of size along with the TB prediction (solid line)  (c) Variation of VB 

and CB shift in bandgap obtained from analyzing the Cu related emission shown as red circles 

overlapped with the TB theoretical technique (solid line) (Ref [11] ) and from photoemission 

spectroscopy, PES data (open circles) (Ref [19] ).   
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It has been explored by systematically studying the position of the Cu related emission 

in doped systems. The position of the Cu emission has been extensively studied prompted by 

the constant 2.15 eV emission of Mn d-d transition irrespective of the size or the host material, 

and is observed to be red shifted with respect to the BE emission and is tunable by tuning the 

size of the QD.[27, 29]  Similar to other systems studied till date, typical absorption and emission 

spectra of doped and undoped CdSe QDs obtained for varying sizes is observed to have an 

intense tunable Cu related emission (Figure 3.3(a)) that is red shifted with respect to the BE 

emission.   

This tunability of the Cu related emission is expected since the emission occurs from 

the CB of the QD to the atomic like Cu d level and the CB is known to shift as a function of 

size.  However, it is important to note that since the Cu d level is not expected to shift as a 

function of size, the shift in the position of the Cu related emission is entirely due to the shift 

in the CB of the QD and hence allows us to have a novel method to separately probe the CB 

and VB of the QD. Hence taking extensive care to correct the wide Cu related PL emission 

spectra with the necessary grating efficiency and energy correction to determine the exact PL 

maxima of the Cu related emission, we have used the Cu related emission maxima to determine 

the shift in the CB.  

Typical variation of the bandgap of the QD as a function of size is shown in Figure 

3.3(b) while the variation of CB and VB as obtained from the Cu emission position is shown 

as filled circles in Figure 3.3(c).  The solid line shows the values obtained from semi empirical 

TB model[11] for the theoretical prediction of bandgap and the VB and CB variation of CdSe 

QDs. In the case of CB and VB variation, the theoretical prediction is calculated by subtracting 

the entire coulomb correction term from the CB and shifting the experimental value of the VB 

position of the largest QD to match the theoretical value. With this one arbitrary shift, it is 

found that the experimental data obtained from Cu related emission position shows an excellent 

agreement with the theoretical values as shown in Figure 3.3(c). The open symbols were 

obtained from literature where the position of CB was obtained using time consuming photo 

emission spectroscopy and x-ray absorption measurements.[19] The excellent agreement with 

these experimental data as well as theoretically predicted values proves that the Cu level is 
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independent of size and that this technique can indeed be used  to measure the shift in the CB 

of the QD.   

3.4.3. The determination of relative band alignment of various semiconductors:  

 

Figure 3.4. The main panels show the CB and VB variation as a function of size as obtained from the 

analysis of Cu doped QDs (Red solid dots) along with TB theoretical curve (Solid lines) (Ref [11] ) and 

data obtained from PES data from literature (Black open circles) for (a) ZnSe QDs, (b) CdS QDs and 

(c) CdTe QDs.  The insets show the corresponding band gap variation as a function of size. 
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It is a natural consequence of the simplicity and the ease of this technique. This allows 

us to acquire large number of data points by obtaining varying sizes of the doped QDs with 

different host materials. Hence, we first went about this by synthesizing various Cu doped 

semiconductor QDs. The synthesis techniques are described in the experimental section and 

the samples were characterized using TEM, XRD, ICP-OES and absorption and PL techniques. 

PL data showed the presence of a strong Cu related emission in every case.  In order to prove 

the validity of the approach mentioned above, we quantified the shift in the Cu related emission 

and obtained the CB and VB variation for various semiconductors and plotted them as a 

function of size along with the theoretical curves and other experimental data, when available, 

in literature as shown in Figure 3.4.  While the extremely good agreement with the theoretical 

data as well as photoemission data from earlier literature[15, 52, 53]  in all cases proves the 

generality of this approach it would be more instructive to obtain the relative band alignment 

of the host semiconductors in the nano size regime.  

Figure 3.5(a) shows the absorption and PL data for the 3.8 nm doped and undoped 

semiconductor QDs.  From the figure, it is evident that the shift in the Cu position for the same 

size QD is indeed dependent on the host QD and varies from 0.2 eV to 1.3 eV.  However, it is 

important to quantify the CB and VB variation to find out if the bulk alignment is valid in the 

QD regime. Towards this end, we subtracted the theoretically obtained energy of the band 

offset at 9 nm in every case and plot the CB variation and the VB variation in Figures 3.5(b) 

and 3.5(c) for the various semiconductors.  It is interesting to note that while the VB follows a 

universal curve and can hence be translated from the bulk, the CB alignment changes 

drastically from that of the bulk semiconductors. Hence, we plot the actual band offsets of the 

CB (Figure 3.6(a)) and VB (Figure 3.6(b)) as a function of size keeping the vacuum level as a 

single reference.  Figure 3.6 clearly shows that the band alignment changes as a function of 

size in QDs leading to interesting band crossings.  For example, it can be seen that while 3 nm 

CdTe and ZnSe have the CB at the same energy, the CB of 6 nm ZnSe lies 270 meV higher 

than similar sized CdTe as compared to 400 meV in bulk semiconductors. These relative 

alignments as a function of size are important in understanding the optical properties of 

core/shell heterostructures that subsequently determines the efficiencies of various absorption 

and emission based devices. 
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Figure 3.5. (a) Typical absorption and PL spectra of the 3.8 nm Cu doped II-VI semiconductor QDs 

showing a shift in the Cu related emission position. Universal curve to study the relative alignment of 

band offsets as a function of size in various semiconductors for the CB (b) and the VB (c). The solid 

line represents the TB theoretical data (Ref [11]).  
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Figure 3.6. (a) and (b) Relative band alignment of various II-VI semiconductors as a function of size 

for the CB and VB respectively. The solid line represents the TB theoretical data (Ref [11]) while the 

open circles represent the photoemission spectroscopy, PES data obtained from literature.[15, 19, 52, 53] 
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3.5. Conclusions: 

We have shown that it is indeed possible to dope CdSe QDs with Cu and obtain the Cu related 

emission. We have used Cu doping to study the variation of CB and VB as a function of size 

in the QDs using CdSe as a model system. This study has been further extended to different 

sizes of other semiconductors leading to the relative band alignment in QDs for the first time. 

Thus, we show that by appropriately studying the mechanism of the Cu related emission it is 

possible to dope Cu in any QD and study the bulk electronic structure of the QD using Cu d 

level as an internal standard. 
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4.1. Abstract:  

Heterostructure QDs are extensively studied for their performance in optoelectronic and 

photovoltaic applications. Central to the success of these materials is the understanding of the 

photo-generated charge carrier localization. In spite of the theoretically expected prediction of 

the band edges of alloy or core/shell with a type I or type II structure, the actual location of the 

charges is often quite different leading to sub-optimal results.  In this work, we have used Cu 

doping and its PL to study the internal structures ranging from alloys, core/shell and graded 

alloy structure. We have also studied the charge localization on inverse type I, type II and quasi 

type II core-shell structures. Specifically, the adeptness of this method has been assessed over 

a range of widely studied heterostructures like CdSe/CdS, CdS/CdSe, CdSe/CdTe, Zn1-xCdxSe 

and Zn1-xCdxS QDs systems by doping them with a small percentage of Cu. The electron and 

hole localization obtained from this method concurs with the pre-existing understanding in 

cases that have been explored before. We have also shown the dependence of core size for 

CdSe/CdTe QDs for the formation of quasi type II system.  We have then extended this method 

to obtain the internal structure in previously unknown heterostructures proving the usefulness 

of this method.  

4.2. Introduction: 

QD heterostructures has been an integral part of the development of nano devices for use in 

optoelectronic applications. High PL efficiencies suitable for light emitting diodes,[1] and 

photo-voltaic materials suitable for solar cell applications[2, 3] have been attained not only by 

appropriate alignment of band edges but also due to a multitude of other factors like smooth 

alloying to reduce Auger recombination,[4]  appropriate surface passivation[5] and so on.  

Additionally, due to high temperature annealing during synthesis and the strains involved in 

the formation of these heterostructures the theoretically planned structure is rarely formed.  The 

challenges involved in realizing a high-quality material to maximize the efficiency of either 

the charge separation or recombination processes can be two-fold. Firstly, the band offset 

values have been obtained largely in bulk semiconductors and the actual band edges for sizes 

within the quantum confined regime may be different. The electronic structure prediction of 

these heterostructures is not straight forward when it comes to nano regime as their band offset 

values may not be similar to bulk values. In addition to a few theoretical reports, [6-8] 



4. Electronic Structure of Heterostructure QDs 

 

66 
 

experimental techniques such as variable energy photoemission [9], scanning tunneling 

spectroscopy[10] and cyclic voltammetry [11, 12] were used to study the electronic structure of  a 

few QD heterostructures. However, these measurements require ultrahigh vacuum, especially 

variable energy photoemission and scanning tunneling spectroscopy, rendering the 

measurements non-trivial and time consuming. Moreover, charging of the semiconductor 

QDs[11] in all these techniques poses an important shortcoming in terms of determining the 

shift in CB or VB positions. Ultrafast transient absorption spectroscopy was also utilized to 

find the type of band alignment in CdTe/CdSe[13] and CuInS2/CdS[14] core-shell QDs. 

However, the absolute positions of these QDs were not determined using this technique.  

Secondly, due to the quantum confinement in these materials, several other factors like defect 

and strain energies also influence the localization effects on the photo-generated charge carrier.  

Hence an in-situ probe to study the internal structure would be very useful in obtaining high 

quality heterostructures suitable for the given application.    

A precise in-situ probe identifying the CB and VB positions using the location of the 

charge carrier in various Cu doped II-VI and III-V semiconductors has been shown in Chapter 

3 to effectively predict band edge variations. This method was shown to be in good agreement 

with both theoretical and other experimental results. Zhang et al. have also shown that Cu PL 

can be used as an internal probe for determining the CB and VB positions of semiconductor 

QDs as a function of size. [15] The importance and novelty of this method in finding the absolute 

band edge positions is also highlighted in a recently published review on Cu doped QDs.[16] 

The advantages of using this method include the ease of operation under atmospheric 

conditions using simple optical measurements like absorption and PL. The presence of internal 

standard like the atomic-like level of Cu allows the direct determination of PGE energy from 

the Cu PL maximum and the PGH energy can be obtained by deducing the band gap energy 

from Cu PL maximum.  However, the major bottleneck for the use of this method arises from 

a synthesis perspective. Although Cu doping in II-VI and III-V semiconductors has been 

extensively studied, there are not many reports on Cu doping in QD heterostructures. This 

could be due to the need to maintain lower temperatures to retain Cu within the QD[17]  while 

high temperature annealing for extended period of time is necessary for the formation of high 

quality heterostructures.[18]  In this chapter, we have shown that by appropriate use of ligands 

as well as suitable variation of temperatures, it is possible to attain both high quality 
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heterostructures along with Cu doping for a range of heterostructures. We have used these Cu 

doped heterostructures to understand the charge localization in a range of heterostructure QDs 

including type I, type II, inverse type I, quasi type II QDs along with alloys and alloy shell 

heterostructures using Cu emission and absorption spectra. The validity of this measurement 

over a wide range of materials proves the generality of this approach. 

4.3. Experimental section: 

4.3.1. Materials:  

CdO, Se shots, Te shots, S powder, oleic acid (90 %), oleylamine (70 %), ODE (90 %) and 

TOP (90%) were purchased from sigma-Aldrich. Hexane, methanol, chloroform and acetone 

were purchased from Merck. Copper (II) acetate monohydrate and stearic acid were purchased 

from SD Fine chemicals. TMAH (98%) was purchased from Spectrochem. All the purchased 

chemicals were used without any further purification. 

0.2 M Cadmium Oleate was prepared by degassing a mixture of (0.32 g of CdO), oleic 

acid (6.18 g) and ODE (9 mL) at 80 oC for one hour prior to heating it to above 250 °C to 

obtain a colourless solution. 0.09 M cadmium oleate (for synthesis of CdSe QDs) was prepared 

by reducing the amount of oleic acid to 2.68 g in the above procedure.  

1 M TOPSe, 0.1 M TOP/Te and 0.2 M S/ODE were prepared by dissolving 0.79 Se in 

10 mL of TOP, 0.13 g of Te in 10 mL of TOP and 32 mg of S in 5 mL of ODE in Ar. Copper 

stearate was synthesized and purified similar to literature reported procedure.[17] 

4.3.2. Synthesis of Cu doped CdSe/CdS QDs: 

These QDs were synthesized by first synthesizing Cu doped CdSe QDs using similar to method 

followed in Chapter 3. The Cu doped CdSe QDs were purified by washing once with hexane-

methanol mixture and then precipitated by adding excess of acetone. The over coating of CdS 

shell was achieved by SILAR technique.[18, 19] The purified QDs were mixed with 5 mL of 

ODE and 5 mL of oleylamine and degassed for 10 minutes at room temperature. The reaction 

mixture was then heated to 200 oC-230 oC under Ar flow. At this temperature, Cd precursors 

followed by S precursors were injected into the reaction mixture and the aliquots were 
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collected after the completion of every cycle of Cd and S additions. 0.15 mL, 0.25 mL, 0.35 

mL, 0.5 ml, 0.65 mL and 0.8 mL of 0.2 M cadmium oleate and S/ODE precursor solutions 

were added in subsequent cycles for CdS shell growth. The sample was annealed for 10-15 

minutes after every Cd addition and 5-8 minutes for every S addition. The undoped CdSe/CdS 

QDs were synthesized exactly in the same way excluding the Cu addition step.   

4.3.3. Synthesis of Cu doped CdS/CdSe QDs:   

These QDs were synthesized by first synthesizing Cu doped CdS QDs using the methods 

followed in Chapter 3.  Briefly, A 4 g of ODE solution which contains 0.0128 g (0.1 mmol) 

of CdO and 0.22g of oleic acid was degassed for one hour at 80 oC and then backfilled with 

Ar. The temperature of the reaction mixture was raised to 290 oC-300 oC and the S precursor 

(1.6 mg S/0.5 mL ODE) was injected into it to form CdS QDs. The temperature was 

immediately reduced to 150 oC and the Cu precursor solution (4-5 mg of copper stearate /1 mL 

of ODE) was added drop-wise and annealed for 2 hours. After this, CdSe over coating was 

achieved by SILAR technique.[20] The reaction mixture was heated to 200 oC under Ar flow 

just after the addition of 0.2 mL of oleylamine. At this temperature, Cd precursors followed by 

Se precursors were injected into the reaction mixture and the aliquots were collected after the 

completion of every cycle of Cd and S additions. 0.09 mL, 0.14 mL, 0.20 mL, 0.25 mL, 0.33 

mL, 0.42 mL and 0.50 mL of 0.2 M cadmium oleate and TOP/Se solutions were added 

subsequently for CdSe overcoating. The sample was annealed for 10 minutes after every Cd 

addition and 6 minutes after every Se addition.   

4.3.4. Synthesis of Cu doped CdSe/CdTe QDs with 2.5 nm and 3.4 nm CdSe cores: 

First, Cu doped CdSe QDs were prepared as similar to mentioned above. 2.5 mL of cadmium 

oleate, 0.5 mL of TOPSe, 5 mL of ODE and 8-9 mg of copper stearate were used in the 

synthesis of Cu doped CdSe QDs. The synthesis of 2.5 nm and 3.4 nm CdSe QDs was carried 

out at 180 oC and 250 oC respectively. SILAR technique was used for overcoating of CdTe 

shell.[3] The purified QDs were mixed with 6 mL of ODE and 4 mL of oleylamine and degassed 

for 10 minutes at room temperature. The reaction mixture was then heated to 190 oC under Ar 

flow. At this temperature, the reaction mixture was annealed for 6-7 minutes after the first Cd 

addition. Later, TOP/Te precursor was added and the reaction temperature was immediately 
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raised to 230 oC and then annealed for 5 minutes followed by second addition of Cd precursor. 

The subsequent additions of Cd and Te precursors continue till the desired size is obtained. 0.2 

mL, 0.35 mL, 0.4 mL, 0.6 mL, 0.8 mL and 1 mL of 0.1 M cadmium oleate and TOP/Te 

solutions were added subsequently for the growth of CdTe.  

4.3.5. Synthesis of Cu doped Zn1-xCdxSe alloy QDs: 

These QDs were synthesized similar to literature reported methods.[21] 0.063 g (0.1 mmol) of 

zinc stearate, 0.5 g of octadecylamine and 10 mL of ODE were taken in a 50 mL three necked 

flask and degassed at 40 °C for 1 hour and then backfilled with Ar. 1 mL of 2.4 M TBP/Se was 

injected into Zn2+ solution and the temperature was raised to 180 °C-190 oC. The formation of 

ZnSe QDs was confirmed by recording their absorbance and PLspectra. This was followed by 

the dropwise addition of 6 mg copper stearate/1 mL ODE. The doping of Cu into ZnSe QDs 

was monitored by the PL spectroscopy. After the Cu-PL was stabilized, 0.12 g Zinc 

undecylenate/2 mL ODE was injected in a drop wise manner and the temperature was raised 

to 200 °C and annealed for 4 hours, leading to further growth in the QD size. The undoped 

QDs were also synthesized in a similar way except the amount of octadecylamine was 0.2 g 

without introducing Cu2+ ions into the reaction flask.  

After that, 1 mL of 0.2 M cadmium oleate was added drop-wise over a period of one hour. 

Aliquots were collected at regular intervals and the PL and absorbance spectra were monitored. 

4.3.6. Synthesis of Cu doped Zn1-xCdxS QDs: 

0.063 g (0.1 mmol) of zinc stearate and 0.012 g of S powder were mixed with 10 mL of ODE 

and the reaction mixture was degassed for one hour followed by back filling with Ar gas. The 

reaction mixture was then heated to 270 oC and annealed for 5 minutes. The temperature was 

reduced to 220 oC where Cu precursor solution (1 mg of copper stearate in 1 mL ODE) was 

added drop-wise to the reaction mixture and annealed for 30 minutes. Once the Cu PL was 

stabilized, 0.12 g of  Zinc undecylenate  in 1.5 mL ODE was added drop-wise to the reaction 

mixture and annealed for two hours, leading to further growth in QD size. After that, 1.5 mL 

of 0.2 M cadmium oleate was added drop-wise over a period of one hour. Aliquots were taken 

at regular intervals and dissolved in hexane for the absorption and PL studies.  

