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Abstract 
 

 

 

 

 
 Requirement of clean and cheap renewable energy production by understanding and then 

manipulating the physics of semiconductor nanostructures to realize cost effective and efficient 

Nanophotovoltaic devices is the primary drive for the current research.  Many advantages of 

semiconductor quantum dots (QDs) like higher optical absorption cross-section, wavelength 

tunability, reduced phonon mediated relaxation and capability for solution processing at a low 

cost made these very popular. Here we have reported easy, economic synthesis and fabrication 

procedures for QD based nano-photovoltaic devices. 

 The main focus of this thesis work is to develop synthesis procedures with reduced 

synthesis steps while maintaining optimum optical and electronic transport qualities of these 

nanostructured devices. We have developed a simple low temperature and aqueous synthesis 

method for CdTe QDs. The measured photoluminescence quantum yield of the as prepared QDs 

is highest among the aqueous based synthesis procedures reported till now for CdTe QDs. We 

have used these QDs as photo-absorber in Quantum Dot Sensitized Solar Cells.  However it was 

evident that the polysulfide electrolyte reacts with these CdTe QDs, which reduces the 

performance of QD sensitized cells. Further we have tried to avoid such reactive degradation 

using type-II heterostructure i.e. core/shell structure with CdTe as core and CdSe as shell. 

 We then presented a quicker, economic and less toxic, single step aqueous synthesis 

procedure for core/shell QDs at relatively low temperature. We have shown that the structural as 

well as optical properties of these core/shell QDs are almost similar to that of core/shell QDs 

synthesized with purification of core QDs. We have demonstrated that the power conversion 

efficiency of QD sensitized cells depend on their shell thickness. Reasonable good efficiency 

(~2%) is measured for the devices fabricated using core/shell QDs having thicker shells. There 

might be two reasons for observing efficiency increment by using such CS QDs # 1. energy level 

alignment in type-II heterostructure helps in separation of photogenerated carriers and  #2. shell 

layer helps in separating the electrolyte and core which avoids reaction between them.  
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Interestingly, the efficiency of the cells also increases by ~83% with sintering of photo-anode, as 

this sintering helps in removing the insulating capping layer and thereby improves electronic 

charge transport.   

 Many a time agglomeration of QDs due to sintering of photo-anode also reduces its photo 

absorption efficiency. To avoid such issues while making the QD sensitized cells, we have used 

uncapped i.e. ligand free AgInS2 QDs as photo-absorber provided by the research group of Dr. 

Angshuman Nag, IISER Pune. The obtained efficiency using ligand free QDs is superior than 

any of the previous reports on capped AgInS2 QDs based QDSSCs as it facilitates better charge 

transport.  

 Apart from these studies we have also studied the dependence of hydrodynamic size on 

the excitation intensity using Florescence Correlation Spectroscopy in collaboration with Dr. 

Shivprasad Patil, IISER Pune. In this study we have observed that the estimated hydrodynamic 

size is significantly affected by photo-excitation intensity above a certain threshold due to 

blinking. Here we have calculated photo-darkened fraction and probability of QD entering into 

dark state upon photon absorption.    

             We have also studied collisional broadening of E3 excitonic resonance in absorption 

spectra over wide range sizes and its overall aging and temperature variation for lead sulfide 

QDs at room temperature. As the carrier multiplication (CM) is a direct consequence of hot-

exciton physics therefore, our results on the effects of excitonic collisions on absorbance spectra 

may help in understanding the physics of CM for photovoltaic applications. 
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Chapter 1 

 

Introduction 

 

 

I. Preface 

Nanotechnology has many a promises; a promise for possible technological 

breakthroughs, a promise to make life better. In a way, it is a promise to make devices efficient, 

faster, smaller and cheaper. Most importantly, nanoscience and nanotechnology have the 

potential to play a huge role in coming up with solutions for today‟s demand for energy. Many 

researchers have worked on different aspects of nanoscience and nanotechnology to fulfill these 

promises, by coming up with  innovative ideas like that of robots swimming in blood veins, palm 

sized satellites, writing with atoms to power generating windows, smaller and smaller computers, 

cars generating power using roof painted photovoltaic cells among many others. Yes it is 

possible! This was a dream of the famous scientist Prof. Feynman who knew that “There is 

plenty of room at the bottom”. This famous talk delivered in 1959 is considered as a seminal 

event in the history of science which is happened to be a conceptual beginning of the field 

„nanotechnology‟. 

 

II. Quantum Confinement 

As discussed above, one of the ways to come up with new materials and new 

technologies is to look at the properties of materials at very small length scales of nanometers. 
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There the spatial confinement is the key for attaining desirable nano-technological effect and it is 

the only way. In case of materials, the question about the exact amount of confinement where 

quantum effects begin to influence the physical properties is generally answered by a 

characteristic length, which is called as the exciton Bohr radius (ab). Exciton is an electron-hole 

bound pair and it is generated once a material is either optically or electrically excited. Many a 

times mutual coulombic attraction between an electron and a hole forms such a hydrogen atom 

like bound excitonic state inside a solid
1,2

. The representation of an exciton is as shown in figure 

1.1.  

 

 

Figure 1.1. Exciton: Bound pair of electron and hole forming hydrogen atom like 

situation due to mutual Coulombic interaction between them. An electron is shown by 

red color circle with negative sign and the hole is shown by blue color circle with 

positive sign. 

 

At the lowest energy state the minimum distance between an electron and a hole is called 

the exciton Bohr radius (ab). In general it is given by, 

     ab = 
2

2

em

ho





  

                                                                  (1.1) 

where o is the static dielectric constant of the material, e is electronic charge, h is the Plank‟s 

constant and 











 *

h

*

e

*

h

*

e

mm

mm
m  is reduced mass of electron-hole bound state, me* and mh* are 

effective mass of electron and holes respectively in M.K.S units. For semiconductors this value 

falls in the range of a few nanometers (nm). Materials with this size are introduced as 

nanomaterials/ nanoparticles. In this way nanoparticles or nanocrystals of a material can be 
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formed by spatial confinement below its exciton Bohr radius. At such small sizes, the material 

loses its bulk properties and exhibit exciting optical, electrical, chemical properties mainly 

governed by quantum phenomenon. Most importantly, as a result of spatial confinement, the 

allowed energy levels in materials become discrete and separation between them increases. One 

can get an idea of the discrete energy level structure present within a quantum structure from the 

textbook description of an infinite barrier quantum well potential for which the energy 

eigenvalues are given by
3,4

_ 

                                                    En = 
2

2
2

L*m8

h
n   ,                                                              (1.2) 

Here, n = 1, 2, 3,....etc, m* is the effective mass of the electron/hole in a particular band, L is the 

confinement width and h is the Plank‟s constant, The minimum available energy difference 

between the filled valance band and the empty conduction band also increases, which can be 

understood by the uncertainty principle. As a result, the lowest transition energy blue shifts with 

respect to the bulk band gap. The total increase in energy is the result of confinement energy due 

to columbic interaction and exciton binding energy and it is given by equation 1.3. 

                                 E = Eg + *

RY

0

22

2
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                                       (1.3) 

Here E is the lowest transition energy of confined material, Eg is the bulk band gap of the 

material, 











 *

h

*

e

*

h

*

e

mm

mm
m is reduced mass of electron-hole bound state, me* and mh* are 

effective mass of electron and holes respectively in M.K.S. units, L is the size of the material, o 

is the static dielectric constant, ERY* is the effective Rydberg energy 
2

0

2

42
*

RY
h

e2
E




  and e is 

electric charge. The value of last term is very small and generally neglected.  

Based on the dimension of confinement there are three types of quantum structures
4
.  

 a) The quantum well (QW) in which electrons and holes are free to move in a plane and 

localized in the perpendicular direction.   
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b) The quantum wire (QWR) in which electrons and holes are free to move along one 

direction but confined along other two, and  

c) The zero dimensional quantum dot (QD) in which electrons and holes are localized in 

all three directions. Most of the nanoparticles actually belong to this category. 