 

 

https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwi1xZCGmq3QAhXMt48KHVJnCd4QFggmMAE&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F329584&usg=AFQjCNHHgW6GH8sEfQEGq_9GmOBTP2W_wA&sig2=FdE1UBFz6PDHfaUtP0HINQ&bvm=bv.138493631,d.c2I
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4.4. Results and discussion: 

 

Figure 4.1. (a) The XRD patterns of Cu doped core CdSe QDs and the corresponding Cu doped 

core/shell CdSe/CdS QDs along with the bulk XRD patterns of CdSe and CdS and (b) the TEM image 

of Cu doped CdSe/CdS QDs with 4.7 nm size. The inset of (b) shows the corresponding high resolution 

TEM image.   
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One of the most widely studied heterostructures in literature is the CdSe/CdS core/shell QDs 

with a thin as well as thick shell.[1, 18, 19]  Theoretically, the structure of CdSe/CdS is expected 

to be type I structure from the bulk band edges wherein both the charge carriers are localized 

in CdSe core. However, since the earliest reports of the formation of these QD 

heterostructures,[19] along with an increase in PL QY, we also observe a decrease in the band 

gap as a function of shell thickness which is unexpected in ideal type I heterostructures. Charge 

carrier delocalization beyond the traditional boundaries of the core and/or shell is well known 

in literature due to change in material composition as well as energetics.  In the current case, 

this red shift was observed in many literature reports[18, 19] and first principles calculations[6] 

show the quasi type II nature of CdSe/CdS QDs where the electron is delocalized into CdS 

shell as a result of small CB offset. However, this quasi type II character does not completely 

explain the observed optical behavior. In order to predict the optical behavior in 

heterostructures, it is crucial to understand the internal structure of these QDs. To study the 

internal structure, we prepared Cu doped CdSe/CdS heterostructure QDs. The formation of 

CdS shell over CdSe core is confirmed from XRD as well as the growth observed from TEM 

images as shown in Figure 4.1. It is well known that it is not possible to differentiate the 

presence of a core and shell material even from high resolution TEM images. Hence, we 

studied the optical properties of both undoped and Cu doped QDs and typical absorption and 

PL spectra for the undoped and doped QDs for varying shell thicknesses are shown in Figure 

4.2(a) and Figure 4.2(b) respectively. The red shifted emission and the long lifetime of this 

emission (shown in Figure 4.3) confirms the origin of the emission peak in Cu doped QDs as 

due to radiative recombination of CB electron with Cu d level.[21]  

This Cu PL energy is indicative of the energy of the PGE while the difference between 

band gap and the Cu PL energy is indicative of the PGH energy.  In order to avoid confusion, 

in the entire chapter we discuss the energy of PGE and PGH rather than the CB and VB. The 

variation of energy of the PGE (red open circles) and the PGH (black open circles) of 

CdSe/CdS with increasing CdS shell thickness are compiled in Figure 4.2(c). The dotted lines 

in this figure show the variation of CB (red dashed line) and VB (black dashed line) of CdSe 

QDs within the same size regime. 
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Figure 4.2. (a) and (b) show the absorption and PL spectra of undoped and Cu doped CdSe/CdS QDs 

respectively. λex=405 nm. (c) The variation of energies of PGE (red open circles) and PGH (black open 

circles) of CdSe/CdS QDs with increasing the CdS shell thickness. The dashed lines indicate the 

variation of energies of PGE (red) and PGH (black) of CdSe QDs. The insets of (c) shows the bulk 

band alignment of CdSe/CdS.   

The decrease in energy of the PGE is very similar to the variation of the CB of CdSe 

for thinner shells of CdS suggesting that the electron experiences an increase in overall size of 

QD with almost similar potential to that of CdSe with increasing CdS shell thickness.  This, in 

turn, implies a delocalization of the PGE into the CdS shell due to small CB offset in CdSe and 

CdS QDs supporting the quasi type II nature of CdSe/CdS predicted in literature.[6, 19] However, 

surprisingly, two aspects that cannot be explained using the quasi type II nature is the relative 

flattening of the PGE energy at thicker shells of CdS as well as small increase in the energy of 

the PGH for thinner shells.  In this context, it is interesting to note that extended annealing in 

this CdSe/CdS structure can give rise to a graded alloy at the interface. The thickness of this 

alloy at the interface from these studies can be found to be about one monolayer thick. Similar 

alloy interface was also predicted due to indirect evidence of decrease in Auger-recombination 

rates in CdSe/CdS QDs[22]. The presence of a graded alloy at the interface would gradually 
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blend the band edges of CdSe and CdS. Due to smaller energy difference between the CB 

edges of CdSe and CdS, the PGE would delocalize into the entire region while the PGH 

delocalizes into a much smaller shell region, possibly only into the alloy region at the interface.  

Hence, we observe a small increase in the energy levels of PGH and larger decrease in the PGE 

energies. This is also in accordance with literature[4] wherein the presence of a deliberately 

manicured sharp interface between CdSe/CdS shows a smaller red shift in the PL (~ 0.27 eV) 

compared to a graded alloy interface (up to ~ 0.34 eV) of same total size, proving the power 

of this technique. 

 

Figure 4.3. TrPL spectra of Cu doped CdSe and Cu doped CdSe/CdS QDs with increasing CdS shell 

thickness. λex=405 nm.  

We have then extended this technique to study the internal structure of the inverse type 

I CdS/CdSe structure. The overcoating of CdSe on Cu doped CdS QDs leads to red shift in 

both band gap and Cu PL as shown in Figure 4.4(a) and Figure 4.4(b) respectively. The 

variations of PGE and PGH energies are plotted in Figure 4.4(c) while the bulk band offset is 

shown in the corresponding inset. The PGE energy is shifted by 210 meV when a 0.25 nm 

thick CdSe shell is overcoated on 3.0 nm CdS QDs, while the PGH energy is shifted by 670 

meV.  These shifts are comparable to the corresponding bulk CB offset of 140 meV and VB 

offset of 410 meV.  Additionally, the PGH energy becomes constant at higher shell thickness 
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suggesting the localization of both PGH and PGE within CdSe shell with increasing shell 

thickness. The efficiency of the hole transfer to the shell is slightly higher than that of the 

electron due to the large VB offset of the component materials. Thus, CdS/CdSe QDs form 

inverse type I structure even in quantum confined regime similar to bulk alignment.  

 

Figure 4.4.  (a) and (b) are the absorption and PL spectra of Cu doped CdS/CdSe QDs. λex=405 nm. 

(c) The variation of energies of PGE (red open circles) and PGH (black open circles) of CdS/CdSe 

QDs with increasing the CdS shell thickness. The inset of (c) shows the bulk band alignment of 

CdS/CdSe. 

The versatility of this technique was explored by extending our study to type II 

CdSe/CdTe QDs semiconductor. We have first studied Cu doped CdSe/CdTe QDs with 3.4 

nm CdSe core. The absorption spectra of these QDs gets red-shifted with increasing shell 

thickness as shown in Figure 4.5(a) whereas the PL spectral position is unchanged with 

increasing shell thickness as shown in Figure 4.5(b). The longer lifetime of this emission 

(shown in Figure 4.5(c)) confirms the origin of the emission peak in Cu doped QDs as due to 

radiative recombination of CB electron with Cu d level.  
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Figure 4.5. Characterization of Cu doped CdSe/CdTe QDs with 3.5 nm CdSe core. (a) The absorption 

spectra, (b) the PL spectra and (c) the TrPL spectra of Cu doped CdSe and CdSe/CdTe QDs. All the 

PL and TrPL spectra were obtained by exciting the samples at 405 nm (λex=405 nm). 

Figure 4.6 shows the variation of PGE and PGH as a function of shell thickness. From 

the figure, it is evident that the PGE energy is almost constant with increasing CdTe shell 

thickness while the PGH energy increases with increasing shell thickness consistent with the 

expected type II nature of the interface.  Specifically, we observe the localization of electron 

within core while the hole is getting localized into the shell with increasing shell thickness.  
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Figure 4.6.  The variation of energies of PGE (red open circles) and PGH (black open circles) of 

CdSe/CdTe QDs with 3.4 nm CdSe core with increasing shell thickness. The inset shows the bulk band 

alignment of CdSe/CdTe.    

Theoretically, it was shown that these type II QDs show quasi type II nature for a thin 

shell on top of a small core (< 4 nm).[8] However, it is well known though these effective mass 

based theoretical calculations are known to be qualitatively correct, quantitative values may 

not be experimentally correct. Hence though the recommended core size is lower than 4 nm, 

we observe type II alignment even for CdSe/CdTe QDs with a 3.4 nm CdSe core. However, 

we have studied the effect of core size on the electronic structure of type II QDs by synthesizing 

CdSe/CdTe QDs with a smaller (2.5 nm) CdSe core. The optical spectra of the CdSe/CdTe 

QDs (with 2.5 nm core) with increasing shell thickness are shown in Figure 4.7.  
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Figure 4.7. Characterization of Cu doped CdSe/CdTe QDs with 2.5 nm CdSe core. (a) The absorption 

spectra, (b) the PL spectra and (c) the TrPL spectra of Cu doped CdSe and CdSe/CdTe QDs with 

increasing shell thickness. All the PL and TrPL spectra were obtained by exciting the samples at 405 

nm (λex=405 nm). 

3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4

2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8

0 100 200 300 400 500 600
0.01

0.1

1

CdTe shell

thickness

Cu CdSe

A
b

so
rb

a
n

ce

Energy (eV)

CdTe shell

thickness

(a)

(b)

(c)

N
o

rm
. 

In
te

n
si

ty

Energy (eV)

Cu CdSe

CdTe shell

thickness

TrPL at Cu PL maxima

Cu CdSe

In
te

n
si

ty
 (

a
.u

.)

Time (ns)



4. Electronic Structure of Heterostructure QDs 

 

78 
 

 

Figure 4.8.  The variation of energies of PGE (red open circles) and PGH (black open circles) of 

CdSe/CdTe QDs with 2.5 nm CdSe core with increasing shell thickness. The inset shows the bulk band 

alignment of CdSe/CdTe.   

Figure 4.8 shows the variation of PGE and PGH energies as a function of shell 

thickness. Interestingly, the PGE energy decreases with increasing CdTe thickness until the 

overall size of core-shell QDs reaches approximately 5 nm and thereafter remains constant. 

The variation of PGH energy is similar to the earlier case and is monotonously increasing with 
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increasing shell thickness. The continuous increase in PGH energy with increasing CdTe shell 

thickness is a consequence of hole localization into CdTe shell. The initial decrease in electron 

energy indicates the electron delocalization into CdTe shell which suggests that smaller cores 

with thinner shells are consistent with a quasi type II structure. Further increase in shell 

thickness leads to a regular type II structure. 

To further explore the widespread applicability of this technique, we have studied the 

internal structure of alloy QDs. Zn1-xCdxSe characterized from TEM shows no change in size 

while the XRD shows a shift in the peaks from bulk ZnSe to bulk CdSe like structure with the 

incorporation of Cd confirming the formation of alloys as shown in Figure 4.9.   

 

Figure 4.9. Characterization of Cu doped Zn1-xCdxSe alloy QDs. (a) The XRD patterns of alloy QDs 

with increasing Cd composition. (b) The TEM image of core Cu doped ZnSe QDs and (c) that of alloy 

QDs with 90% Cd incorporation. 
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Both the band gap and PL energy of undoped QDs decreases with increase in Cd 

composition in the alloy QDs (Figure 4.10(a)). The corresponding Cu doped counter parts 

show the dominant Cu emission in the PL spectra as shown in Figure 4.10(b).  

 

Figure 4.10. The absorption and PL spectra of (a) undoped and (b) Cu doped Zn1-xCdxSe alloy QDs 

with increasing Cd composition.  

Figure 4.11(a) shows the variation in PGE and PGH energies with increase in Cd 

composition in the QDs. The band gap variation is dominated by decrease in the PGE energy 

with increase in Cd composition whereas PGH energy is largely constant. This can be 

understood as a result of higher CB offset than VB offset in ZnSe/CdSe system in bulk as 

shown in the inset of Figure 4.11(a).  
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Figure 4.11.  (a) The variations of energies of PGE (red open circles) and PGH (black open circles) 

of Zn0.98-xCdxCu0.02Se QDs with increasing Cd composition. (b) The variations of energies of PGE (red 

circles) and PGH (black circles) of Zn0.98-xCdxCu0.01S QDs of 2.8 nm (closed circles) and 4.2 nm (open 

circles) ZnS core QDs with increasing Cd composition. The insets of (a) and (b) show the bulk band 

alignments of ZnSe/CdSe and ZnS/CdS respectively.    

Similar studies on the internal structure of Zn1-xCdxS alloy QDs for two different sizes 

are shown in Figure 4.11(b). The absorption and PL spectra of undoped and Cu doped Zn1-

xCdxS alloy QDs are shown in Figure 4.12. Similar to the case of Zn1-xCdxSe alloy QDs, the 

PGE energy deceases with increase in Cd composition of Zn1-xCdxS alloy QDs whereas the 

PGH energy remains constant. This variation is a consequence of bulk band alignment of 

ZnS/CdS (inset of Figure 4.11(b)). Further with a decrease in size of ZnS core, we observe a 

smaller shift in the PGH energy compared to the PGE energy consistent with the variation of 

band edges as a function of size in ZnS QDs.  
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Figure 4.12. The absorption and PL spectra of (a) undoped and (b) Cu doped Zn1-xCdxS alloy QDs with 

increasing Cd composition. 

However, surprisingly, we observe a sudden increase in PGH energy at higher Cd 

composition of Zn1-xCdxS alloy QDs as shown in Figure 4.11(b). This could be due to 

formation of a thin shell during the addition of Cd precursor resulting in an increased size of 

the QDs and hence a decreased quantum confinement.  However, the size of QDs as obtained 

from TEM was found to increase from 4.2 nm to 4.6 nm only as seen from Figure 4.13(b) and 

Figure 4.13(c), which is within the error limit of the measurement.  
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Figure 4.13. Characterization of Cu doped Zn1-xCdxS alloy QDs. (a) The XRD patterns of alloy QDs 

with increasing Cd composition. (b) The TEM image of core Cu doped ZnS QDs and (c) that of alloy 

QDs with 75% Cd incorporation.  

So, we have modified the synthetic conditions by swiftly adding all Cd2+ precursor and 

annealing the reaction mixture for similar period of time as in previous case to observe a thicker 

shell formation. TEM images before and after this addition of Cd are shown in Figure 4.14(a) 

and 4.14(b) respectively clearly showing an increase from 4.2 nm to 5.7 nm in the size of QDs. 

These QDs also show enhanced Cu PL compared to the alloy QDs of similar band gap as 

shown in Figure 4.14(c) suggesting the formation of ZnS shell rather than CdS shell (type I 

alignment). The etching experiments on Cu doped ZnxCd1-xS QDs (Figure 4.15) shows the 

decrease in their Zn composition from 33% to 15% after etching the surface of QDs further 

reinforcing the ZnS rich shell formation.  
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Figure 4.14.  (a) and (b) show the TEM images of 4.2 nm core Cu doped ZnS QDs and the 

corresponding final QDs obtained by swift addition of Cd2+ precursor. (c) The absorption and PL 

spectra of Cu doped alloy QDs which were obtained by slow and swift addition of Cd2+. 
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Figure 4.15. The absorption spectra of Zn0.33Cd0.66Cu0.01S QDs before and after etching of their surface 

with hydrogen peroxide.  

These alloy/ZnS core-shell QDs (closed circles) show higher band gap than the Zn1-

xCdxS alloy QDs (open circles) for a given Cd composition as shown in Figure 4.16(a). To 

understand the origin of this increase in band gap, we have compared the variation of PGE and 

PGH energies of both alloy QDs and alloy/ZnS core-shell QDs as a function of Cd composition 

as shown in Figure 4.16(b). The PGE energy variation remains similar in both cases while the 

PGH energy decreases faster in alloy-shell QDs compared to the alloy only QDs. This proposes 

the localization of the PGE within the alloy core while the PGH is delocalized in the entire 

alloy core and ZnS shell due to smaller VB offset between the alloy and ZnS.  
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Figure 4.16. (a) The band gap variations of alloy QDs and alloy/ZnS core-shell QDs with varying Cd 

composition.  (b) The variation of energies of PGE (red circles) and PGH (black circles) of Zn0.98-

xCdxCu0.01S alloy (open circles) and alloy/ZnS core-shell (closed circles) QDs as a function of Cd 

composition.    

4.5. Conclusions: 

We have studied the internal structure of CdSe/CdS, CdS/CdSe, CdSe/CdTe, Zn1-xCdxSe and 

Zn1-xCdxS QDs by doping Cu. In case of CdSe/CdS QDs, the PGE delocalizes over the entire 

QD while the PGH delocalization is restricted to the alloy interface. The CdTe overcoating on 

CdSe core QDs of larger size results in formation of type II CdSe/CdTe QDs whereas it leads 

to the formation of quasi type II structure for smaller core sizes qualitatively consistent with 

the theoretical predictions. We have also shown that this method can be useful in studying the 

internal structure of previously unknown heterostructures like Zn1-xCdxS/ZnS alloy-shell QDs. 

Thus, having successfully predicted the internal structure of a wide range of heterostructures, 

this method can be widely applied to study heterostructure interfaces and hence correlate their 

properties to the corresponding structures.  
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5.1. Abstract:   

Temperature dependence of band gap is well known in bulk semiconductor literature.  

However, there are only a few studies on variation of band gap in QDs and none of them 

characterize the variation of band edges.  Here, in this chapter, we report the variation of band 

gap, CB and VB edges of CdS and CdSe QDs as a function of temperature and size, utilizing 

Cu dopant emission as an internal probe. We found that band gap variation is similar to that of 

bulk but with a higher average phonon energy. The band edge variation is characterized by a 

dominant CB shift for larger sizes with decreasing temperature while the smaller size QDs 

show the variation in both CB and VB. Further, we have also utilized this method to study the 

binding energy of the trap states as a function of temperature using Cu PL QY and average 

lifetime of Cu PL.  

5.2. Introduction: 

Semiconductor QDs, due to their size dependent optical properties and electronic structure, 

have a crucial role in today’s science. One of the many manifestations of this size dependent 

properties is the variation of band gap as a function of size due to quantum confinement.[1] The 

corresponding variation of CB and VB has been extensively theoretically[2] studied in literature 

and experimentally[3, 4] discussed in the earlier chapters of this thesis as well as in literature, 

even though the literature experimental techniques suffer with a few limitations. The second 

extensively studied effect of quantum confinement is the surface passivation and the ligand-

host chemistry. This extensive attention is reasonable due to the possibility of a wide range of 

optoelectronics and non-linear optical device applications, in addition to its fundamental 

importance to physical chemistry. However, one of the most fundamental physical chemistry 

problem that has not received considerable attention is the temperature dependence of the band 

gap, the corresponding band edges which is a basic material specific property. In bulk 

semiconductors, the temperature dependence has been attributed primarily to the electron 

phonon interactions and to a smaller extent to the thermal expansion of the lattice. The 

temperature dependence study is important not only from a fundamental perspective of 

understanding the role of electron-phonon interaction and phonon dispersion in band gap 

tuning but is also of practical importance given that semiconductor devices are intended to 

operate within a large temperature range. With the advent of nanotechnology, fundamental 
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understanding of optical and transport properties arising out the enhanced electron-phonon 

interactions has received further attention. The band gap of QDs was shown to decrease with 

increasing temperature which can be directly measured using absorption techniques.[5]   

Another factor that plays an important role in the efficiency of any QD application is 

the efficiency of the surface ligands. Most of the properties of QDs are due to the kinetically 

stabilized states, driven largely by the surface ligands and the thermodynamics of electron and 

hole passivation at different temperature and is crucial for the adeptness of their corresponding 

devices.  There are extensive temperature dependent studies on semiconductor  QDs such as 

the temperature dependent exciton lifetimes[6] which gives information regarding the dark and 

bright excited states, the mechanism for PL enhancement in core-shell QDs with decreasing 

temperature[7] and so on. To the best of our knowledge, however, there are no experimental or 

theoretical studies of variation of CB and VB. Theoretically, even though extensive 

calculations on electronic structure properties have been studied, most ab-initio calculations 

are carried out at T = 0 K and finite temperature effects are neglected as they are quite 

cumbersome.[8] Experimentally, only recently techniques such cyclic voltammetry,[9, 10] 

photoemission spectroscopy,[4, 11] X-ray absorption spectroscopy[12] and scanning tunneling 

spectroscopy[13] have been introduced to study the variation of band edges and variation of 

temperature in these methodologies is non-trivial.  Hence so far, there is no reported literature, 

to the best of our knowledge, on temperature dependence of CB and VB.   

One of the simple and efficient ways reported for determining the band edge positions 

was by using Cu dopant emission as an internal probe as discussed in the earlier chapters. Cu 

dopants introduce an atomic like state in between CB and VB of host QDs and the Cu emission 

occurs due to the recombination of electron present in CB with the hole present in Cu d level. 

Hence, the CB position can be directly obtained from Cu emission maxima. The VB position 

can be obtained by subtracting the Cu emission maximum value from the band gap. This 

method is shown to be efficient in determining the variation of CB and VB of II-VI 

semiconductor QDs and other heterostructure QDs as a function of size. In this chapter, we 

have performed a temperature dependence study of band gap and band edges using Cu 

emission as an internal probe for varying sizes of CdS and CdSe.  Further, in this chapter, we 

have explored the activation energy of the electron and hole trap passivation using temperature 
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dependent studies of Cu PL QY variation and the average lifetime of Cu emission for both CdS 

and CdSe QDs. 

5.3. Experimental section: 

5.3.1. Materials: 

CdO, stearic acid and copper (II) acetate monohydrate were purchased from S D Fine 

chemicals. Oleic acid (90%), ODE (90%) and TOP (90%), S powder and Se pellets were 

obtained from Sigma Aldrich. TMAH (98%) was obtained from Spectrochem.  All purchased 

chemicals were used without further purification. HPLC hexane, acetone and methanol were 

purchased from Merck. 

Copper stearate was synthesized and purified similar to the literature reports published 

previously.[14]  Briefly, copper acetate was dissolved in methanol and added dropwise to a flask 

containing TMAH and oleic acid to obtain precipitates of copper stearate that was thoroughly 

washed with methanol and acetone.  Cadmium oleate was prepared by heating a mixture of 

0.32 g of CdO, 2.68 g of oleic acid and 9 mL of ODE to a higher temperature (∼200 °C) in the 

Ar atmosphere until the reaction mixture becomes colorless. 1M TOPSe solution was prepared 

by dissolving 0.79 g of Se in 10 mL of TOP in glove box. 

5.3.2. Synthesis of Cu doped CdS QDs: Various sizes of Cu doped CdS QDs were 

synthesized by following methods reported in Chapter 6. Briefly, the synthesis of CdS QDs 

was carried out by degassing a mixture of CdO (0.2 mmol), oleic acid (0.6-2.0 mmol) and ODE 

in a three necked flask in vacuum and backfilling with Ar.  To this solution, 0.1 mL of TOP 

was injected at 80 oC in argon atmosphere followed by the injection of 0.5 mL of 0.2 M S in 

ODE solution at 300 o C. This solution was immediately cooled down to 150 oC to avoid the 

further growth of CdS QDs. To this solution, 8 µmoles of copper stearate  solution of ODE (1 

mL) was added and the reaction mixture was annealed for several hours to obtain the Cu doped 

CdS QDs. Samples were washed with hexane methanol mixture and precipitated using acetone.  

5.3.3. Synthesis of undoped and Cu doped CdSe QDs: Various sizes of Cu doped CdS 

QDs were synthesized by following reported methods.[15] Briefly, 1.25 mL of 0.1 M cadmium 

oleate and 5 mL of ODE were degassed in a three necked flask and heated to 180˚C. 0.25 mL 
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of 1M TOPSe was injected at 180 ˚C in argon atmosphere and annealed for a minute to form 

CdSe QDs. The reaction was cooled down to 140 ˚C and copper stearate  solution (20 mmol of 

copper stearate in 2 mL of ODE) was added drop wise and annealed for 20 mins.  In the 

undoped case, instead of the copper stearate  solution of ODE, only ODE was added as blank 

and was annealed for similar periods of time. Samples were washed with hexane methanol 

mixture and precipitated using ethanol.  To obtain the bigger sizes, reaction mixture was heated 

to higher temperature after 20 minutes with additional injection of Cadmium oleate. The 

undoped QDs were synthesized in the similar way just by excluding the Cu precursor addition 

step. Samples were washed with hexane methanol mixture and precipitated using acetone. 

5.4. Results and discussion: 

 

Figure 5.1. The variation of (a) PLE spectra, (b) PL spectra of 5.5 nm undoped CdS QDs as a function 

of increasing temperature. The spectra correspond to the temperature varying from 80 K (black color) 

to 300 K (cyan color) with intervals of 20 K. 
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Figure 5.1(a) shows the variation of PLE spectra of 5.5 nm CdS QDS as a function of 

temperature along with the absorption spectra at room temperature while the PL spectra are 

shown in Figure 5.1(b). The PLE spectra and the PL spectra show red-shift of the absorption 

edge as well as band edge emission with increase in temperature similar to that observed in the 

literature. This can be largely explained by the stronger exciton-phonon coupling at higher 

temperatures.[16, 17] The intensity of PL spectra decreases with increase in temperature due to 

the activation of trap states at higher temperatures.[18, 19] The normalized integrated intensity 

of the band edge emission for different sizes of CdS and CdSe QDs[15] is shown in Figure 5.2 

as a function of 1/T.   

 

Figure 5.2. The variation of normalized BE PL area as a function of 1/T (where T=temperature) for 

(a) undoped CdS QDs and (b) undoped CdSe QDs for different sizes.   
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From the figure, it is evident that the trap state passivation cannot be explained by a 

simple Arrhenius type behavior. This is not surprising as the trap state passivation is related to 

the bonding efficiency of various passivating agents as well as the dynamics of both the 

electron and hole traps. Hence it is evident that one needs to separately probe the variation of 

electron trap passivation and hole trap passivation. 

 

Figure 5.3. The variation of (a) PLE spectra, (b) PL spectra of 4.8 nm Cu doped CdS QDs as a function 

of increasing temperature. The spectra correspond to the temperature varying from 80 K (black color) 

to 300 K (cyan color) with intervals of 20 K.  
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PL spectra for the 4.8 nm Cu doped CdS are shown in Figures 5.3(a) and 5.3(b) respectively. 

PL features a dominant red-shifted emission peak and the longer lifetime of this emission 

(Figure 5.4) confirms that its origin is due to radiative recombination of electron in CB with 

the Cu d level and not due to trap states as explained in Chapter 3. Similar to the undoped 

case, both the PLE and PL show a red shift in the peak position with increase in temperature.  

The variation of the PLE in doped and undoped cases are found to be similar. However, the 

variation of the Cu emission peak position differs quite dramatically compared to the variation 

of band edge emission. This is not surprising given that the Cu emission only reflects the 

variation of CB of the host QD while the band edge emission arises out of both the CB and VB 

variation. Further, the PL spectra not only red-shifts in energy but also loses intensity with 

increasing temperature similar to undoped case as the high temperatures activate the trap states.  

This decrease in the overall intensity of the Cu emission with temperature reflects the strength 

of hole trap passivation as a function of temperature.  The trap state activation is also supported 

by decrease in average lifetime of Cu emission with increasing temperature. In order to obtain 

more quantitative information regarding these variations, we have plotted these parameters for 

various sizes of CdS and CdSe in the subsequent figures. 

 

Figure 5.4. TrPL spectra of 4.8 nm Cu doped CdS QDs as a function of temperature. The spectra 

correspond to the temperature varying from 80 K (black color) to 300 K (cyan color) with intervals of 

20 K.  
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The band gap variation of four sizes of Cu doped CdS QDs are plotted in Figure 5.5(a). 

Similar temperature dependent band gap variations for different sizes of Cu doped CdSe 

QDs[15] are shown in Figure 5.5(b). It is clearly observed that the shift in band gap is similar in 

both the cases. The temperature dependent bandgap variation of semiconductors can be fit to 

Bose-Einstein model[5] which is given by       

 

 

where aB is electron-phonon interaction and θ is the temperature corresponding to the average 

energy of the phonons involved in the process. 

All the band gap variations are fit well to equation (1) as shown in Figures 5.5(a) and 

5.5(b). We have extracted the value of θ from these fits for different sizes of QDs and plotted 

these values in Figure 5.5(c) for CdS QDs as well as CdSe QDs[15]. From the plot, it is evident 

that the average energy of the phonons increases with decrease in size, possibly due to 

confinement effects in CdS QDs.  In the case of CdSe, variation is rather small within the given 

size range.  However, it should be noted that the θ value for bulk CdSe is 179 K[20] which is 

much lesser than the values observed for QDs.  This suggests that even though the variation of 

the phonon energy with size is much more gradual in the case of CdSe QDs, the trends are 

similar to the CdS QDs.  

However, the power of this technique is not only to study the variation of band gap but 

also to study the variation of CB and VB as a function of temperature. Using PLE and PL 

spectra, we first analysed the variation of band gap and band edges as a function of size at 

various temperatures for the case of CdS and have plotted the variation of band gap as well as 

the CB and VB variation as a function of size in Figure 5.6 for different temperatures for CdS 

QDs.  
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Figure 5.5. The variation of shift in band gap of (a) Cu doped CdS QDs and (b) Cu doped CdSe QDs 

of different sizes. The solid lines in (a) and (b) are the Bose-Einstein equation fits to the band gap 

variation. (c) The variation of θ for Cu doped CdS and Cu doped CdSe QDs as a function of size. 
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Figure 5.6. The variation of (a) band gap of CdS QDs as a function of size at different temperatures. 

(b) The variation of CB and (c) VB as a function of size at different temperatures. The solid lines 

indicate the TB[2] theoretical variations. 
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Figure 5.6(a) shows the variation of band gap of CdS QDs as a function of size at 

different temperatures in comparison with the TB theory which is shown as a solid line. Figure 

5.6(b) and Figure 5.6(c) shows the variation of CB and VB as a function of size at various 

temperatures and the variations are compared with that of theory. It is found that the size 

dependent variations of band gap and band edges are largely consistent with the theoretical 

curve and that the variation of band gap and CB and VB as a function of size is much more 

dominant compared to that of the temperature variation. However, this is consistent with the 

electron-phonon origin of the band gap variation as a function of temperature which is known 

to be a second order correction term and is expected to be much smaller.  In order to obtain an 

in depth understanding of the band gap variation as a function of temperature for different 

sizes, we have plotted the energy values obtained from absorption and Cu emission peaks for 

low temperature as a difference of that obtained for room temperature in Figure 5.7.     

In Figure 5.7(a), the closed and open circles indicate the variations of shift in CB and 

VB with respect to the 300 K value respectively for CdS QDs. The band gap variation is mainly 

dominated by shift in CB and the shift in VB is within the range of 20 meV for all the sizes 

compared to about 70 meV in the case of CB variation. The CB shift dominates the VB shift 

is more evidently manifested in the case of bigger particles. 

To prove the applicability of this technique, we have compared our study with the 

variation of CB and VB of CdSe QDs performed earlier[15] as a function of temperature. Figure 

5.7(b) shows the variation of band edges of different sizes of CdSe QDs as a function of 

temperature. Smaller, 3.1 and 3.4 nm QDs show the variation in both CB and VB while the 

bigger, 4.0 and 4.4 nm QDs show the dominant variation in CB than VB as shown in Figure 

5.7(b). 3.1 and 3.4 nm particles show a shift of ~ 40 meV for both CB and VB. But bigger 

particles show more CB shift than VB shift. Hence, the value of CB shift to VB shift increases 

with increasing the size of QDs. In other words, the temperature dependent band gap variation 

is dominated by CB shift with increasing the CdSe QD size.  

The exact explanation for these variations is unknown at this moment and requires 

theoretical understanding. However, this is the first experimental evidence wherein the 

variation of absolute positions of CB and VB as a function of temperature for CdSe and CdS 

QDs is determined. 
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Figure 5.7. The variation of CB and VB of (a) CdS QDs and (b) CdSe QDs of different sizes as a 

function of temperature. Panel (b) is adapted from ref[15] 
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results for both CdS and CdSe QDs are compiled in Figure 5.8. It was observed that log E vs 
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Figure 5.8. The variation of normalized Cu PL area as a function of temperature for (a) Cu doped CdS 

QDs and (b) Cu doped CdSe QDs for different sizes. The variation of average lifetime of Cu PL as a 

function of temperature for (c) Cu doped CdS QDs and (d) Cu doped CdSe QDs for different sizes.  
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the temperature.  While this is surprising, the reason for the non-Arrhenius behavior is evident.  
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synthesis techniques provides answers to these discrepancies. We have used more ligands for 

synthesizing the bigger particles than the smaller ones in case of CdS while higher number of 

ligands were used for synthesizing the smaller particles than bigger ones in case of CdSe QDs.  

We have also probed the electron trap passivation or creation using time dependent Cu PL 

decay studies. Figure 5.8(c) shows the average lifetime variation of Cu PL as a function of 

temperature for different sizes of CdS QDs. Though the temperature dependence is similar 

across the sizes, the average lifetime is higher for bigger sizes indicating that less number of 

electron traps in case of bigger CdS QDs. This is clear from the fact that more oleic acid ligands 

are present during the synthesis of bigger CdS QDs and oleic acid was shown to passivate the 

electron traps on CdS QD surface (Chapter 6). Similar variation is observed in case of CdSe 

QDs as shown in Figure 5.8(d). 

5.5. Conclusions: 

We have synthesized different sizes of Cu doped CdS and CdSe QDs. We have probed the 

variation of CB and VB for different sizes of CdS and CdSe QDs as a function of temperature 

using Cu emission. The CB shift completely dominates the VB shift in case of CdS QDs 

especially in bigger size particles. The observation of CB and VB shifts suggests that most of 

the variation in bandgap as function of temperature is dominated by shift in CB with increase 

in size of CdSe QDs. θ varies inversely proportional with the size of CdSe and CdS QDs. The 

activation energy of hole trap passivation is higher when more hole traps present on the QD 

surface. 
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Part II 

Study of Surface Electronic Structure 

Using Cu Emission 
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Chapter 6 

Understanding the Role of Commonly 

Used Organic Ligands in Passivating 

II-VI Semiconductor Quantum Dots  
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in Semiconductor Nanocrystals: Surface Electronic Structure Evaluation. J. Phys. Chem. Lett. 
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Surface Capping Ligands in Passivating the Quantum Dots Using Copper Dopants as Internal 

Sensor. J. Phys. Chem. C 2016, 120, 19785.      

OlAc

OlAc

OlAc

OlAc

TOP

OlAc

OlAc TOP

E (eV)

OlAm

TOP

OlAm

TOPO

TOPO

TOP

OlAm TOPO

+ TOP, 

TOPO, OlAm 

- OlAc, TOP

:Electron Traps

:Hole Traps
CdSe QDs

E (eV)



6. Role of QD Passivating Ligands 

 

110 
 

  



6. Role of QD Passivating Ligands 

 

111 
 

6.1. Abstract: 

Surface electronic structure of II-VI semiconductor QDs have been studied using quantitative 

measurements of PL QY and PL decay studies of the Cu related emission and the excitonic 

emission. We study the role of commonly used ligands such as TOP, TOP, oleic acid, DDT, 

MPA, primary amines in passivating II-VI semiconductor QDs. The role of ligands was studied 

during the synthesis, as well as during specific phase transfer and pyridine exchange based 

ligand exchange procedures. This study was utilized to plan a synthesis of highly emitting 

CdSe QDs leading to a substantial increase in the PL QY. 

6.2. Introduction: 

Colloidal QDs are well known for their applications in diverse fields.[1-5]  One of the key factors 

responsible for colloidal stability of the QDs is the presence of surface capping agents. Surface 

ligands are known to play a pivotal role in the synthesis of QDs and in altering their properties 

like growth rate, shape, size, electron transfer reactions and crystal structure.[6-11]  More 

importantly, surface ligands are known to effect QD properties like PL as well as electrical 

conductivity. For example, Talapin et al. have shown that PL efficiencies can be varied from 

15% to 40% in CdSe QDs by modifying surface passivation with alkylamine, TOP, TOPO 

ligands attached to the QDs.[12] Similarly, in recent times, it was shown that the presence of all 

inorganic ligands increased the electrical conductivity of QD solutions.[13] Hence the 

appropriate choice of the ligand has a crucial role to play for the efficiency of the particular 

application using QDs. However, in spite of its importance, the mechanism of passivation for 

various ligands is largely in the realm of trial and error. Though the final effect of different 

ligands on the PL properties of QDs have been extensively studied in literature[14], the 

molecular processes involved have not been understood. Ligand exchange with original 

ligands have been carried out[15, 16] in spite of incomplete or limited exchange or by the 

synthesis of QDs with and without ligands. For example, it has been observed that the primary 

amines like hexadecylamine,[12] decylamine, hexylamine and butylamine[17] enhance the PL 

efficiency in smaller CdSe QDs (size ~ 3 nm) in most cases but at the same time butylamine is 

shown to quench the PL efficiency in CdSe QDs (size ~ 3 nm) in a few reports.[18, 19] On the 

other hand, thiol is universally known to be a PL quencher both in organic and aqueous phases. 

It has also been recognized as being responsible for creating hole traps in CdSe QDs.[20, 21] 
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Mulvaney et al. have studied the effect of a series of ligands on the PL of CdSe QDs wherein 

the ligands like alkylamine, TOP, TPP and TOPO affect the PL efficiency.[17]  Recently, it has 

also been shown that TOPO increases both the PL intensity and average lifetime when bound 

to CdSe QD surface.[22] Munro et al.[15] have shown that the nature of the ligand passivation 

can also vary with the concentration wherein butylamine increases PL intensity at lower 

concentration while quenches the same at higher concentration of ligands. Surprisingly, excess 

reagents were also shown to passivate the surface of ZnO QDs. Viswanatha et al.[23] have 

shown that Na+ ions being attracted by the hydroxyl ions on the surface of ZnO QDs form the 

virtual capping layer. In summary, various papers have studied the effect of different ligands 

on properties such as PL efficiency, radiative lifetime, size of the QD and the like. However, 

much effort has not been invested in understanding the mechanism of these properties from 

fundamental view point. For instance, it is not evident from these studies if a particular ligand 

creates electron traps and/or passivates hole traps. Unless this systematic study has been carried 

out, the synthesis of efficient QDs becomes an art of chemical intuition. 

While the position of the Cu related emission can be used to determine the shift in the 

CB as shown in Chapter 3, it is fascinating to note that the QY and the lifetime dynamics of 

the Cu related emission can be effectively used as a direct probe to study the surface electronic 

structure of the QDs. Consequently, with an intention of accomplishing this, we initially try to 

understand the mechanism of PL decay of the Cu related emission in doped QDs.  In order to 

elucidate the actual mechanism of emission from CB to the Cu d level, it is important to 

determine the oxidation state of Cu. While some early papers attribute the intra-gap 

luminescence to the Cu1+ state [24] and the reminiscent BE emission to the fraction of undoped 

dots, recent results have proved otherwise.[25]  Using magnetic circular dichroism, Klimov et 

al.[25] have shown that Cu is indeed in the 2+ oxidation state and hence acts as a permanent 

optical hole.  This implies that Cu emission can be activated in the absence of photo-generated 

hole (Figure 6.1).  Nevertheless, since this emission is known to be several orders of magnitude 

slower than the BE transition, the emission would be dominated by the BE transition[25] (Figure 

6.1), if the photo-generated holes are not lost by some mechanism like for example, the surface 

hole traps.  Therefore, intensity ratio of emission and the lifetime decay studies of Cu emission 

give important information regarding the presence of surface electron and hole traps and can 
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be used to study the surface electronic structure of the QD, thus contributing to our 

understanding of the role of various ligands in passivating the QD surface.   

 

Figure 6.1. Schematic showing the various pathways of radiative and non-radiative recombination. 