These structures have different electronic density of states depending on the 

dimensionality as shown in figure 1.2.  

 

Figure 1.2. Joint density of states for a) bulk, b) Quantum Well c) Quantum Wire d) 

Quantum Dot. Filled states are represented by shaded region. From Eli Kapon, in 

Semiconductor Lasers Academic Press, San Diego, 1999. 

 

 

III. Quantum Dots as a Better Alternative 

Semiconductor quantum dots were first prepared in colloidal solution by L.E. Brus
5
 and 

by Alexei Ekimov
6
 in glass matrix. The term QD was first coined by Mark Reed

7
 in 1988. QDs 

are considered as better alternatives for use in applications compared to its bulk constitutes as 

well as other available organic molecules. These are the few reasons which make QDs a better 

choice over the others. 

1) Band gap engineering is possible through size variation. This feature helps us to tune 

the band gap and get desirable absorption/emission
8
.   

2) Spatial quantization allows energy levels to split and distance between energy levels 

increases as ∆E1/r
2
. This slows down phonon mediated relaxation channel for the charge 
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carriers
9
. Because of this QDs are thought of as strong candidates for multiple exciton generation 

(MEG)
10,11

.  

3) Increased absorption cross-section compared to the bulk material
12

.  

      With all these advantages of size tunability, novel physical properties as compared to a single 

bulk material, many researchers used QDs in applications like transistors
13,14

, light emitting 

diodes
15,16,17

, solar cells
18,19

 etc.. Among all the known methods to grow a QD, chemical 

synthesis of QDs is known to be easier, quicker, more economic and highly reproducible. Studies 

have shown that colloidal QDs synthesized using chemical synthesis are good for solution 

processing and help in better material utilization. As cost is one of the primary concerns in any 

application (e.g. solar cell), it has been shown that use of colloidal solution of QDs is very 

economic due to material utilization rate. Therefore, any research in this area of growth and 

synthesis of good quality QDs is important in order to provide a better and economic way of 

producing good quality materials.  

 

IV. Chemical Synthesis of Quantum Dots 

 Colloidal quantum dots can be fabricated by wet chemical synthesis process using 

chemical precursors dissolved in solutions. Size tuning is easy in this method and can be easily 

accomplished by either varying the temperature or the duration of the reaction or by varying 

concentration of the capping molecules. In chemical reaction when the concentration of a solute 

in the solution exceeds its solubility, a new phase appears. This supersaturated solution with 

excess solute possesses high Gibb‟s free energy and the overall energy would be decreased by 

segregating solutes. Thus the reduction in Gibb‟s free energy is the driving force for nucleation 

and growth. The change in Gibb‟s free energy per unit volume in solid phase is dependent on the 

concentration of the solute_ 

                                             ∆Gv = -kT/ Ω ln (1+ (C-Co)/Co),                                                  (1.4)                                       

  Here, C is the concentration of the solute, CO
 
is the equilibrium concentration or 

solubility, Ω is the atomic volume. Without super-saturation when C-Co/Co = 0, ∆GV
 
is zero, and 

no nucleation would occur. When C > CO, ∆Gv
 
is negative and nucleation occurs spontaneously. 
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If a spherical nucleus of radius „r‟ is formed then the change in Gibb‟s free energy or volume 

energy is given by ∆µv,   

                                                         ∆µv = 4/3π r
3
∆Gv                                                                 (1.5) 

         However, formation of a new phase is due to the reduction of free energy so the change in 

surface energy ∆µs, 

                                                           ∆µs = 4πr
2
γ                                                                             (1.6) 

Here, γ is surface free energy. Total change in chemical potential for formation of the nucleus is 

thus the resultant reduction in energy due to volume energy and surface energy. 

                                             ∆G =∆µv+ ∆µs = (4/3)π r
3
∆Gv + 4πr

2
γ                                            (1.7) 

 At d∆G/dr = 0 we will get a critical size r* of nucleus required for continuous growth into 

a QD.  