In this chapter, we have used CdSe QDs as a model system to study the electronic 

structure since it has been one of the most widely synthesized QDs in literature with narrow 

size distributions and excellent optical stability. However, doping CdSe with various dopants 

including Cu have been tried by different groups and has been classified as undopable[26] based 

on the absence of Cu emission peak in the optical spectrum, with reasons being attributed to 

intrinsic self-purification to fundamental thermodynamic or kinetically controlled processes 

such as the crystal structure.[26-28]  In this chapter, we demonstrate that presence or absence of 

PL emission attributed to Cu states does not determine the efficacy of doping in QDs.  For 

example, in this specific case of CdSe, we illustrate that it is possible to obtain the emission 

from the CB to the copper d state by systematically varying the ligands to alter the surface of 

the QDs. A logical route to the synthesis and characterization of Cu doped CdSe with a 

prominent emission from CB to the Cu d level has been established by systematically varying 

the surface ligands. We first studied the role of TOP and oleic acid ligands which are added 

during the QD synthesis. We have extended this study to other II-VI semiconductor QDs such 

as CdS and CdTe QDs. In the later section, we studied the complete role of various ligands 
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such as thiols, TOPO, primary amines through the phase transfer and ligand exchange 

processes.   

6.3. Experimental section: 

6.3.1. Materials: 

CdO, oleic acid (90%), ODE (90%), DDT (98 %), MPA (99%), TOP (90%), TOPO, 99%, 

butylamine (99.5 %), hexylamine (99 %), octylamine, oleylamine (70 %), and Se pellets were 

obtained from Sigma-Aldrich. Pyridine (AR) was obtained from Rankem. CDCl3 and DMSO 

(DMSO-d6, 0.03 % TMS) were purchased from Euriso-top. Chloroform (AR), hexane (AR), 

methanol (AR) and acetone (AR) were obtained from Merck. TPP was purchased from SD 

Fine chemicals. Stearic acid, copper (II) acetate monohydrate and TMAH (98%) were obtained 

from Spectrochem. All purchased chemicals were used without further purification. 

Cadmium oleate was prepared by heating a mixture of 0.32 g CdO, 2.68 g oleic acid 

and 9 mL of ODE to a higher temperature (~ 200 oC) in the Ar atmosphere till the solution 

becomes clear. 1 M TOPSe was prepared by overnight stirring of 0.79 g Se pellets in 10 mL 

TOP in Ar atmosphere. Copper stearate was synthesized and purified similar to the literature 

reports published previously.[29]  

CdSe QDs were synthesized using two different techniques to study the effect of 

surface passivation. For both these methods, cadmium oleate was synthesized using modified 

literature methods.  Briefly, CdO, oleic acid and ODE (4.5 mL) were degassed in vacuum and 

backfilled with Ar and heated to a high temperature in argon atmosphere till the solution turns 

colourless. To study the surface effects, cadmium oleate with different molarities were 

prepared by varying the weight ratios of CdO to oleic acid (1: 2.5 – 1: 5).  2 M TOPSe solution 

was prepared by dissolving appropriate amount of Se in TOP in a glove box.  It was then further 

diluted with TOP to obtain different molarities (1.2 M – 0.33 M) of the solution 

6.3.2. Standard synthesis of CdSe QDs: 

It was carried out by degassing ODE (5 mL), octadecylamine (1.5 g) and TOPO (650 mg) in a 

three-necked flask in vacuum and backfilling with Ar. To this solution, 1mL of 0.1 M cadmium 
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oleate was injected at 100 ̊ C in argon atmosphere followed by addition of 1.5 mL TOPSe (1M) 

at 210 ˚C. This solution was heated at 210˚C for a minute and then cooled to 140 ˚C in order 

to avoid the further growth of QDs.  To this solution, 50 μmol copper stearate solution in 2 mL 

of ODE was added to the reaction mixture and annealed for 20 minutes to obtain Cu doped 

QDs. In the undoped case, instead of the copper stearate solution of ODE, only ODE was added 

as blank and was annealed for similar length of time.  Samples were washed with hexane 

methanol mixture and precipitated using ethanol. 

6.3.3. Low ligand method:  

Appropriate solution of cadmium oleate and ODE were degassed in a three-necked flask and 

heated to 180˚C. TOPSe (0.47 mmol – 1.68 mmol TOP/ 0.0197 g Se) was injected at 180 ˚C 

in Ar atmosphere and annealed for a minute to form CdSe QDs. The reaction was cooled down 

to 140 ̊ C and copper stearate solution of different molarities was added drop wise and annealed 

for 20 minutes. Samples were washed with hexane methanol mixture and precipitated using 

ethanol. To obtain the bigger sizes, reaction mixture was heated to higher temperature after 20 

minutes with additional injection of cadmium oleate precursor. 

6.3.4. Synthesis of CdS and Cu doped CdS QDs: 

 CdS and Cu doped CdS QDs were synthesized by degassing a mixture of CdO (0.2 mmol), 

oleic acid (0.6-2.0 mmol) and ODE in a three-necked flask in vacuum and back-filling with 

Ar. To this solution, 0.1 mL of TOP was injected at 80 °C in an Ar atmosphere followed by 

the injection of 0.5 mL of 0.2 M S in ODE solution at 300 °C. This solution was immediately 

cooled down to 150 °C to avoid the further growth of CdS QDs. To this solution, 8 μmoles of 

copper stearate solution of ODE (1 mL) was added, and the reaction mixture was annealed for 

several hours to obtain the Cu doped CdS QDs. Samples were washed with a hexane/methanol 

mixture and precipitated using acetone. 

6.3.5. Ligand exchange in organic media: 

This is a modified procedure to that of reported by Ji et al.[30]  For the pyridine exchange, the 

purified original CdSe QDs were first sonicated with 5-6 mL of pyridine for 10 min and then 
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precipitated by adding excess of ODE. Here, ODE acts as non-solvent which helps in 

precipitating the QDs. This leads to partial exchange of the original ligands with pyridine 

ligands. Further for the exchange into ligands of interest, these QDs were again sonicated with 

3 mL of pyridine for 5 min and then precipitated with the addition of excess of hexane to give 

pyridine capped CdSe QDs. For the exchange of new ligands (amines, TOP and thiols), these 

pyridine capped CdSe QDs were treated with the 5-6 mL of new ligands and sonicated for 10 

minutes and then precipitated with the excess of acetone. This procedure was repeated twice 

to ensure ligand exchange. The exchange of ligands in each step was monitored by NMR 

spectroscopy. It is important to note that methanol/acetone mixture wasused only during the 

washing of original QDs. It is possible that use of these solvents can strip off the existing 

ligands leading to lower coverage of ligands and hence increasing the trap states.  In order to 

avoid such errors, we have only used acetone (polar aprotic solvent) for washing the QDs after 

ligand exchange to avoid formation of any additional dangling bonds.[31, 32] 

6.3.6. Ligand exchange from organic to aqueous phase: 

The purified original CdSe QDs were taken in 3 mL of chloroform (organic phase) and excess 

MPA ligands (pKa = 10.8) were taken in buffer solution (aqueous phase) of pH = 11.0 to form 

two immiscible phases. These two phases are stirred rapidly for ~ 5 min till CdSe QDs will 

transfer from organic phase to the aqueous phase. 

6.4. Results and discussion: 

6.4.1. Role of ligands added during the QD synthesis: 

Cu doped CdSe QDs synthesized using standard technique using TOP, TOPO, oleic acid and 

octadecylamine as ligands, synthesis being discussed as the “standard technique” in the 

experimental section, showed no incorporation of Cu in CdSe as determined by the absence of 

the red shifted PL peak as well as ICP-OES data. The XRD data (Figure 6.2) shows that the 

QD crystallizes at least partially in the wurtzite structure. Further studies into these QDs 

indicated that the BE QY of these samples were found to be quite high (~ 6-10%) and should 

have been well passivated.  In the light of earlier investigations in the case of Cu doped in 

ZnSe/CdSe system,[25] it has been shown that the CB to Cu d level emission is several orders 
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of magnitude slower compared to the BE emission and hence requires a surface hole trap to 

remove the photo-generated hole thus creating a pathway for the Cu related emission.  

Consequently, in order to observe the red-shifted PL emission, it is necessary to increase the 

hole traps during the synthesis of the QDs. This can be achieved by studying the chemistry of 

the ligand molecules.   

 

Figure 6.2. XRD of Cu doped CdSe synthesized using TOPO and octadecylamine along with TOP and 

oleic acid.  Also, shown in the figure are the bulk XRD patterns of zinc blende and wurtzite CdSe. 

In order to isolate functions of the various ligands, we have restricted the ligands to 

only TOP and oleic acid though it is known to give a low PL QY and the synthesis method is 

discussed under the heading of ‘low ligand method’ in the Experimental section. In this case, 

the Cu emission is observed and the characterization of these samples was already discussed 

in Chapter 3. TOP has P atom with a lone pair of electrons giving rise to some extra electron 
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density on the P atom. This electron density, in principle should be capable of passivating the 

hole in the VB of the QD if its absolute energy level is above the VB of the QD.   

In order to obtain more insight into the nature of the surface of the QD for any given size of 

the QD and hence the function of ligand molecules in passivating the surface, we varied each 

of the ligands systematically and studied the QY of the BE emission and the Cu related 

emission as well as the lifetime dynamics of these two spectral features as shown in Figure 6.3. 

Traditional wisdom suggests that the presence of larger amount of Cu within the QD increases 

the QY of the Cu related emission. With the intention of verifying this we measured the QY 

of the Cu related emission for varying amounts of Cu added stoichiometrically and is shown 

in the main panel of Figure 6.3(a). The maximum amount of 0.25% of Cu to Cd ratio was a 

direct result of the onset of precipitation.  Surprisingly, contrary to the expectations, the QY of 

the Cu related emission decreases drastically with increasing stoichiometric percentage of Cu.  

However, it is also known in literature that the entire amount of Cu injected is rarely 

incorporated into the lattice.  Hence, we performed ICP-OES measurements to determine the 

actual amount of Cu incorporated within the QD after washing the samples several times to 

remove the Cu ions that are not intercalated within the lattice of the QD and are shown in the 

inset to Figure 6.3(a).  These data show that, though the amount of Cu intercalated into the 

system is much lower than the stoichiometric concentration, not surprisingly the actual 

concentration increases with increasing stoichiometric concentration. This suggests that the 

QY of the Cu related emission is not solely determined by the amount of Cu present within the 

QD but also based on surface electronic structure of the host QD.  In order to have better 

understanding of the role of surface on the Cu related emission, for the rest of the studies 

described in this chapter, we have used a constant Cu to Cd ratio of 0.25%. Figure 6.3(b) shows 

the area normalized PL spectra obtained using the same Cu concentration with changing TOP 

amounts during the formation of CdSe.  From the figure, it is clear that the ratio of band edge 

to Cu related emission peak varies drastically as a function of TOP concentration.  The amount 

of Cu present in these samples giving rise to such widely varying intensities of the Cu related 

emission as obtained using ICP-OES was found to be similar within the experimental error.  In 

order to get a more accurate quantitative estimate of the PL emission, we calculated the 

absolute QY of the BE emission and the Cu related emission that is plotted for two different 

concentrations of oleic acid in Figure 6.3(c) along with QY of the undoped species obtained 
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using similar reaction conditions.  By studying the variation of QY of the BE emission in the 

doped and undoped sample as seen in the Figure 6.3(c), it is evident that the QY of the BE 

emission in the doped sample is similar to that of the undoped sample. However, in the case of 

doped sample synthesized using 3 mmol of oleic acid, in addition to the ~3% QY of the BE 

emission, there exists another brighter peak related to Cu emission with QY decreasing 

monotonically from ~30% to ~10% with increasing TOP concentration.  This is a clear 

indication of decrease in the number of surface hole traps with increasing TOP concentration 

and hence suggesting that TOP mainly acts as a hole passivating agent.  It is important to note 

that the Cu related emission does not arise at the cost of the BE emission but rather happens 

independently.  This further corroborates the theory that the Cu emission can only be seen in 

presence of surface hole traps whereas BE emission would be absent in presence of either 

surface hole or electron traps.  However, in the case of 4.5 mmol of oleic acid, we observe that 

the QY of the Cu related emission is non- monotonic suggesting the interaction of oleic acid 

with the TOP molecules in creating surface electron and hole traps. In presence of large amount 

of oleic acid and a small amount of TOP, TOP also acts as an electron trap creator and hence 

the QY of both the Cu related emission and the BE emission decreases in presence of low TOP 

and high oleic acid concentration.   

While the study of QY of the Cu related emission provides us with information on the 

surface hole traps, study of the fast component of the PL lifetime of the Cu related emission 

should be an ideal tool to study the surface electron traps since Cu related emission occurs 

without the involvement of the photo-generated hole. Typical decay plots of Cu related 

emission for varying concentrations of TOP are shown in Figure 6.4(a). The percentage of the 

fast multi-exponential component while analyzing PL decay kinetics of the Cu related emission 

approximated as a biexponential fitting function is shown in the inset to Figure 6.3(c) and 

illustrates a monotonic increase with increasing TOP concentration for high oleic acid 

concentration while it is almost constant for low oleic acid concentration. The increase in the 

fast component implies an increase in the surface electron traps while proving that TOP not 

only acts as a hole passivating agent but is also a mild creator of electron traps, especially in 

presence of other hole passivating agents like oleic acid. However, when low oleic acid 

concentration is used, the effect on the electron traps is minimal in agreement with the QY 

data. 
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Figure 6.3. (a) Variation of QY with increasing Cu content in the QDs.  The inset shows the actual 

Cu/Cd ratio as a function of stoichiometric Cu added during the synthesis. (b) Typical PL spectra of 

Cu doped CdSe QDs with similar Cu content but synthesized with different TOP concentrations. 

Variation of the QY of the Cu related emission and BE emission for both doped and undoped species 

as a function of (c) TOP concentration for two different concentrations of oleic acid and (d) oleic acid 

concentration for a given TOP concentration.  The insets show the variation of the percentage of the 

fast components of the lifetime of the Cu peak with varying TOP concentration and oleic acid 

concentration. 

This in turn leads us to the question of the role of oleic acid in the passivation surface 

traps and hence a similar analysis was carried out for a given TOP concentration with varying 

oleic acid concentrations and the results are summarized in Figure 6.3(d).  From the figure, it 

can be seen that the QY of the BE emission of the doped and undoped species are similar 

showing almost no change with changing oleic acid concentrations that indicates that either 

the electron and hole traps are not simultaneously being passivated by oleic acid. Study of Cu 

related emission however shows a strong monotonic decrease in QY suggesting that oleic acid 

is indeed passivating the hole traps while possibly being insensitive to electron traps. This is 
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further corroborated by looking at the lifetime decay data in Figure 6.4(b) and the fast 

component of the PL decay kinetics of the Cu related emission shown in the inset to Figure 

6.3(d). Since oleic acid has no effect on the electron traps, we observe that the percentage of 

the fast component remains unchanged with increasing oleic acid concentration.   

 

Figure 6.4. PL decay curves for the decay of the Cu related emission with (a) varying TOP 

concentration and (b) varying oleic acid concentration. OlAc=oleic acid. 

In the backdrop of these studies, it is easy to understand the surprising results obtained 

in Figure 6.3(a). Decreasing QY of the Cu related emission with increasing Cu concentration 

suggests that Cu precursors are possibly acting as hole passivating agents. Given that stearic 

acid is used during the synthesis of copper stearate, it can be expected that in spite of multiple 

washings, some trace amounts of stearic acid continues to be present in copper stearate. Since 

increasing the concentration of Cu is achieved by increasing the amount of copper stearate 

injected, amount of stearic acid injected into the reaction mixture increases. As has been 
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observed in the case of oleic acid, increasing presence of acids act as good hole passivators for 

the CdSe QDs and hence the decrease in the QY of the Cu emission.   

Thus, from these studies it is evident that it is possible to study the passivation of the 

electron and hole traps using the Cu related emission as an internal probe. Nevertheless, this 

technique is not limited to these ligands or the host materials and can easily be extended in 

presence of other ligands/hosts as well.  The synthesis of all the chalcogenides was carried out 

in presence of both TOP and oleic acid as ligands even though high-quality CdS and CdTe 

QDs, unlike in the case of CdSe QDs, can be prepared in the absence of TOP as well since it 

is not necessary to dissolve the S/Te precursor. However, we observe that the Cu related 

emission in CdS is completely absent under similar synthesis conditions in the absence of TOP 

(Figure 6.5). This behavior is in fact similar to the case of Cu doped CdSe QDs where it was 

shown that small amount of TOP is indeed necessary to observe the Cu related emission in 

CdSe QDs.  On the other hand, we also observe that the presence of high TOP concentration 

quenches the Cu related emission due to the passivation of the hole traps. Hence it was 

necessary to use optimal concentration of TOP to obtain the Cu related emission.    

 

Figure 6.5. Absorption and PL Spectra of undoped and Cu doped CdS QDs synthesized without the use 

of TOP. 

In case of Cu doped CdSe, the presence of oleic acid was found to purely passivate hole 

trap states and not the electron trap states. Since S, Se and Te belong to same group of the 
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periodic table one would expect similar reactivities and hence similar roles for the ligand 

molecules. However, the surface of the QDs is notoriously known to be quite diverse due to 

the numerous factors involved in determining the surface passivation using ligands like oleic 

acid.  For example, some of the contributing factors include the redox levels of the oleic acid 

and/or the dissociation constant of oleic acid in different solutions and solubility of the 

precursors in presence of ligands.  Hence, we studied the effect of oleic acid on the lifetime 

dynamics and the QY of the Cu related emission in various semiconductors and the results are 

compiled in the different panels in Figure 6.6.   

 

Figure 6.6. Lifetime dynamics of Cu doped (a) CdS, (b) CdSe and (c) CdTe QDs collected at the Cu 

related emission energy shown as function of increasing oleic acid concentration.  The ratio of the fast 

component (black) as well as the absolute quantum yield (red) of Cu related emission as a function of 

oleic acid concentration is shown for the case of (d) CdS, (e) CdSe and (f) CdTe QDs. OlAc=oleic acid. 

From Figures 6.6(a), 6.6(b) and 6.6(c), it is evident that while the fast component 

decreases with increasing oleic acid concentration in the case of CdS and CdTe QDs, the fast 
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component of CdSe QDs seems to be independent of the concentration of the oleic acid.  In 

order to quantify this data, it is important to note that the pre-factor and exponential are 

correlated in a bi-exponential fit.[33] Hence we fit a limited range single exponential long 

lifetime component using least squared error fitting procedure. This lifetime is then fixed to 

obtain a bi-exponential fit to the entire data. The ratio of the fast component thus obtained is 

plotted in Figures 6.6(d), 6.6(e) and 6.6(f) for CdS, CdSe and CdTe respectively.  From these 

plots in Figure 6.6, it is evident that while oleic acid does not affect the surface electron traps 

in CdSe QDs, it can be clearly seen to passivate these trap states in CdTe and CdS QDs.    