                                                         r*= -2γ/∆GV                                                                      (1.8) 

A nucleus smaller than r* will dissolve back into the solution to reduce free energy. Many times 

further growth of QDs proceeds through Oswald‟s ripening. In this growth process smaller QDs 

dissolve due to higher surface energy and solute will be used for further growth of comparatively 

bigger QDs. In this way it is possible to achieve large mean diameter in particle size distribution. 

 Another way to control size of QD is concentration variation of capping layer molecule in 

chemical reaction
20

. Capping layer molecules are organic short/long chain molecules also called 

as ligands/ surfactants. These are bi-functional molecules with polar groups at both ends. The 

molecular structures for few thiol based capping molecules are shown in figure 1.3.  

 

 

Figure 1.3.  Molecular structure for different thiol based capping molecules. 
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In general these molecules possess a hydrophobic tail and a hydrophilic head. Choice of 

molecule is always such that one end binds the ion from QD and the other end is free to move in 

the solvent as shown in figure 1.4. The main idea of having a capping layer is to make QDs 

stable i.e. non-oxidizing, non-agglomerating, passivized surface without dangling bonds and 

presence of these also makes QDs soluble in the solvent
21

. For an aqueous QD synthesis thiol 

based ligand is a good choice as a lot of options such as thioglycolic acid, 1-thioglycerol, 

mercaptoethylamine, mercapto-succinic acid etc. are available.  

 

QD 

 

Figure 1.4. Schematic showing QD capped with organic molecules. 

                                                   

V. Energy Crisis in India and Potential for Nanotechnology 

 India has an installed power capacity of ~234 GW
22

. This makes India the fourth largest 

electricity producing country in the world
23

. Along with huge production, energy demand is also 

large. In 2009 the per capita average annual domestic electricity consumption in rural area was 

96 kWh and 288 kWh in urban areas in contrast to worldwide per capita annual average of 2600 

kWh and 6200 kWh in European Union
24

. Approximately more than few hundred million 

Indians live without electricity, and 800 million Indian still use traditional bio-mass as the fuel 

for their cooking. These traditional fuels are inefficient as well as environmentally polluting 

sources of energy, releasing high levels of smoke
25

 on their combustion, which causes chronic 

health problems. This also leads to deforestation, imbalances in the ecosystem and affects global 

climate. Burning of biomass and firewood will not stop until unless electricity or clean burning 
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fuel and consumption technologies becomes reliably available and adopted in rural and urban 

India
26

. Secondly India still depends heavily on import of oil and natural gas. Use of these 

sources creates an economic burden on the government and at the same time causes pollution. 

Apart from all these problems a major challenge for India is its dependence on a non-renewable 

energy source like coal as shown in figure 1.5. Nearly 57% of the energy still comes from an 

exhaustible source like coal which also causes irreparable damage to the environment. 

Dependence on such a source for a long run is not feasible and hence the need to develop 

efficient means of using renewable sources like photovoltaic cell, wind power etc. arises.  

 

 

Figure 1.5. Pie chart showing contribution from different sources in India‟s total 

power production (Ministry of power, Government of India, June 2012). 

 

 

a. Solar Energy as an Alternative 

 Choosing solar energy over other non-renewable sources will help to protect the 

environment and more importantly it is available free of cost. Conversion of solar energy into 

electricity is done using photovoltaic cells (PV) or solar cells, which work on the principle of 

photovoltaic effect. India gets abundant solar energy as it is located in the equatorial sun-belt of 

the Earth. Due to its favorable geographical position the daily average solar energy incident on 

India varies from 4 to7 kWh/m
2
 with about 2300 to 3200 sunshine hours per year

27
. Theoretically 

this add up to have solar energy reception about 500 trillion kWh/year or 600 TW with about 300 

clear sunny days a year
27

.This is far more than the current total consumption. If we assume the 
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efficiency of solar cells is as low as 10%, this would still be a thousand times greater than the 

domestic electricity demand projected for the year 2015
27

. Taking into consideration all these 

positive points and advantages, the government has started investing money in projects to get 

maximum benefit from solar power. In 2007 the amount of energy produced using the solar 

energy was less than 1% of the total energy demand
28

. On the other hand India ranked number 

one in terms of solar energy production per watt installed, with as isolation of 1700 to 1900 

kWh/kWp
29

 in 2010. By the end of 2013 the installed grid connected photovoltaic had increased 

to 2.18 GW and in coming years it is projected to increase even further.  

 Although the production of solar cells has increased and there is an increasing awareness 

among people, it is difficult to make solar energy available at a low cost. If we compare the cost 

for production of 1 kWh energy from different sources then coal is the cheapest, at only Rs 2 to 

Rs 3 followed by photovoltaic cells fabricated using Silicon (Si) costing Rs 10 to Rs 15
30

. Si 

based solar cells are first generation solar cells. Though Si is abundant, currently producing low 

cost solar cells is a great challenge. The higher cost of Si based solar cells is mainly due to the 

processing of material to make it pure, crystalline and defect free. More than 95% of 

photovoltaic market is still dominated with Si based cells, whose efficiency is limited by 

Shockley Queisser‟s limit
31

. The figure 1.6 below shows the different losses that occur in bulk 

semiconductor p-n junction devices
32

. The only way to make solar cells affordable is to increase 

their efficiency at reduced fabrication/production cost per kWh.  

 

Figure 1.6. Loss processes in a standard solar cell. (1) Transmission of below band 

gap photons, (2) Photons with energy more than band gap lose their extra energy in 

thermalization, (3) Junction loss, (4) Contact loss, (5) Recombination loss either 

radiative or non-radiative
32

. 
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 Different techniques have been used in order to make solar cells affordable. One among 

them is the use of thin film technology. This is considered as a second generation solar cell. It is 

made up of deposition of one or more than one layers of photovoltaic material on the substrate. 

Material includes Copper Indium Gallium Selenide (CIS/ CIGS), Cadmium Telluride (CdTe), 

amorphous Silicon (a-Si) etc. Thickness of layer is varied from few nanometers to tens of 

micrometer. Actually, these cells can be fabricated at low cost compare to first generation cells 

but the efficiency is largely hampered by presence of defects due to dangling bonds at the 

surface
33

. The only promising approach to overcome all the above mentioned problems is the use 

of quantum dots as a photovoltaic material /photon absorber
34,35

. These types of solar cells come 

under third generation solar cells
33

. Theoretically it is possible to attain more than 80% 

efficiency
32,33

 using multi junction cells under light concentration. Three different approaches 

have been proposed in order to increase efficiency: 

  1) Use of multiple band gaps materials (tuning of band gap is possible by varying size of 

QDs so one can use different sized QDs of same material)
8
. 

 2) Multiple carrier generation per incident photon
10,11,36,37

 or multiple low energy photons 

used to create one electron-hole pair.  

  3) Capturing carriers before thermalization
38

.  

Figure 1.7 below shows theoretically possible efficiency and projected cost for different 

generation solar cells
32

.          

 

Figure 1.7. Theoretical efficiency and projected cost for 1
st
, 2

nd
 and 3

rd
 generation 

solar cell
32

. 
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b. Working Principle of p-n Junction Solar Cells  

The discovery of “photovoltaic effect” is dated back to 1839 by the French physicist 

Becquerel
39

. He observed that incidence of light develops/changes electrical potential between 

two silver coated platinum electrodes separated by some electrolyte. Since then, a variety of 

devices have been developed to convert light energy into electric energy. Generally when a 

photon is absorbed by a material an electron-hole pair is excited. The extra energy carried by 

these photo-generated carriers results in potential difference or electromotive force (e.m.f.) if 

these excited charge carriers can be collected and used to generate electrical energy. This force 

drives them through the electrical load to do work. Photovoltaic cells require built-in asymmetry 

in order to separate these generated charge carriers before they relax their energy through 

recombination and finally feed them to external circuit
33

as shown in figure 1.8. 