A simple extension of these results suggests that the QY of the Cu related emission in CdS and 

CdTe QDs should go up with increasing oleic acid concentration due to the decrease in non-

radiative component. The measurement of QY of these materials also shown in red in Figures 

6.6(d)-6.6(f) show that the QY of Cu related emission in CdS QDs is unaffected with changing 

oleic acid while it decreases in CdSe QDs and increases in CdTe QDs.  The increase in the QY 

in CdTe QDs, both for the band edge emission as well as Cu related emission can easily be 

understood from the loss of non-radiative decay as observed from the lifetime dynamics.  It is 

also rather straight forward to understand the decay of the QY of the Cu related emission in 

CdSe QDs as arising due to decrease in the hole trap states on the surface of the QD and hence 

decreasing the yield of this emission. However, the relative constancy of the QY of the Cu 

related emission in CdS QDs may look quite counter-intuitive at first glance. Nevertheless, it 

is important to take note that Cu related emission appears not only due to decrease in the non-

radiative trap states but also the presence of hole traps within the QD.  In fact, the data suggests 

that the oleic acid assists in both decreasing the electron traps as well as decreasing the hole 

traps within the QD such that the QY of the Cu emission remains constant when it is perfect 

"balanced" as is seen in our case. However, the "balanced" passivation of electron and hole 

traps is only in terms of balance of Cu related PL QY and not the actual number of electron 

and hole traps passivated. This number depends on various parameters like area of cross-

section, the density of states of the electron and hole traps and the radiative and non-radiative 

channels available for decay.  Hence, we cannot directly correlate the increase in band edge 

emission to the decrease in the Cu related emission. Nevertheless, we do observe an increase 

in the band edge emission and hence the total QY.   
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6.4.2. Role of ligands during phase transfer and ligand exchange: 

It is evident that a systematic study of the various ligand molecules suggest that they perform 

different roles in different host materials. For example, oleic acid is observed to act as an 

electron and hole trap passivator in CdS QDs, while it is only a hole trap passivator in CdSe 

QDs and an electron trap passivator in CdTe QDs. Additionally, the presence of other capping 

agents can also modify the role of given ligand as observed in case of CdSe QDs. Hence it is 

absolutely imperative to study the ligand in the presence of other ligands that is expected to be 

present in and around the QD. This can be achieved by separating the synthesis and ligand 

kinetics by first synthesizing the QDs and then followed by a ligand exchange by replacing 

them with ligands of interest either in the organic medium[30, 34, 35] or in the aqueous medium.[36-

38] Ligand bonding onto the QD surface can be probed by infrared spectroscopy[39] and NMR 

spectroscopy.[40-42] However, NMR spectroscopy has been recognized as the most powerful 

technique for studying ligand exchange process because of its unique features of probing all 

the protons (or other atoms) and broadening of NMR peaks when the ligands are attached to 

the QD surface. In this section, we performed the ligand exchange[30] on Cu doped QDs through 

an intermediate pyridine exchange step as elucidated in Figure 6.7 .The combined study of  

NMR spectroscopy and PL spectroscopy of Cu doped QDs in each step of ligand exchange has 

been used to obtain a complete picture on the kind of passivation induced by the ligands. The 

roles of commonly used ligands like oleylamine, TOP, TOPO and thiols in passivating the 

CdSe QD surface are examined. The generality of this procedure was elucidated by extending 

it to the case of CdS QDs.  

 

Figure 6.7. (a) Ligand exchange within the organic medium in two steps and (b) phase transfer of QDs 

from organic medium to aqueous medium. 
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6.4.2.1. Role of Thiol capping in CdSe QDs: Thiols are shown to be dominant luminescence 

quenchers in CdSe QDs in literature, both in organic and aqueous media. [20] However, the 

luminescence loss mechanism is not clearly understood. Some reports [21] predict the creation 

of hole traps as a probable reason for the loss of PL. Hence, an independent study of the role 

of DDT was carried out here in order to prove the validity of our approach.  

 

Figure 6.8. 1H NMR spectra of the CdSe QDs in CDCl3 before and after the ligand exchange with DDT 

ligands along with the free ligands as the reference.  

DDT was ligand exchanged through the pyridine intermediate while the MPA exchange 

was achieved by phase transfer method. NMR spectroscopy was used to probe the ligand 

exchange on the surface of the QDs. Figure 6.8 shows typical NMR spectra of a CdSe QDs 

before and after the ligand exchange where the original ligands i.e., oleic acid was replaced 

with the new thiol ligands. The NMR spectrum of intermediate pyridine ligands is shown in 

Figure 6.9. The broadening of the NMR peaks in case of ligands bound to the surface of the 
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QDs is a well-studied phenomena.[30, 43] The faster spin relaxation due to dipolar interaction, 

distribution of chemical shifts and the faster spin-spin relaxation (T2) due to slow tumbling of 

the particles in the solution leads to the broadening of NMR peaks in case of QD bound 

ligands.[44] In the present case, this broadening of the NMR peaks compared to the free ligands 

has been used as an indicator of surface binding. The 0.5-2.5 ppm region in the NMR spectrum 

of oleic acid capped CdSe QDs indicates region of –CH2 and –CH3 of oleic acid while the 

resonance at 5.35 ppm corresponds to double bond –CH protons. After exchange with DDT 

(with saturated carbon chain) the resonance at 5.35 ppm is absent as shown in Figure 6.8. This 

clearly shows the replacement of original ligands. Using these tools, we are now equipped to 

study the role of ligands in the passivation of the QD surface during the two-step ligand 

exchange using this Cu emission as an internal probe. 

 

Figure 6.9. The NMR spectra of free pyridine ligands and pyridine capped CdSe QDs in DMSO-d6. 
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Figure 6.10(a) shows the PL of CdSe QDs before and after the ligand exchange to DDT 

ligands. As expected, the PL of CdSe QDs is quenched by the DDT ligands when compared to 

that of original ligands. Figure 6.10(b) shows the TRPL spectra of CdSe QDs before and after 

ligand exchange. The TRPL of DDT capped CdSe (CdSe-DDT) at the band edge is completely 

dominated by a new fast component while the component due to band edge which exists in 

case of original CdSe is completely absent. This can be attributed to formation of new trap 

states induced by DDT molecules on the QD surface. Cu doping into QDs will help in studying 

the nature of trap states induced by DDT ligands. Figure 6.10(c) shows the steady state PL 

spectra of Cu doped CdSe QDs before and after the ligand exchange with DDT. It can be 

observed that in the case of Cu doped CdSe-DDT QDs, the BE emission almost completely 

disappears as in the case of undoped CdSe QDs suggesting that the photoexcited hole is not 

present for radiative recombination with the photo excited electron. However, the Cu emission 

is quite strong, indicating a radiative recombination of the photoexcited electron with the Cu 

d-state in spite of a much longer lifetime (~ 300 ns) for this recombination as shown in Figure 

6.10(d). This implies that DDT is responsible for mainly creating hole traps on the surface of 

CdSe QDs that is scavenging the photoexcited hole. This is consistent with the studies reported 

in literature[21, 42] and hence proves the reliability of this method. Additionally, it was observed 

that there was a slight increase in the percentage of the fast component in the TRPL after the 

replacement of the original ligands with DDT suggesting an increase in the number of electron 

trap states.  

Similarly, we observed that MPA, another thiol ligand largely creates hole trap states 

on CdSe QD surface as observed by the steady state PL along with a slight increase in the fast 

component in the TRPL decay curves as observed from the insets of Figure 6.10(c) and Figure 

6.10(d) respectively. This is understandable as MPA also attaches to the QD surface with its 

thiol group while the –COOH group is responsible for its increased aqueous solubility. From 

these observations, we can conclude that the thiol ligands irrespective of the other functional 

groups mostly create hole trap states on CdSe QD surface, similar to observations in 

literature.[21, 42] However, the advantage of this method is the generic nature of the method 

allowing one to extend it to any ligand or any QD of interest. We have now studied the effect 

of other ligands on CdSe QDs using similar methods, discussed in subsequent sections. 
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Figure 6.10. Ligand exchange with DDT and MPA. (a) Steady state PL spectra of Undoped CdSe QDs 

before and after the ligand exchange (b) and the corresponding TRPL spectra with λem = 2.25 eV. (c) 

Steady state PL spectra of Cu doped CdSe QDs before and after the ligand exchange (d) and the 

corresponding TRPL spectra with λem = 1.7 eV. All the spectra were measured in hexane. Insets of (c) 

and (d) show the PL and TRPL spectra (λem = 1.6 eV) of Cu doped CdSe QDs before (CHCl3 as solvent) 

and after ligand exchange (H2O as solvent) with MPA respectively. Excitation wavelength, λex = 405 

nm (3.06 eV) for all the PL and TRPL spectra. 

6.4.2.2. Role of amine capping in CdSe QDs: Organic amines are considered as one of the 

most widely used capping ligands in synthesizing various QDs[45-48] and in making core-shell 

QDs.[49] Keeping in mind the importance of amines as capping agents in the synthesis of QDs, 

we elucidate below the role of primary amines of different chain lengths (C4, C6, C8 and C18) 

using Cu doping strategy in CdSe QDs. 

Here, we have studied the effect of four amines, namely, butylamine, hexylamine, octylamine 

and oleylamine. Figure 6.11 shows the NMR spectra of CdSe QDs in CDCl3 after the ligand 
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exchange with amine ligands. For the ease of comparison, we have also shown the typical 

NMR spectrum of oleylamine, octylamine and the original ligands, oleic acid. NMR data 

reveals that ligand exchange achieved through the ligand exchange process. 

 

Figure 6.11. 1H NMR spectra of the octylamine and oleylamine capped CdSe QDs in CDCl3 after the 

ligand exchange along with octylamine and oleylamine ligands as the reference. 

The role of different amines in undoped QDs was probed by the PL spectroscopy and 

is compiled in Figure 6.12. Amines with longer carbon chains (C8 and C18) have demonstrated 

higher PL intensity while the shorter chain length (C4 and C6) amines quench PL intensity 

compared to the original CdSe QDs as shown in Figure 6.12(a). This indicates that while 

smaller chain amines are not efficient in passivating the surface of QD, the longer chain amines 

are capable of doing that. This is further demonstrated by decrease in average lifetime in case 
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of smaller chain amines compared to larger chain amines as shown in Figure 6.12(b) and its 

corresponding inset.  

 

Figure 6.12. Ligand exchange with Primary amines. (a) Steady state PL spectra of Undoped CdSe QDs 

before and after the ligand exchange with amines of different chain length (b) and the corresponding 

TRPL spectra with λem = 2.25 eV. Inset shows the average lifetime obtained from TRPL spectra. (c) 

Steady state PL spectra of Cu doped CdSe QDs before and after the ligand exchange with amines of 

different chain length. Inset shows the variation of absolute Cu area and Cu/total area with increasing 

the chain length of amine with error bars. (d) The corresponding TRPL spectra with λem = 1.7 eV. 

Excitation wavelength, λex = 405 nm (3.06 eV) for all the PL and TRPL spectra. All the spectra were 

measured in hexane. 

To understand the nature of trap states in these QDs, we doped Cu into these QDs and 

the resultant PL spectra are shown in Figure 6.12(c). It is evident from this graph that the 

intensity of band edge PL is increased at the cost of Cu PL after the ligand exchange of original 

ligands with oleylamine and octylamine on CdSe QD surface. However, the intensities of both 
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band edge and Cu PL decrease in case of exchange with the butylamine and hexylamine 

ligands. This indicates that a similar variation of band edge intensities of Cu doped and 

undoped CdSe QDs before and after the ligand exchange. The lifetime studies at band edge 

emission shows similar trend as in the undoped case. In particular, there is a decrease in lifetime 

for shorter chain (C4 and C6) amine capped QDs compared to that of longer chain amine (C8 

and C18) as well as the original QDs as shown in Figure 6.13. 

 

Figure 6.13. The TRPL spectra of Cu doped CdSe QDs before and after the ligand exchange with 

primary amines. λex = 405 nm (3.06 eV) and λem = 2.25 eV. 

  Inset of Figure 6.12(c) shows the variation of normalized data of both Cu area and the 

ratio of Cu PL area to the total area with increasing the chain length of amines. Though the 

absolute Cu PL area increases with increase in chain length of amines the Cu/total area remains 

constant. This suggests that the extent of hole trap passivation is unchanged with varying the 

chain length of amines but the shorter chain amines create electron traps. This is further 

supported by the increase in the contribution of fast component (indicates electron traps) for 

the smaller chain amines compared to original Cu doped CdSe QDs in the decay curves of Cu 

PL as shown in Figure 6.12(d). Hence, we can conclude that both oleylamine and octylamine 

mainly passivate the hole traps in CdSe QDs along with a small percentage of electron trap 

creation. However, in the case of smaller chain amines, butylamine and hexylamine, hole trap 
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passivation is negligibly small while a large number of electron traps are created. This renders 

them highly inefficient for surface passivation in CdSe QDs. This effect of chain length of 

alkyl amines in passivating the CdSe QDs can be explained on the basis of the binding strength 

of the ligand on the surfaces of QDs.  It has been shown earlier that as the chain length of an 

amine ligand increases, it binds more strongly to the surface of a QD.[50] This is due to the 

additional strengthening of binding on the surface of the QD obtained from the stronger ligand-

ligand van der Waals interaction in the longer chain ligands compared to the shorter chain 

ligands. This leads to the stronger binding of longer chain amines like oleylamine to the CdSe 

QD surface while the shorter chain amines like butylamine binds weakly to the CdSe QD 

surface.  A more in-depth theoretical study is necessary to obtain a systematic understanding 

of these trends and is not within the scope of this study. 

6.4.2.3. Role of oleylamine capping in CdS QDs:  

 

Figure 6.14. 1HNMR spectra of the oleylamine capped CdS QDs in CDCl3 after the ligand exchange 

along with the free oleylamine ligands as the reference. 

To prove the generality of our approach, we have studied the nature of passivation induced by 

oleylamine on the surface of CdS QDs. The NMR spectrum of CdS QDs after the ligand 
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exchange with oleylamine is shown in Figure 6.14. It shows that CdS QDs are covered with 

oleylamine on their surface after the ligand exchange. 

Figure 6.15. Ligand exchange of CdS QDs with oleylamine. (a) Steady state PL spectra of Undoped 

QDs before and after the ligand exchange with oleylamine (b) and the corresponding TRPL spectra 

with λem = 2.2 eV. (c) Steady state PL spectra of Cu doped QDs before and after the ligand exchange 

with oleylamine (d) and the corresponding TRPL spectra with λem = 1.6 eV. Excitation wavelength, λex 

= 405 nm (3.06 eV) for all the spectra. All the spectra were measured in hexane. 

Oleylamine mainly passivates the hole traps in case of CdSe QDs thus enhancing its 

PL efficiency. Contrary to this, it quenches PL intensity in CdS QDs after replacing the original 

ligands as shown in Figure 6.15(a). Also, there is an increase in contribution of fast component 

in TRPL spectrum (shown in Figure 6.15(b)) of CdS QDs after the ligand exchange with 

oleylamine. This indicates that oleylamine ligands induce new traps on CdS QD surface, that 

is consistent with the formation of the poorly emissive CdS QDs when they are synthesized in 

oleylamine.[51] The nature of trap states can be elucidated with the help of Cu doping. Figure 
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6.15(c) shows the PL spectra of CdS QDs before and after the ligand exchange with oleylamine 

ligands. It is clear that the absolute Cu PL was reduced after the ligand exchange. But the TRPL 

spectrum of oleylamine capped CdS QDs is almost unchanged or slightly changed compared 

to that of original capped QDs as shown in Figure 6.15(d). The combination of Figures 6.15(c) 

and 6.15(d) shows that oleylamine creates mainly hole traps along with a fewer electron traps. 

From this study, one can observe that the same ligand can behave differently in different QD 

materials, that is, oleylamine creates trap states in case of CdS QDs while it passivates the QD 

surface in the case of CdSe QDs. 

6.4.2.4. Role of TOP and TOPO capping in CdSe QDs:  

 

Figure 6.16. 31PNMR spectra of CdSe QDs after the original ligands are replaced with TOP along with 

the free TOP, TOPO and TOPSe ligands as reference. TPP is added as internal reference. 
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The synthesis of CdSe or any metal selenide in literature is carried out in presence of TOP as 

it has proven itself to be a good solvent for the Se precursor as well as in passivating the QDs. 

However, the exact role of TOP, beyond the capability to dissolve the Se precursors, is not 

completely understood. In an effort to analyze the role of TOP for ligand passivation, we first 

exchanged the original ligands on CdSe QD surface with the TOP ligands. The exchange of 

the ligands is probed by 31P NMR spectroscopy as shown in Figure 6.16. Here, we have chosen 

TPP as an internal reference which gives a peak at -6 ppm in 31P NMR. Free TOP gives a signal 

at -31 ppm as shown in the Figure 6.16. However, after the ligand exchange, we observe a 

complete absence of -31 ppm peak demonstrating the absence of free TOP molecules. This is 

now replaced by three new peaks. The small peak at 34.5 ppm may be assigned to TOPSe as 

free TOPSe shows the resonance at 35.8 ppm as shown by the NMR spectra in Figure 6.16. 

The upfield shift of 1.4 ppm is due to TOPSe is in close proximity to the QD surface 

experiencing the shielding effect. This suggests the binding of TOP molecules with the Se 

atoms on CdSe QD surface. However, we have not observed any noticeable broadening of 31P 

NMR peaks of the ligands bound to CdSe QD surface unlike the traditional NMR spectra. This 

kind of exceptions was observed in literature but the exact reason is not clear at this moment. 

For example, Jones and co-workers[22] have observed no broadening in the 31P NMR peaks of 

TOPO when it is bound to QD surface but only a small shift in the resonance peak is observed. 

Alivisatos and co-workers[52] have also not observed any noticeable broadening of  31P NMR 

peaks of bound TOPSe and TOPO ligands on the as-synthesized CdSe QD surface. The small 

peak at around 49 ppm can be assigned to free TOPO. However, the strong peak at 29 ppm 

which is shifted upfield from the resonances of both TOPSe and TOPO may be attributed to 

the formation of surface bound TOPSe/TOPO.[53] However, due to higher concentration of 

TOPO than TOPSe, this peak could be predominantly due to bound TOPO. The presence of 

TOPO in small quantities can be explained by the reaction of TOP with free oxygen available 

in air during the ligand exchange process, similar to the formation of TOPO upon treating 

ODE-Se with TOP.[54] Importantly, the NMR spectra show clear evidence that the TOP has 

mostly formed surface bound TOPSe/TOPO with small percentage of TOPSe and free TOPO, 

upon successful ligand exchange. 
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Figure 6.17.  Ligand exchange with TOP-TOPO. (a) Steady state PL spectra of Undoped CdSe QDs 

before and after the ligand exchange with TOP-TOPO (b) and the corresponding TRPL spectra with 

λem = 2.2 eV. (c) Steady state PL spectra of Cu doped CdSe QDs before and after the ligand exchange 

with TOP-TOPO (d) and the corresponding TRPL spectra with λem = 1.6 eV. Excitation wavelength, λex 

= 405 nm (3.06 eV) for all the spectra. All the spectra were measured in hexane. 

The role of TOP and TOPO is probed by PL spectroscopy and is compiled in Figure 

6.17. Figure 6.17(a) shows the PL spectra of undoped CdSe QDs before and after the ligand 

exchange with TOP-TOPO ligands. TOP-TOPO strongly improves the PL efficiency in CdSe 

QDs compared to the original ligands. This can be attributed to the better surface passivation 

of trap states of CdSe QDs by the TOP-TOPO ligands. This is also clear from the increase in 

the average lifetime of CdSe QDs after replacing the original ligands as shown in Figure 

6.17(b). In literature, both TOPO and TOP were shown to enhance the PL efficiency of CdSe 

QDs by passivating their surface.[16, 54] Addition of a few Cu atoms into QDs was used to reveal 

the nature of passivation induced by TOP-TOPO on CdSe QD surface. Figure 6.17(c) shows 
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the PL intensities of both band edge and Cu emission increasing in case of Cu doped QDs after 

ligand exchange with the TOP-TOPO ligands to the QD surface. Figure 6.18 shows an increase 

in the average lifetime of the band edge emission of Cu doped CdSe QDs after the ligand 

exchange with TOP-TOPO ligands similar to that of undoped QDs. The ratio of Cu PL area to 

total area is reduced with the TOP-TOPO passivation on the QD surface as shown in the inset 

of Figure 6.17(c). Here, TOP passivates the hole traps on the CdSe QD surface by attaching to 

uncoordinated Se sites.  

 

Figure 6.18. The TRPL spectra of Cu doped CdSe QDs at band edge emission before and after the 

ligand exchange with TOP. λex = 405 nm (3.06 eV) and λem = 2.2 eV. 