 

Figure 1.8. Band profile for p, n layers when separated. The difference in work-

function due to different carrier concentration as a result of doping is visible. b) Band 

profile for p-n junction under equilibrium. The difference in work function creates an 

electrostatic field equal to 1/q* ∆Evac. Here Vbi is developed built-in potential in 

equilibrium. (Jenny Nelson, Physics of solar cell, Imperial college press) 

 

 This asymmetry can be created by materials with different electron affinity or with 

different work functions
40

 as shown in figure 1.8. Without this asymmetry, energy cannot be 

extracted as the charge carriers will recombine very fast (~nanoSec). In case of semiconductors it 

is easily obtained by doping different regions of same material differently
40

. Here the work 

function of the p-type is large compared to n-type and subsequently an electric field is 
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established at the junction. A depletion layer is formed at the junction which acts as barrier to the 

majority charge carriers. Photo-generation drives minority charge carriers throughout the p and n 

layers and they reach the junction by diffusion. 

 

VI. Sensitized Solar Cells 

 The sensitization was first reported in 1873 by Vogel
41

. He reported that the 

photosensitization extends to infrared by sensitization of silver halide with dyes. The 

photoelectric effect was then studied by using erythrosine on silver halide electrodes by Moser in 

1887
42

. Till 1960 the mechanism for these processes was under dispute. In 1968 Tributsh et al. 

reported electron injection process
43

 and then-after chemisorption of dyes on surfaces of 

semiconductor was studied in order to enhance the function of dye. Use of dye sensitized 

electrode in solar cell as photo-anode was invented by Michel Grätzel and Brian O‟Regan at UC 

Berkeley in 1988. The first report was then published on dye sensitized solar cell in 1991
44

 with 

efficiency ~7.1%. They used porous TiO2 as the supporting layer on which the dye is 

chemisorbed. The evolution has been continued till now, with the highest efficiency achieved 

being 15% in DSSC with solid electrolyte
45

. 

Schematic for cell structure and working principle of DSSC is shown in figure 1.9. The 

cell structure consists of two metal electrodes, one of them required to be transparent as well as 

conducting. Generally a fluorinated tin oxide (FTO) coated glass is used as transparent 

conducting electrode and platinum (Pt) or gold coated glass is used as the other electrode. TiO2 

nanoparticles have been widely used as supporting material sensitized with the dyes as they are 

inexpensive, abundant, non-toxic as well as conducting etc. Dye is generally used as the photo-

absorber or sensitizer by chemisorption on TiO2, the TiO2 thin film on FTO coated glass along 

with dye molecules adsorbed on it is called as photo-anode. A regenerative electrolyte is used in 

between photoanode and Pt electrode. This electrolyte is a combination of reducing and 

oxidizing species of the same element. The electrolyte is such that it can readily transfer an 

electron to an oxidized dye molecule
40

. 
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Figure 1.9. Schematic for sensitized device. Here FTO is transparent conducting glass. 

TiO2 is supporting network for dye molecule. Dye molecules act as photo-absorber/ 

sensitizer. Electrolyte is used to neutralize oxidized dye molecule after charge transfer 

to FTO.  

                                       

a. Working Principle for Sensitized Solar Cells 

 The figure 1.10 below shows charge transfer mechanism in sensitized solar cells
46

. The 

dye absorbs photons and a pair of charge carriers is generated. The electron gets transferred to 

TiO2 which is sintered on FTO glass for electrical contact and further collected at FTO. The 

oxidized dye can be regenerated due to electron donation from the electrolyte to the dye. 

Electrolyte here is self-regenerated at the counter electrode by reduction of triodide/ oxidized 

species. Thus circuit is completed through external load. Efficiency of the device depends on the 

ability of the dye to absorb maximum solar spectrum, transfer of charge carriers without any 

hurdle in-between the dye and TiO2, collection of charge carriers at the FTO without 

recombination with holes left in the dye as well as with electrolyte, transfer of electron from 

electrolyte to recycle the oxidized dye molecule and finally choosing the best metal as cathode 

which will not corrode in contact with the electrolyte
47

. In the coming sections of this thesis we 

will see how to resolve a few of these issues. 
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Figure 1.10. Schematic showing working principle and energy level scheme for 

sensitized solar cell
46

. 