However, there is an increase in overall PL efficiency along with decrease in the 

contribution of the fast component in the TRPL spectra of Cu related emission of Cu doped 

CdSe QDs after the ligand exchange as shown in Figure 6.17(d). The lifetime of fast 

component is also increased after the ligand exchange with TOP-TOPO ligands as shown in 

Figure 6.19. It indicates that the new ligands also passivate electron traps on CdSe QD surface 

that is consistent with the huge increase in PL efficiency upon ligand exchange with TOP-
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TOPO. TOP usually binds to the surface Se sites but not to the surface Cd sites and TOPO is 

shown to bind strongly to the surface Cd atoms only.[55] This suggests that the electron trap 

passivation is mainly induced by the TOPO which strongly binds to surface Cd atoms. This is 

further supported by the observation that TOPO enhances the PL intensity of CdSe QDs by 

binding to uncoordinated Cd sites on CdSe QD surface.[22] So, during the ligand exchange, 

TOP molecules bind to the surface Se sites while the TOPO molecules bind to surface Cd sites 

which lead to the passivation of hole and electron traps respectively. Here, it can be understood 

that choice of ligand plays an important role in passivating the QD surface of different 

compositions (either cation rich or anion rich).  

  

Figure 6.19.  The variation of non-radiative lifetime of electron traps on the CdSe QD surface before 

and after ligand exchange with different ligands.  

6.4.3. Improving the PL efficiency of CdSe QDs by performing ligand exchange 

with a mixture of ligands: 

From this data, it is evident that not only is the ligand important but also the concentration of 

the ligand, the surface composition of the host QD and the crystal structure exposing different 

facets of the QD are important in efficient passivation of the surface. From these individual 

studies of amines, TOP/TOPO and thiols, we now evolve a combination of ligands and ligand 

concentration to obtain maximum PL efficiency in case of CdSe QDs. 
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Figure 6.20. (a) 31P NMR spectra and (b) 1H NMR spectra of TOP-TOPO-oleylamine capped CdSe 

QDs along with the reference NMR spectra of free ligands. (c) Calculation of approximate composition 

of TOPO and oleylamine from the 1H NMR spectrum of TOP-TOPO-oleylamine capped CdSe QDs.  
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This has been applied to ligand exchange using the optimal combination of ligands. 

Post synthesis, the CdSe QDs were treated with excess of a mixture of TOP and oleylamine. 

The surface chemistry of the mixed ligand capped CdSe QDs is probed by NMR spectroscopy 

as shown in Figure 6.20. 31P NMR spectra (Figure 6.20(a)) shows the presence of strong 

resonance of TOPO at 49 ppm compared to weak resonance of TOP at 34.5 ppm on CdSe QD 

surface. It indicates that most of the TOP ligands are converted into TOPO during ligand 

exchange as observed in case of ligand exchange with TOP ligands only (Figure 6.16). 1H 

NMR spectra (Figure 6.20(b)) also show the presence of both TOPO and oleylamine on the 

QD surface. Thus, the QD surface is mainly passivated by TOPO and oleylamine along with a 

small percentage of TOP. As shown in Figure 6.20(c), upon comparison of peaks at 1.5-1.8 

ppm (TOPO) and 5.3-5.4 ppm (oleylamine), the ratio of TOPO and oleylamine is found to be 

60:40 from the 1H NMR spectrum after accounting for the number of protons contributing to 

the peaks. Figure 6.21(a) shows the enhancement in the PL intensity after the exchange of 

original ligands with this mixture of ligands on the CdSe QD surface showing almost ten times 

enhancement in PL efficiency after the ligand exchange and the relative PL intensities are 

shown in the inset of Figure 6.21(a). Also, the lifetime of the QDs increases after the ligand 

exchange as shown in Figure 6.21(b). Even though similar ligand combination has been used 

during the synthesis of CdSe QDs to obtain high PL QY,[12]  this is the first report wherein the 

result has been observed during post synthesis modification using an analytical protocol. This 

proves the importance, validity and need of our method in understanding the role of the ligands 

for making efficient QDs towards various applications. 
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Figure 6.21. (a) The steady state PL spectra of CdSe QDs before and after the ligand exchange with a 

mixture of TOP and oleylamine. The inset shows the relative PL area of CdSe QDs before and after the 

ligand exchange. (b) The corresponding TRPL spectra were collected at λem= 2.3 eV. All the spectra 

were measured in hexane with λex = 405 nm (3.06 eV). 

6.4.4. Summary of the role of different ligands in passivating the QDs: 

The role of thiols, primary amines, oleic acid and TOP in passivating QDs have been tabulated 

in Table 6.1, in order to obtain a comprehensive understanding of the QD passivation.  
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Table 6.1. Role of different ligands in passivating the QDs. 

Material Ligand Hole traps Electron traps 

CdSe QDs DDT Strong creation Mild creation 

CdSe QDs MPA Strong creation Mild creation 

CdSe QDs Octylamine and 

oleylamine 

Passivation Almost no effect 

CdSe QDs Butylamine and 

hexylamine 

Mild passivation Creation 

CdSe QDs TOP Passivation No effect 

CdSe QDs TOPO No effect Passivation 

CdSe QDs Oleic acid Passivation No effect 

CdS QDs Oleic acid No effect Passivation 

CdS QDs Oleylamine Creation Mild creation 

CdTe QDs Oleic acid Creation Passivation 

 

This chapter provides a proof of concept for the study of effect of a particular ligand on 

passivation of the surface of the QDs. However, it is not possible to provide an exhaustive list 

of ligands for the various synthesis of different QDs, for example, like the presence of 

inorganic ligands like the halides. We also tried to study the role of inorganic ligands like 

halide on CdSe QDs by ligand exchange (phase transfer) experiment. Halide ligands are known 

to completely quench the PL of CdSe QDs as observed in case of negative ligands like S2-. Due 

to the presence of large negative charge the emission in Cu doped QDs was very weak even in 
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presence of small concentration of halide ions. In Chapter 7, we show that S2- ligands 

completely quench the band edge PL in CdS QDs due to photo-generated hole trapping but 

they were also shown to passivate electron traps on CdS QD surface. We believe that halide 

ligands also trap the photo-generated hole and passivate electron traps on CdSe QD surface 

like S2- ligand does in case of CdS QDs, albeit being much more effective in forming the 

negative ion shield around the surface of the QD. This is further supported by the work reported 

by Kim et al.[56] where chloride ligands were shown to passivate electron traps on CdSe QD 

surface. 

6.5. Conclusions: 

We have shown that it is indeed possible to dope CdSe with Cu and obtain the Cu related 

emission by systematically increasing the hole traps within the system and the earlier reported 

failures were mainly due to the absence of surface hole traps.  We have used the PL QY and 

PL decay kinetics of the Cu related emission to study the surface of the QDs. TOP passivates 

hole traps on CdSe QD surface. We have studied the exact role of thiols (MPA and DDT), 

primary amines, TOP and TOPO in passivating the CdSe QD surface can be achieved through 

ligand exchange or phase transfer processes. The combination of oleylamine, TOP and TOPO 

leads to better passivation of CdSe QDs which improves their efficiency. We have also shown 

that the same ligand e.g. oleic acid and oleylamine plays different role in passivating QD 

surface in different materials (CdSe and CdS). In the larger scheme of QD synthesis, we have 

developed a generic method that can be used to rationally analyze the effects of various ligands 

towards increasing or decreasing PL efficiency. 
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Chapter 7 

Cu Doping in Ligand Free CdS 

Quantum Dots: Conductivity Study 

 

 

 

The following papers have been published based on work presented here: 

G Krishnamurthy Grandhi, K. Swathi, K.S. Narayan and R. Viswanatha. Cu Doping in 

Ligand Free CdS Nanocrystals: Conductivity and Electronic Structure Study. J. Phys. Chem. 

Lett. 2014, 5, 2382.  
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7.1. Abstract:  

Ligand free Cu doped CdS QDs have been synthesized to elucidate their surface electronic 

structure. The Cu doped ligand free QDs unlike their undoped counterparts are shown to be 

luminescent. We used this Cu related emission as a probe to study the nature of the surface 

trap states that results in negligible luminescence in the undoped QDs. The concentration of 

the sulfide ligands is shown to play a crucial role in the surface passivation of the QDs.  

Electrical conductivity of these QDs was also studied and they were shown to exhibit 

significant conductivity of ~10-4 S cm-1. Further, we have shown that the electrical conductivity 

is closely correlated to the surface charge and hence the trap states of the individual QDs that 

has far-reaching consequences in the device optimization.  

7.2. Introduction: 

Research on colloidal QDs has taken center stage for the past several decades mainly due to 

its potential as active materials in several applications.[1-4]  However, in the recent past, it has 

been noticed that these QDs are typically poor conductors due to the presence of insulating 

organic capping layer surrounding the QDs.[5] This prevents electronic communication 

between the QDs creating a bottle-neck in improving the efficiency of several applications.  

Wide-range of studies are underway to resolve this problem without affecting the opto-

electronic properties of the individual QDs that can be altered as a consequence of changed 

size, shape and/or crystal structure of these materials.  One of the first studies in this direction 

showed that the conductivity of these QDs improved by 12 orders of magnitude by replacing 

the capped TOPO/TOP with small molecules like pyridine and the 1,4-phenylenediamine as 

linker molecules[6] or by treating the CdSe QD films with NaOH.[7] This was later followed up 

by several experimental[8] and theoretical[9] groups using short conducting inorganic 

moieties[10-18] to improve and optimize the conductivity and mobility of these inorganic QDs. 

These improved conductivities opens up possibilities for applications like field effect 

transistors with high on/off ratios,[12] photodetectors with very sensitive detectivity,[13] boost 

in efficiency of the solar cells[19] and improvement of the solar power conversion efficiency.[20] 

However, while the exchange of organic capping layer with inorganic moieties have 

demonstrated excellent improvements in inter-particle communication as observed through 

conductivity and mobility, little is known regarding the consequences of this exchange on the 
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properties of individual QDs. For example, only recently, it was observed that the nature of the 

surface of the QDs,[19, 21] specifically that of surface traps, induced decay of optical properties 

in presence of inorganic ligands. The knowledge of surface trap states is not only important for 

optimizing the optical properties, but their effect on the conductivity of QD films is also well 

known.[11, 22] So, a simple method to study the role of these inorganic ligands in passivating 

the surface and stabilizing these QDs would lead to a rational optimization of devices in a 

multi-dimensional space.  Study of the role of passivating ligands, though recognized as highly 

important, is relatively sparse[23, 24] and not well understood across a broad range of ligands 

and host materials. This is further complicated by the fact that the same ligand performs 

different functions in different host materials as shown in Chapter 6. Fortunately, with the 

understanding of the mechanism of Cu emission[25] in II-VI semiconductors, it has been shown 

in Chapter 6 that Cu can be used as an internal probe to understand the role of ligands in 

passivating the surface of the QDs. The mechanism of Cu emission is summarized in scheme 

7.1. Briefly, the QY of the Cu emission is enhanced with increasing number of the hole traps 

and the average lifetime decreases with increasing number of electron traps.  However, this 

technique is viable only if one observes the Cu emission in these QDs.  It is well known that 

in these ligand free QDs, though the conductivity goes up, the optical response is negligible.  

This could be either due to the presence of a large number electron trap states or hole trap states 

or both.   

In this chapter, we discuss the synthesis and characterization of Cu doped ligand-free 

CdS and CdxZn1-xS QDs for the first time that also shows a weak Cu related luminescence.   

Further we also study the role of sulfide ions and the counter ions on the surface of the QDs 

using -potential, steady state and TrPL. While the conductivity of a few materials like PbSe 

(10-2 S cm-1),[10] PbS (8*10-4 S cm-1)[10] and CdSe (10-2 S cm-1)[6, 7] are well studied, CdS QDs 

are largely unexplored.  We have studied the conductivity of Cu doped CdS QDs as a function 

of varying sulfide ion concentration and correlate the results with that obtained from the 

passivation studies.  Further, with a conductivity of ~ 10-4 S cm-1 and minimal hysteresis of the 

I-V curves, necessary to prevent additional energy loss in FETs and integrated circuits, to the 

best of our knowledge, we report highest conductivity so far reported for CdS QD films  and 

comparable to CdSe[6] and PbS[10] QD films where the conductivity reaches ~ 10-2 S cm-1 when 

they are capped with small molecules. 
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Scheme 7.1. The mechanism of the Cu emission and the alignment of the Cu dopant level with respect 

to the VB and CB of the host CdS QDs. 

 

7.3. Experimental section: 

7.3.1. Materials: 

3CdSO4.8H2O, ZnSO4.7H2O, CuCl2.2H2O and Formamide (AR grade), were purchased from 

SD Fine chemicals limited. Acetone (AR Grade) was purchased from Merck and (NH4)2S was 

purchased from Sigma-Aldrich. All the chemicals were used without any further purification. 

7.3.2. Synthesis of Cu doped ligand free CdS and CdxZn1-xS QDs: 

Cu doped ligand free CdS and CdxZn1-xS  QDs were prepared by modified method reported in 

literature.[26] 3CdSO4.8H2O and ZnSO4.7H2O totaling to 0.2 mmol with various proportions of 

Cd2+ and Zn2+ and CuCl2.2H2O  (1-6 µmol) are degassed in formamide at 80 oC for 15 minutes. 

After 15 minutes, (NH4)2S (0.8 – 1.6 mmoles) was added to this mixture and kept at 80 oC for 

5 minutes to give Cu doped CdxZn1-xS QDs with varying sulfide concentration in the QDs. The 

samples were washed with the formamide/acetone mixture and then preserved in formamide 

or water.  

7.3.3. Conductivity measurements: For the planar device fabrication, aluminum/gold 

(with 5 nm chromium adhesion layer) were coated as electrodes by the standard physical vapor 
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deposition technique at a base pressure of 10-6 mbar on precleaned glass substrates. The 

resulting thickness and width of the electrodes are 100 nm and 4 mm, respectively, separated 

by a channel of 70 μm length. For the sandwich structure, a 50 nm PEDOT: PSS layer was 

spin-coated on precleaned ITO-coated glass substrates at 4000 rpm for 1 min and annealed at 

110 °C for 15 min. In both the device structures, the solution containing QDs dispersed in 

formamide was then drop casted and heated on a hot plate at 80 °C for 1 h to evaporate the 

solvent. The sample thickness was maintained at 2 μm with a variation of ±0.5 μm between 

samples. I(V) was obtained by studying more than five samples for each ratio of S2-/Cd2+ QDs. 

I(V) measurements for all the devices were done in an inert atmosphere in dark using a 4200 

semiconductor parameter analyzer. Photocurrent measurements were performed using the 

setup described in the literature.[27]  

7.4. Results and discussion:   

Ligand free CdS QDs were synthesized using CdSO4 and (NH4)2S as precursors and 

formamide as the solvent. The detailed synthesis procedure is discussed in the experimental 

section. Similar to the earlier reported literature,[26] we observe that excess sulfide is necessary 

to prevent the agglomeration of the QDs.  The absorption and emission spectra show the 

presence of a band gap corresponding to the CdS QDs and the absence of band edge emission 

(Figure 7.1(a)), as observed in earlier literature.[26] -potential measurements shown in Figure 

7.1b clearly show a peak at negative voltage that is a consequence of the negatively charged 

surface due to the high percentage of sulfide ions. The negatively charged surface helps the 

QDs in repelling with each other with electrostatic force leading to colloidal stability of these 

QDs in highly polar solvents like water, formamide and N-methyl formamide. It is evident 

from earlier literature[26] and the current work that the excess sulfide ions play an important 

role in preventing agglomeration and stabilizing these QD surfaces. However, the exact 

mechanism of this stabilization has not yet been understood.  In order to understand that, we 

synthesized (discussed in experimental section) Cu doped all-inorganic CdS by adding a small 

percentage of Cu salt during the synthesis.  The presence of Cu in the QDs was confirmed from 

elemental analysis using ICP-OES. These results established that the Cu dopant concentration 

is about 0.5% ± 0.2% in these QDs. Detailed values for various synthesis are tabulated in Table 

7.1.   
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Figure 7.1. (a) The potential curve of the undoped ligand free CdS QDs and (b) the corresponding 

absorption and PL spectra. 

Table 7.1. The elemental analysis (ICP-OES) data for the ligand free Cu doped CdS with varying 

sulfide concentration. 

S2-/Cd2+ % Cu 
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Figure 7.2. Characterization of 0.5 % Cu doped ligand free CdS QDs. (a) XRD pattern of the QDs in 

comparison with the bulk CdS. 2θ is the diffraction angle. (b) TEM image of the QDs with an inset of 

the corresponding high resolution image in the (1 1 1) direction. (c) The normalized absorption and 

steady state PL (λex = 405 nm (3.06 eV)) of the QDs. The inset shows the comparison of the absorption 

spectrum with the PLE spectra (collected at 1.5 eV, 1.6 eV and 1.7 eV). (d) TrPL spectrum was collected 

at Cu emission (1.5 eV) with the λex of 405 nm (3.06 eV). 

Typical XRD pattern of the Cu doped CdS QDs shown in Figure 7.2(a) along with 

cubic and wurtzite bulk CdS patterns demonstrates the formation of zinc-blende CdS QDs. 

TEM image shown in Figure 7.2(b) and the high-resolution image of the same (inset of Figure 

7.2(b)) indicate the formation of 4-5 nm sized particles with a broad size distribution that is 

not surprising in the absence of any ligands. The broad size distribution is further demonstrated 

by the presence of a broad absorption feature in Figure 7.2(c). The steady state PL (Figure 

7.2(c)) shows that even though the undoped dots were non-luminescent, the Cu doped QDs 

indeed have luminescence that is very broad and highly red-shifted compared to the band edge 

emission. The origin of this emission band has been shown in earlier literature[25, 28-30] to arise 
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from the transition of the electron from the CB edge to the Cu d state. The long lifetime decay 

plots obtained from TrPL are shown in Figure 7.2(d) as well as unchanged PL excitation data 

taken at various points on the emission peak (inset to Figure 7.2(c)) further confirms that the 

PL is indeed from Cu emission and not from the surface trap states or due to the broad size 

distribution.   

The most compelling evidence for the origin of this emission peak arises from the 

energy tuning of the Cu related emission.  Cu related emission arises from the transition of the 

electron from the CB to the Cu d level and can be tuned by either altering the size of the host 

QDs or by modifying the composition of the material.  Owing to ligand-free nature of the 

synthesis, it is non-trivial to control the size of these QDs. Hence, we synthesized Cu doped 

alloy of CdxZn1-xS QDs in a similar ligand-free synthesis by the introduction of appropriate 

amount of ZnSO4 during the synthesis. ICP-OES measurements were performed on the 

purified samples and we find that the Zn/Cd ratio incorporated in these QDs was smaller than 

their stoichiometric amount as shown in Table 7.2.  However, it is also evident that substantial 

percentage of Zn was incorporated into the QDs starting from 10% to 85%. The shift in the 

XRD peaks (shown in Figure 7.3(a)) for the various compositions also clearly demonstrate the 

formation of CdxZn1-xS alloy QDs. The alloy formation is further supported by the other 

characterizations shown in Figure 7.3. Figure 7.3(b) shows a TEM image of Cu doped 

Cd0.6Zn0.4S QDs with an inset of high resolution TEM image revealing the formation of 

crystalline QDs with reasonable size distribution. The SAED shown in Figure 7.4 further 

exposes the crystalline nature of the QDs. The most important point of introducing Zn in CdS 

was to study the PL characteristics of these materials and obtain the nature of this emission 

peak. 

Table 7.2. The elemental (ICP-OES) analysis data for the Cu doped CdXZn1-XS alloy QDs. 

Sample % Zn (stoichiometric 

amount) 

% Zn (ICP) 

CdS 0 0 

Cd0.9Zn0.1S 25 10 

Cd0.8Zn0.2S 50 20 

Cd0.6Zn0.4S 75 40 

Cd0.3Zn0.7S 90 70 

Cd0.15Zn0.85S 95 85 
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Figure 7.3. Characterization of Cu doped ligand free alloy CdxZn1-xS QDs. (a) XRD pattern at different 

proportions of cadmium and zinc in comparison with the bulk data. 2θ is diffraction angle. (b) TEM 

image of Cu doped Cd0.6Zn0.4S and the corresponding HRTEM image along (1,1,1) direction in the 

inset.  (c) The normalized PL spectra (λex = 405 nm (3.06 eV)) corresponding to different ratio of 

cadmium to zinc in the alloy and (d) their corresponding TrPL spectra were collected at PL emission 

maxima with the λex of 405 nm (3.06 eV).  Here, S2- / C2+ = 6, C2+ = Cd2+ + Zn2+. 

Figure 7.3(c) shows the PL spectra of Cu doped CdxZn1-xS QDs in formamide. The Cu 

related emission is gradually blue-shifted with increase in the Zn/Cd ratio in the alloy due to 

the increase in the bandgap of  the material  with increasing ZnS nature.[29] The corresponding 

lifetime data are also shown in the Figure 7.3(d) shows a long lifetime for this emission as 

expected for the Cu related emission.  More importantly, it has been observed earlier that the 

lifetime of this Cu related emission in CdxZn1-xS alloy QDs decreases at higher zinc 

compositions.[29] Here we observe that as the composition approaches the ZnS end, the lifetime 

of Cu related emission indeed decreases further proving that this is indeed due to the Cu and 

not due to surface states.  
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Figure 7.4. The SAED pattern for the Cu doped ligand free Cd0.6Zn0.4S QDs. 

However, it is interesting to note that these QDs, similar to the undoped ligand free 

CdS QDs[26] cannot be stabilized with stoichiometric concentrations of cadmium and sulfide 

ions.  In fact, one requires at least four times sulfide ion concentration compared to that of 

cadmium to stabilize these QDs and is more stable at higher sulfide ion concentration 

indicating that the negative sulfide ions, most likely act as ligands stabilizing the QD.  

However, if this is indeed true, one would observe that the surface is negatively charged.  The 

charge on the QD surface can be directly studied using the -potential measurements and can 

have indirect but substantial consequences on the PL intensity of the Cu related emission.  The 

-potential measurements for varying Cd to S ion ratio are shown in Figure 7.5(a). Not 

surprisingly, from the figure it is evident that the -potential becomes more negative with 

increase in sulfide ion concentration from 1:4 to 1:8 and that the charge on the surface is 
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sufficiently large to prevent agglomeration due to electrostatic repulsion.  However, as we go 

to higher sulfide ion concentration of 1:12, we observe that the charge on the surface decreases.  

This suggests that the nature of the surface turns more negative with increasing sulfide ion 

concentration till about 1:8 and when the surface is sufficiently passivated, instead of 

increasing the charge on the individual QD, forms a shielding layer.[31]  This shield could 

eventually block the contact to the QDs thus affecting the conductivity of the material.  Hence 

it is important to study the exact role of the excess anions in the synthesis of ligand free QDs. 

The study of role of ligands on the nature of the surface has been recently proposed by 

the introduction of Cu as an internal probe as shown in Chapter 6. This study correlates the 

surface properties to the extent of electron and hole traps and hence predicts their consequences 

on the conductivity of the QDs.  Briefly, the Cu related emission originates from the 

recombination of the photo-excited electron with the optically active hole present on the Cu 

site and does not require the photo-excited hole.[25]  In fact, due to the long lifetime of the Cu 

related emission it can only be observed in presence of hole traps and the PL QY increases 

with increase in hole traps.  Similarly, in the current case, it is interesting to note that in spite 

of the fact that undoped particles do not fluoresce, the Cu doped QDs show a weak 

fluorescence. The presence of Cu related emission even though the band edge emission is 

absent indicates that the excess sulfide ions preferentially create more hole traps than the 

electron traps. This is reasonable given that the surface of the QDs is negatively charged and 

preferentially draws the photo-excited hole towards them. Figure 7.5(b) shows the variation of 

the Cu related emission for various sulfide ion concentrations. It is intriguing to note that PL 

peak is slightly redshifted with increasing anion ratio. This could arise due to three leading 

causes or a combination of these causes.  In the ligand free synthesis, the size of the QD is not 

really controlled.  So, it is possible that there could be some shift due to small changes in size.  

In addition, it is also known in literature that when a negative charge present on the QD surface, 

the electron or hole wave function may delocalize outside the QD surface.[32] This leads to a 

small red shift in both absorption and PL. The third factor relates to the number of ligands or 

the sulfide ions in the present case attached to the QD. Typical example in literature[33]  relating 

to CdSe with thiol ligands have shown that both the absorption and PL gets red shifted with 

increasing number of ligands though the exact mechanism is not clear.  
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Figure 7.5. (a) The -potential curves, (b) absorption normalized steady state PL spectra (λex = 405 

nm (3.06 eV)) and (c) TrPL spectra of 0.5 % Cu doped ligand free CdS QDs with increasing sulfide 

concentration (1:4 to 1:16) were collected at Cu emission (1.4 eV) with the λex of 405 nm (3.06 eV).  

However, it has to be noted that the QY of the Cu related emission is quite low (~ 6%) 

compared to that of oleate capped CdS QDs (~ 40%) as observed in Chapter 6. This points to 

the fact that a large number of electron traps are also formed during the synthesis of these QDs.  

Since Cu related emission in these doped QDs requires only a photo-generated electron, the 

non-radiative component of emission decay arises entirely due to the presence of electron traps 
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and hence the percentage of electron traps in Cu doped QDs is manifested as the fast 

component in the lifetime dynamics of the Cu related emission. Consequently, the average 

lifetime can be used as a marker to quantify of electron traps present in the QDs. A study of 

the lifetime decay of the Cu related emission for various sulfide ion concentrations are shown 

in Figure 7.5(c).  From the figure, it is apparent that the average lifetime increases till about 

1:6 ratio of Cd to S and remains constant thereafter suggesting that the number of electron 

traps do not decrease beyond the ratio of 1:6.   

A comprehensive overview of the results can be obtained by analyzing the surface trap 

states as seen from TrPL and steady state fluorescence of the Cu emission and the surface 

charge as obtained from potential measurements and contrasting the same with the 

conductivity measurements.  We observe that a minimum of 1:4 excess negative ions are 

needed to stabilize the surface of the QDs.  Further with increase upto 1:6 ratio of Cd to S, we 

observe a decrease in the electron traps and an increase in hole traps suggesting that the excess 

sulfide ions are involved in passivating and stabilizing the surface. Additional increase in the 

sulfide ion concentration results in only a slight increase in the number of hole traps and then 

a decrease thereafter with no change in the amount of electron traps.  This suggests that the 

excess sulfide ions are now not involved in passivating the surface and hence forming just a 

negative ion layer around the surface of the QDs. Even though the nature of the probe is 

indirect, the consequences of this study can be directly reflected in the conductivity of the QDs. 

The electrical measurements performed on these samples are shown in Figure 7.6.  

Figure 7.6(a) shows the I-V characteristics of the QDs with varying sulfide ion concentration. 

I (V) measurements were done using two types of injecting contacts, gold (work function of 

5.1 eV) and aluminum (work function of 4.2 eV) in the planar geometry. The conductance in 

Al contact devices is marginally higher than the Au contact devices. The electrode materials 

were chosen so as to align their work functions with the band positions of the QDs.  For 

example, Al poses no barrier for electron transport as it is aligned close to the CB of the QDs. 

This can be seen from the ohmic nature of the I(V) curves for sulfide concentrations upto 1:8. 

This contrasts with the super linear behavior and lower values of current in Au devices where 

it is injection limited due to possible sources such as misalignment of the electrode work 

function with the QD VB energy levels.  
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Figure 7.6. (a) The I(V) characteristics of the 0.5 % Cu doped QDs with varying sulfide ion 

concentrations with respect to the Al electrode and the corresponding I-V characteristics with respect 

to the Au electrode (inset). The schematic of the device used for the measurement of I-V characteristics 

is also shown in the inset.  The inter electrode distance was kept at 70 µm with the electrode width of 

4 mm and the typical sample thickness of 2 µm. (b) The corresponding variation of conductance (black 

spheres and circles) and PL QY (red spheres) for varying S2- to Cd2+ ratio. The corresponding variation 

of the average lifetime is shown in the inset. (c) shows the intensity modulated spectral photocurrent 

response of a sandwich device structure ITO|PEDOT:PSS|CdS|Al at two bias voltages (+10 V for Cu 

doped samples and +5 V for undoped samples) and modulation frequency of 70 Hz, with active layer 

thickness ~ 2 μm. Also shown is the absorbance of the CdS QDs. Absorption spectrum and PL QY were 

measured in water 
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The I(V) responses directly measure the conductance of Cu doped CdS QDs and the 

variation in conductance for different S2- to Cd2+ ratio for both types of carrier injection is 

shown in Figure 7.6(b).  Here it has to be noted that the conductance with either electrodes is 

higher by nearly five orders of magnitude compared to the oleate capped CdS QDs (Figure 

7.7).  This is expected since the oleate capped QDs have long chain non-conducting molecules 

attached to the QD surface which reduces the electronic coupling between two QDs leading to 

lower conductance.  In addition, though the electron and hole conductance increases with 

increase in S2- to Cd2+ ratio initially, the transport mechanisms are quite different. Presence of 

excess anion is known to result in non-stoichiometric QDs and manifests as gap states close to 

the VB of the QD.[34] This results in p-doping which leads to an initial increase in hole 

conductance as the sulfide ion concentration is increased. Increase in electron conductance is 

indicative of the decrease in the number of Cd2+ sites (electron-traps) on the QD surface with 

increasing anion concentration. However, it is important to note that changing the 

stoichiometry of the sulfide with respect to the cadmium will lead to n-type behavior in the 

semiconductor. As the Fermi level is increased and the introduction of the dopant, a set of 

extended band-tail states and deeper localized states are created leading to a possibility of 

Anderson-type transition.[35-38] However, the CdS (S2-) (with about 0.5% Cu doping) QDs 

represent a class of highly disordered solids where both the Efermi position and the extent of 

disorder is controlled by the relative proportions of S2- and Cu content. As the sulfide content 

is increased, a spread in the QD size distribution is observed in the TEM images.  In addition, 

it should be noted that the Fermi level lies in the localized region in these systems and hence 

the transport is dominated by hopping between energy levels at room temperature. Even though 

the Fermi level can move closer to the mobility edge by increasing the sulfide concentration, 

the electrostatic repulsive forces between sulfide ions on neighboring QDs is found to 

dominate. This in turn localizes the electron wave function as the distance between two QDs 

increases, leading to lower conductivity (Figure 7.6(b)). Hence it is unlikely to be an Anderson 

type transition. Nevertheless, conclusive proof of the same can be obtained by performing a 

temperature dependent electrical transport study as a function of dopant concentration.  In any 

case, beyond a critical ratio of 1:6 Cd:S, the conductance drops, possibly due to decreased 

inter-particle connectivity arising from the increased electrostatic repulsion between sulfide 

ions of neighboring QDs. Also, in the presence of excess anions and their counter ions and 
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specifically in the present case of NH4
+, a virtual capping layer can be formed with a shield of 

negative ions and their positive counter ions affecting the conductance.[31, 39]  

Also, shown in Figure 7.6(b) is the increase in PL QY of the Cu related emission and 

the average lifetime of the same, essentially reflecting the number of hole and electron traps 

respectively. From the figure, we can see that the average lifetime saturation occurs at the same 

anion concentration as that of the peak of conductance indicating the decrease in number of 

electron traps up to 1:6 ratio of Cd:S. This observation is in concurrence with the earlier 

conclusion obtained from PL and I-V data that the excess anions are involved in passivating 

the surface until a concentration of 1:6 and thereafter starts forming an ion shield in the 

presence of excess anions. The formation of ion shield is also clearly reflected in the PL QY, 

though at slightly higher ratio as seen from the figure.  This could be reflective of the number 

of hole traps in the system and hence could be slightly higher. Thus, we have shown for the 

first time from these studies that the surface of the QDs can be studied using this novel new 

technique of Cu doping and that there exists a clear correlation between the surface passivation 

and transport properties such as conductivity. 

Further in order to understand the nature of charge transport in these QDs, we have 

performed photoconductivity measurements that could give information on the majority 

carriers. Thick samples were used to ensure that the response is reflective of the photo-

generated carriers in the bulk and with minimized interfacial contribution. A typical 

photocurrent response obtained for the device structure ITO|PEDOT-PSS|CdS|Al is shown in 

Figure 7.6(c). The prominent points to note in the photocurrent response are the following:  A 

clear photocurrent with large signal to noise ratio (of the order of 20) and a spectral response 

similar to the absorption profile is observed in samples without Cu. The intensity dependence 

is clearly linear. This proposes a predominantly n-type transport in this system obtained from 

a simple estimate taking into account the absorption coefficient, the active layer thickness and 

the difference in bias polarity .[40, 41] In case of Cu-doped CdS, the photocurrent response is not 

as significant as the un-doped system. A spectral response of this device appears to suggest an 

antibatic response with a local maximum at the absorption edge. This response is suggestive 

of a possible dominant-hole transport in this system.[27, 40, 41] However, a careful thickness 
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dependence studies with appropriate buffer layers and electrodes will be necessary to ascertain 

this fact.  

 

Figure 7.7. The I-V characteristics of the oleate capped CdS QDs. 

7.5. Conclusions: 

We have studied the ligand free or sulfide capped CdS as a model system to probe the role of 

inorganic ligands in passivation of the surface of the QDs by copper doping. Interestingly, we 

observed these Cu doped QDs are luminescent unlike the undoped QDs and that the sulfide 

ligands act as hole trapping agents on the QD surface. Further, we have shown that these QDs 

form good conducting films with conductivities of the order of 10-4 S cm-1. We have studied 

the effect of sulfide ion concentration on the electrical properties of these QD films and found 

that an optimal concentration of ligands is required to get the best surface passivation that is 

also directly correlated with the efficiency of the electrical devices. 
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Section I 

Tunable Infrared Phosphors Using Cu 

Doping in Semiconductor Quantum 

Dots 
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8.1. Abstract: 

We show that Cu doped CdS QDs can be utilized as near infrared emitting phosphor material 

that have tunable, high QY (~35%) emission with a single exponential lifetime decay. 

Surprisingly, unlike the emission from other Cu doped II-VI QDs, emission from Cu doping 

in CdS QDs is found to exhibit high thermal stability, being essentially unchanged upto 1000C, 

making them more viable for use in various practical applications.   

8.2. Introduction: 

The development of high QY NIR emitters has been highly sought-after for potential 

applications spanning the areas of optical amplifiers, biomarkers,[1] lasers, 

telecommunications, secure information display like military tagging, optoelectronics for long 

range transmission of remote control commands, passive heating and photovoltaic 

enhancement.[2]  Recently, they have also been shown to improve the solar cell efficiency and 

have hence attracted attention for solar cell applications.[3, 4]  So given the range of applications, 

it is not surprising that the development of high QY NIR phosphors have been extensively 

studied[5-10] in the recent years.  Ideally, materials showing high efficiency, broadband emission 

with long lifetimes have been extensively investigated for tunable lasers and optical 

amplification as potential applications.[11]  Recently IR materials consisting of lanthanide 

doped complexes,[8] organic donor acceptor molecules[6, 7] as well as conducting polymers[9] 

and inorganic semiconductor QDs[10] have been extensively investigated. However, 

lanthanides are known to be extremely expensive and hence phosphors based on these 

materials would not be cost effective.  Though the luminescent QDs have a large advantage 

over organic polymers with regard to photostability as well as broad band absorption,[12] most 

of these materials including lanthanide doped QDs provide a narrow sharp emission peak and 

is thus non-trivial to obtain a large optical bandwidth even with a combination of dopants in 

the case of lanthanides or sizes in the case of semiconductor QDs.  This disadvantage has been 

partially addressed by the use of type II core/shell semiconductors to obtain broad band Stokes' 

shifted emission with long lifetime.[13]  However, it is well known that due to the poor spatial 

overlap, the QY of these QDs are quite low.  Hence, the search for stable, tunable wide band 

emission with high QY and long lifetime, specifically in the NIR region is still a work in 

progress.   



8. Applications of Cu Doped QDs 

 

174 
 

Recent attempts in this direction have focused on the down conversion of the emission 

into the NIR region and has been achieved by the introduction of atomic-like level in the mid 

band gap region by the use of dopant atoms.[12, 14-16]  The additional intrinsic advantages of the 

transition metals doped QDs over the undoped QDs include insensitivity to thermal, chemical 

and photochemical disturbances. [12, 16]  Specifically, the PL emission from Mn in doped QDs 

have been shown to be stable upon UV irradiation as well as on bubbling air into the 

solution.[16, 17]  On the other hand, Cu doped QDs have revealed several advantages that cannot 

be achieved using Mn doped samples like tunable emission (from UV- IR region) with varying 

lifetimes.  Nevertheless, similar photostability studies of Cu doping in ZnSe QDs have shown 

that even with specific overcoating of the host material on Cu doped QDs, this emission was 

barely stable in air at room temperature.[16]  Hence it is evident that though Cu doped materials 

are an important class of semiconductors for application as phosphors, stability of this emission 

needs substantial improvement. Since then Cu doping of semiconducting QDs has been 

extensively explored in several recent reports[16, 18-22] including the use of ZnCdS alloy[21] or 

CdSe[23] as host materials to obtain upto about 750-800 nm emission.  However, one of the key 

missing features in these reports is the tunability into the NIR region as well as a high QY and 

thermal stability that is desirable for various medical applications.[24]  While the use of CdS as 

a host material due to the lower absolute energy of the conduction band edge would be a natural 

extension to extend the tunability into the NIR region, surface electronic studies in Chapter 6 

has shown that stabilizing and improving the QY of the Cu related emission is non-trivial.  As 

explained in Chapter 6, Cu emission will be enhanced in presence of more hole traps and less 

electron traps. Using this information, we then use appropriate ligand concentration during the 

colloidal synthesis to create hole traps while passivating the electron traps on the surface of 

the QD leading to high QY and a nearly single exponential decay of the broad band emission 

arising from the transition of the electron from the conduction band of the host to that of Cu d 

level in the case of Cu doped CdS QDs to obtain high QY NIR emitting QDs with broad 

emission.  Further, we also show that along with high QY, they also possess excellent thermal 

stability with stable emission upto fairly high temperatures for extended periods of time. 
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8.3. Experimental section: 

8.3.1. Materials: 

CdO, oleic Acid (90%), ODE (90%), and TOP (90%) and S powder were purchased from 

Sigma Aldrich. All purchased chemicals were used without further purification.   

Copper stearate was synthesized and purified similar to the literature reports published 

previously.[18]   

8.3.2. Synthesis of CdS and Cu doped CdS QDs:       

CdS and Cu doped CdS QDs were synthesized by degassing a mixture of CdO (0.2 mmol), 

oleic acid (0.6-2.0 mmol) and ODE in a three-necked flask in vacuum and back-filling with 

Ar. To this solution, 0.1 mL of TOP was injected at 80 °C in an Ar atmosphere followed by 

the injection of 0.5 mL of 0.2 M S in ODE solution at 300 °C. This solution was immediately 

cooled down to 150 °C to avoid the further growth of CdS QDs. To this solution, 8 μmoles of 

copper stearate solution of ODE (1 mL) was added, and the reaction mixture was annealed for 

several hours to obtain the Cu doped CdS QDs. Samples were washed with a hexane/methanol 

mixture and precipitated using acetone. 

8.4. Results and discussion: 

Cu doped CdS QDs were synthesized using colloidal methods as discussed in detail in the 

experimental section. Briefly, the QDs were obtained by first synthesizing undoped QDs in 

presence of appropriate ligands at high temperature and cooling it down to about 150 0C before 

the addition of Cu precursor that was subsequently followed by the overcoating of the host 

semiconductor. The overcoating of the host semiconductor was carried out to overcome the 

challenge of inserting the dopant into core of the QD.[16]  This was further verified by etching 

the obtained sample with a small amount of hydrogen peroxide and measuring the ICP-OES 

as well as the optical properties.  ICP-OES measurements obtained after thorough washing of 

the QDs show that the ratio of Cu/Cd atoms has not changed drastically suggesting the presence 

of Cu in the interior of the QD.   
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Figure 8.1. Absorption, Steady state PL Spectra and TrPL Spectra of Cu doped CdS QDs before and 

after the etching experiment using Hydrogen Peroxide. 

Further, the location of the Cu in these doped QDs was obtained using controlled 

etching of the surface of the QDs using hydrogen peroxide.  2 mmol of hydrogen peroxide was 

slowly added to 10-5 mmol of Cu doped CdS QDs in hexane solution. The absorption spectra 

(shown in Figure 8.1(a)) obtained before and after the addition of hydrogen peroxide clearly 

shows a blue shift of the absorption spectra suggesting that the size of the QDs has decreased. 

However, the steady state and TrPL Spectra (Figures 8.1(b) and 8.1(c)) shows the presence of 

Cu related emission in the sample even after the etching of the surface of the QD, though 

slightly blue shifted due to smaller crystallite size. The shift in the energy of the absorption, 

band edge emission and Cu related emission upon addition of hydrogen peroxide is shown in 

Figure 8.1(d). Since the Cu emission is sensitive to the surface of the QD, the emission intensity 

decays more rapidly with the addition of etching agent as observed in Figure 8.1(b). 

Additionally, the increase in the fast component as seen from the TrPL data (Figure 8.1(c)) on 

etching the surface of QD and decrease in the QY of the QDs (inset to Fig. 8.1(b)) indicates 

the increase in trap states on the surface of the QD. Nevertheless, in spite of removal of the 
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surface of the QD, the presence of Cu related emission as well as presence of Cu in ICP-OES 

analysis suggests that Cu was not solely present in the surface of the QDs. The amount of Cu 

incorporated into the QDs as determined by ICP-OES measurement (about 1%) is lower than 

the stoichiometric amount of Cu added during the reaction (about 4%) as expected.   

 

Figure 8.2. (a) XRD patterns of bulk zinc blende CdS as well as the QD experimental (open circles) 

patterns of 3.8 nm and 5.5 nm particle CdS QDs. (b) Typical TEM image showing the formation of 

spherical particles of 3.8 nm particles.  The inset shows the selected area electron diffraction pattern 

of these QDs showing the crystallinity of these particles.  (c) Typical absorption (thin line) and PL data 

(thick line) of Cu doped CdS QDs.  The inset shows the PLE data collected at different emission energies 

in the Cu emission region along with the absorption (d) Typical lifetime decay plots collected at band 

edge energy (black line) and at Cu related emission peak (red line). 

Typical XRD pattern as well as the TEM image of Cu doped CdS QDs are shown in 

Figures 8.2(a) and 8.2(b) respectively. XRD pattern clearly show the formation of CdS QDs 

when compared to the bulk data obtained from Inorganic Crystal Structure Database.  

However, the pattern was broadened (shown in Figure 8.2(a)) due to their small size and the 
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size of the particles were determined using the Scherrer formula. TEM measurements on the 

same samples is shown in Figure 8.2(b) and is found to have an average size of about 3.9 nm. 

It is important to note that the size of the QDs obtained by this procedure for both doped and 

undoped samples was found to be similar implying that the size and crystal structure have not 

changed after doping Cu. 

The optical properties of these materials were measured using absorption and steady 

state and TrPL as shown in Figures 8.2(c) and 8.2(d). As expected the absorption of the QDs 

is blue shifted with respect to the bulk due to their small size. However, it is interesting to note 

that PL emission peak is drastically red shifted since the spectrum is dominated by the Cu 

related emission and band edge emission is largely suppressed. The origin of the Cu related 

emission has been extensively discussed in earlier literature reports[19-21, 25] and is concluded 

to be due to the coupling of the conduction band-edge to the level associated with the Cu 

impurity. Additionally, the large bandwidth of the Cu related emission has also been 

extensively investigated[25] and is concluded to arise from the intrinsic nature of this emission.  

Similar to these reports, PLE spectra measured at various energies of the Cu related emission 

is found to be exactly similar to the absorption spectra as shown in the inset to Figure 8.2(c) 

suggesting that the origin of the band width of the Cu emission is independent of the size 

distribution.  The typical lifetimes of the band edge emission peak and the Cu related emission 

are shown in Figure 8.2(d) and it is interesting to note that while the lifetime of the band edge 

emission is of the order of 30-60 ns, Cu related emission is stable in the excited state for upto 

a 1000 ns, confirming that the peak is not due to the surface states and is due to the weak spatial 

overlap between the CB electron wave function and the localized Cu state. 

Both TOP and oleic acid are used as ligands during the synthesis of CdS QDs. Oleic acid is 

known to passivate the electron traps on the CdS QD surface as studied in Chapter 6. The Cu 

related emission thus obtained in CdS QDs is observed to possess a QY of upto 35% with 

lifetimes in the range of 0.8 to 1 μs as well as wide energy range emission acting as a bridge 

between the visible and NIR regions. Additionally, since the Cu related emission arises due to 

a transition from conduction band of the host to the Cu d level, this emission can be tuned as a 

function of size even within the same material, thus retaining all the advantages of these 

materials while fine-tuning the peak energy to meet the needs of the specific application.  

Typical absorptions and emission for various sizes of CdS QDs are shown in Figure 8.3(a) 
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with emission maxima varying from 1.9 eV to 1.35 eV. The PL QY of these materials was 

found to be between 25-35% in the NIR region. While these characteristics are useful for broad 

band phosphor materials, thermal stability would be essential for practical uses as phosphor 

materials.  Hence, we heated both toluene solution of these materials as well as thin films over 

a period of about 6 hours to 100 oC while retaining the film or solution at any given temperature 

for about an hour.  The results of these experiments are shown in Figures 8.3(b) and 8.3(c) for 

a solution and thin film respectively. The normalized area under each of the plot is plotted in 

Figure 8.3(d) and from the figure it is evident that the material is relatively unaltered upto 100 

oC in solution and loses only about 20% of the emission QY in case of thin films. This 

extraordinary thermal stability and thermal reversibility is found to be unlike other previously 

reported Cu doped materials thus making them ideal materials for several applications. 

 

Figure 8.3. (a) Typical absorption (thin line) and PL plots (thick line) of different sizes of Cu doped 

CdS QDs.  Thermal stability obtained by heating the sample and collecting the Cu related emission at 

high temperature for (b) a toluene solution of doped QDs and (c) thin film of doped QDs.  (d) The 

normalized PL area plotted as a function of temperature both for solution (red dots) and thin film (black 

dots). 
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8.5. Conclusions: 

We observe that Cu doped CdS QDs can be synthesized with high QY and broad band emission 

with single exponential decay of the emission by using oleic acid as a ligand which is known 

to passivate the electron traps on CdS QD surface. The Cu related emission of these materials, 

for the case of CdS QDs lie in the NIR energy range that bridges the gap between visible and 

IR region.  Using this systematic study, we have optimized the QY of the Cu related emission 

in these materials to about 35%. We have also studied the thermal stability of this emission 

and found it to be surprisingly stable upto 100 oC thus making these materials ideal for 

phosphor applications.  
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Section II 

Visible Photo Responsive Cu and Fe 

co-doped ZnS Quantum Dots 
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8.6. Abstract: 

Upon doping Fe in Cu doped ZnS QDs, a broad absorption band in visible region was observed. 

The doping in these QDs is shown to have a high photo-response in the visible region unlike 

their undoped counterparts that is only effective in the UV region leading to light sensing 

applications. 

8.7. Introduction: 

Photo detectors with UV-visible-NIR spectral response gained a great attention due to their 

various applications in image sensing, communication and environmental monitoring.[26, 27] 

Here, in this section, we focus on potential materials for visible photo detectors. Crystalline Si 

is one of the most studied system that has been used for visible light detection.[28] But it has its 

own limitations e.g. its absorption remains weak over the entire spectrum, only exceeding 104 

cm–1 at 500 nm.[29] Oxide semiconductors were found to be good candidates to replace Si in 

many electrical devices.[30] Oxide semiconductor based devices are transparent due to their 

very high band gap and so limited to UV light detection.[31] Efforts were made to improve the 

visible light response of these oxide semiconductors to some extent with the help of a polymer 

material as photo absorbing layer.[32] One of the other ways of make use of these oxide 

materials is by mixing with semiconductor QDs.[33] Doping (p-type) in NiO results in visible 

light sensing.[34]   Other than these oxide materials, there are an extensive reports on the UV 

based photo detectors which are based on high band gap materials such as ZnO and ZnS nano 

structures.[35-37] Semiconductor materials like CdS,[38] ZnTe[39] and In2S3
[40] show visible photo 

response while InGaAs,[41] InAs[42] and Cd3P2
[43] are good for NIR light detection. However, 

most of these materials are toxic in nature especially those suitable in the visible and NIR 

spectral window. Hence, the search for developing visible light sensitive materials made up of 

earth abundant, low toxic and less expensive is still ongoing.  

Among the variety of approaches studied, one of the approaches of attaining visible 

light sensitive materials is by altering the properties of UV absorbing materials like ZnO and 

ZnS such that they show visible photo response. It was shown in the literature that doping into 

ZnO and TiO2 strongly affects their band gap.[44, 45] In this section, we tuned the optical 

properties of high band gap material ZnS by co-doping with Cu and Fe and show that it can be 

used as low toxic visible light response material. 
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8.8. Experimental section: 

8.8.1. Materials: 

CuI, Iron acetylacetonate, zinc acetate, zinc stearate, S powder, DDT, oleic acid (90%), 

oleylamine (70%), TOP (90%) and ODE (90%) were purchased from Sigma-Aldrich. Hexane, 

methanol and acetone were obtained from SD Fine chemicals. All the purchased chemicals 

were used without any further purification.  

0.2 M zinc oleate was prepared by heating 367 mg of zinc acetate to 200 oC in presence 

of 1.13 g of oleic acid and 7 mL of ODE to from a clear solution. Once zinc oleate is formed, 

the reaction mixture is allowed to cool down to room temperature. Approximately, 3 mL of 

oleylamine is added to the reaction mixture to prevent the solidification of zinc oleate solution 

at room temperature. 

ZnS was obtained by mixing 6 mL of zinc oleate with 2.5 mL of DDT and 2 mL of 

oleic acid at room temperature. 

8.8.2. Synthesis of Cu and Fe co-doped ZnS QDs: 

0.1 mmol (19 mg) of CuI, 0.1 mmol (35 mg) of Iron acetylacetonate and10 mL of oleylamine 

were degassed in a three-necked flask for one hour at 80 oC and then the reaction mixture was 

back-filled with Ar. The temperature of the reaction was raised to 250 oC where 2 mL of TOP 

was swiftly injected into the reaction mixture. Then, the reaction mixture was annealed for two 

hours at this temperature. After two hours, ZnS solution was added to the reaction mixture in 

a drop-wise manner three times in regular intervals of 45 minutes. After addition of complete 

ZnS solution into the reaction mixture, the reaction mixture was annealed for 4-5 hours till the 

reaction mixture turns into thick black coloured solution. The sample was washed using 

hexane/methanol mixture and then precipitated by adding excess of acetone. The undoped ZnS 

QDs were prepared by simply mixing Zinc stearate and S in ODE at 270 oC. 

8.8.3. Dark and photo response measurements of undoped and co-doped QDs: 

I-V characteristics of undoped ZnS and Cu and Fe co-doped ZnS QDs were measured with 

Solar simulator (Newport, model: 91160-1000, 300W Xe lamp) equipped with AM 1.5G filter 
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with the simulated light intensity adjusted to 100 mW cm−2. The sample is coated on a ITO 

substrate and the Au electrodes were used as contacts from the sample to the source meter.   

8.9. Results and discussion: 

 

Figure 8.4. (a) XRD pattern of Cu and Fe co-doped ZnS QDs along with the bulk cubic ZnS pattern. 

(b) TEM image of Cu and Fe co-doped ZnS QDs. Inset shows the high-resolution TEM image of the 

co-doped QDs (c) Absorption spectra of the undoped and co-doped ZnS QDs and the inset shows the 

magnified portion of the spectrum of the co-doped QDs in the visible region. 

Cu and Fe co-doped QDs were synthesized by adding ZnS precursor to the solution containing 

Cu and Fe in presence of oleylamine as explained in experimental section. The formation of 

the QDs was first confirmed by XRD as shown in Figure 8.4(a). The XRD pattern of the formed 

sample matches well with the bulk cubic ZnS. Though XRD does not confirm the doping of 
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Cu or Fe into ZnS lattice, elemental analysis (ICP-OES) shows the presence of Cu (6%) and 

Fe (5%) in the doping regime. The presence of broad peaks in the XRD pattern of doped dots 

compared to the bulk XRD pattern as shown in Figure 8.4(a) suggests the formation of very 

small particles. The formation of small particles was further confirmed from TEM image as 

shown in Figure 8.4(b). The size of the particles is estimated to be around 5-6 nm and the size 

distribution of the particles is small as observed from the figure. The crystallinity of the 

particles is also observed from the high resolution TEM image which is shown as an inset of 

Figure 8.4(b). Figure 8.4(c) shows the optical characterization of the undoped and co-doped 

ZnS QDs. The undoped ZnS QDs (black line in the figure) show a band gap in the UV regime 

as expected for ZnS which is a high band gap material. On the other hand, the co-doped sample 

(red line) shows an extra band in the visible regime around 600 nm along with the similar 

absorption band in the UV region. This can be clearly seen in the inset of this figure. The origin 

of this extra visible band is not clear at this moment. These doped dots contain the absorption 

band (shorter wavelength) similar to the case of undoped dots and this might be due to the 

inherent nature of the co-doped dots with two absorption bands or it may be just due to the 

presence of undoped portion present in the sample. 

The main aim of this section is to measure the photo response of these doped dots. We 

have performed the I-V measurements on the undoped and co-doped samples as shown in 

Figure 8.5 and the device details are given in the experimental section. Figures 8.5(a) and 8.5 

(b) show the I-V characteristics of undoped and co-doped ZnS QDs in dark and with the 

illumination of light. It can be observed that both the undoped and co-doped dots show the 

enhancement of current when they are illuminated with the Xe lamp compared to dark 

response. The photo-response is similar to observations in literature as well as in the case of 

undoped ZnS in UV region.  
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Figure 8.5. The I-V characteristics of (a) undoped and (b) co-doped QDs in dark and with the 

irradiation of light using Xe lamp. 

However, there exists an extra visible absorption band in the co-doped QDs which is 

not present in the undoped QDs. To find out whether there is any contribution of this visible 

absorption band to the photo response of these co-doped QDs (shown in Figure 8.5(b)), we 

have measured their photo response by using cut off filters which blocks the light of shorter 

wavelengths as shown in Figure 8.6. A 450-nm filter only allows the light of wavelengths 

greater than 450 nm. 
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Figure 8.6. The phot response of (a) undoped and (b) co-doped QDs by using different cut off filters. 

In case of undoped QDs, the photo current gradually decreases with increasing the 

wavelength of cut off filters as shown in Figure 8.6(a). There is a decrease in photo response 

even with a 450 nm-filter and it decreases further with increase in the wavelength of the cut 

off filters. This suggests that undoped ZnS QDs are effective only in UV regime. On the other 

hand, the co-doped QDs show photo response in the visible region also as shown in Figure 

8.6(b). The photo response is almost unchanged even with the use of 590-nm filter but 
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thereafter it diminishes. This shows that these Cu and Fe co-doped ZnS QDs can be good 

candidates for visible light detection.    

8.10. Conclusions: 

Cu and Fe co-doped ZnS QDs are successfully synthesized. The co-doping results in an extra 

visible absorption band. The co-doped QDs show both UV and visible photo response whereas 

their undoped counterparts are only effective in the UV region. These co-doped QDs can be 

potential candidates for non-toxic and environmentally benign visible photo detectors. 
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1.2. Doping in bulk semiconductors-Addendum  

 (At the end of the second paragraph in the section 1.2 (page no. 10)) 

Optically active doping in II-VI bulk semiconductors: 

Mn doping into II-VI semiconductors was also widely studied which is known to alter the 

electronic structure of the host materials.[89-91] Mn doping into ZnO mainly affect the absorption 

properties of the material.[89] Mn doping into ZnS results in a PL emission at 2.1 eV which is due 

to 4T1 to 6A1 transition of dopant energy levels.[90] Dopants such as Ge and V also affect the optical 

properties of II-VI semiconductors. For example, Ge doping into CdTe leads to appearance or 

enhancement of two new bands at 0.91 eV and 0.81 eV and suppresses the 1.40 eV band which is 

usually present in undoped CdTe. This is due to compensation of deep Cd donor levels with the 

doping.[92] The doping in II-VI semiconductors also alter the band gap of host material. It was 

found that Al and Sb doping also alter the band gap of CdTe thin films where the band gap of 

CdTe decreases with increase in the dopant concentration.[93] Similarly, varying the concentration 

of Ag dopants results in band gap tuning in ZnSe.[94]  
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1.3. Doping in semiconductor QDs-Addendum 

(Just after the main heading of section 1.3 (page no. 10)) 

Overview of the optically active doping in II-VI semiconductor QDs: 

Intentional doping of foreign atoms can be useful in altering the host QD properties. The doping 

into QDs is of greater interest for the fundamental and advanced research. Among these dopants, 

transition metal ion doped QDs were widely studied by various research groups. The presence of 

dopants tune the magnetic, electrical and optical properties of the host semiconductor QD material. 

Among these transition metal dopants, Mn doping has been one of the widely-studied 

system for nearly two decades[3,50,52,55,70] due to its constant PL emission energy around 560 nm 

irrespective of the host band gap. The Mn emission occurs due to the interaction of photo-excited 

host material with the dopant levels though mechanism is not clearly understood.[69] Also, the Mn 

emission peak is expected to be narrow in width as it occurs between two atomic states. However, 

relatively broader Mn PL peak is observed. It was earlier shown that the broadness of the Mn PL 

peak arises due to the vibronic coupling of these two states.[69] Recent studies show that the Mn 

emission can be tuned from 480-580 nm by varying the strain around the Mn centre.[95,96] This 

suggests that the broad Mn emission observed earlier is mainly due to presence of  Mn centres of 

different strain values. Over the years, PL QY of the Mn dopant reached more than 50%[58,70] and 

also the synthetic techniques were modified to achieve the high quality Mn doped QDs on the 

gram-scale.[70] Meanwhile, Cu doping in II-VI semiconductors also has been widely studied where 

Cu introduces the dopant levels in between CB and VB of host.[60,73,75] The emission mechanism 

of Cu dopant emission is different from that of Mn dopant and this will be discussed in detail in 

the following subsections. Other optical dopants such as Ag, Cr and Ni[67,72] also introduce mid-

gap states and gives rise to the dopant emission though they are not as widely investigated as Mn 

and Cu.   
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