 

b. The Quantum Dot Sensitized Solar Cells 

 Replacement of dye by semiconductor nanoparticles (i.e. QDs) as photo-absorber results 

in Quantum Dot Sensitized Solar Cell (QDSSC). The use of dye is said to have many 

disadvantages including toxicity, non-stability on exposure to UV wavelengths, higher cost due 

to the use of rare earth metals, synthesis and purification processes are difficult etc. To achieve 

the goal of affordability, higher efficiency and environmental friendly systems QDSSC is said to 

be better compared to DSSC
47,48

. Advantages of QDs as mentioned in section II will be useful 

for fabricating better solar cells. The very first report for replacing light absorbing dye with 

semiconductor includes use of CdS QDs adsorbed on TiO2 colloids injects electrons into TiO2 

upon photo-excitation
49

. Since then there has been an increasing interest to use semiconductors 

as sensitizers
50,51,52,53

.  

 

VII. Aims of the Present Work 

 The main objective of this work is to describe a process to synthesize good quality 

semiconductor nanoparticles at low cost. We attempt to understand the growth processes, and 

also to reduce the steps for growth of QDs. Synthesis of good quality material and its use in 

application is the main aim of this thesis. The quality of the material and the performance of 

devices can be checked and analyzed using different techniques. In Chapter 2 we will discuss 
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about the different techniques used for characterization of QDs and SSCs, and the precautions 

one has to take while conducting measurements. In Chapter 3 we will understand how to 

synthesize good quality aqueous CdTe QDs and how the capping layer will help in adsorption of 

these QDs on TiO2 layer. Here, we have found that the performance of the device is not good as 

CdTe undergoes self-destruction when it comes in contact with electrolyte. The need of having a 

shell layer for CdTe QDs in order to avoid direct contact with electrolyte will be discussed 

further. In connection to this problem we have discussed a synthesis procedure for type–II 

heterostructure in Chapter 4, and given a protocol for CdTe/CdSe core/shell QDs synthesis using 

modified synthesis procedure. This procedure aims for reduced steps for synthesis and it is 

different compared to the usual synthesis procedure. It has been shown that the synthesized 

core/shell QDs are equally good in terms of optical and structural properties as that of those 

synthesized using the usual method. We have used these QDs as sensitizers in SSC and results 

have shown a many fold increase in efficiency compared to those experiments performed using 

just CdTe. In this chapter we have also emphasized the role of sintering photoanode as it helps in 

removing insulating capping layer and bridges the gap for better charge transportation. As 

sintering of photoanode results into agglomeration of QDs and it further decreases quantum 

effect we have discussed importance of having uncapped QDs. In Chapter 5 we have briefly 

discussed use of uncapped AgInS2 QDs and its application in SSCs. Work was done in 

collaboration with Dr. Angsjuman Nag‟s group in IISER-Pune. Here we have shown that the 

short circuit current density is affected due to the presence of defects. The increase in efficiency 

compared to other reported capped AgInS2 QDs is emphasized in order to prove the importance 

of uncapped QDs. An effective size window for impact ionization in lead sulfide (PbS) QDs and 

experimental evidence for dispersive screening of coulomb interaction in hot excitons is 

explained in Chapter 6. In Chapter 7 we have discussed the dependence of measured 

hydrodynamic radius on excitation intensity. We have done this project in collaboration with Dr. 

Shivprasad Patil, IISER Pune. In this chapter we have addressed that one should not use 

hydrodynamic radius values without checking its dependence on excitation intensity. We have 

tried to explain the effect of blinking and based on the obtained results we have provided a novel 

approach to measure photo-induced dark fraction due to blinking. The probability of QD entering 

into dark state is calculated and the mechanism through which it occurs is also explained using 
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fluorescence correlation spectroscopy. At last in Chapter 8, we provide a summary of the 

research work done by us along with few thoughts on future directions. 
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Chapter 2 

 

Experimental Techniques for Optical, Structural and 

Electrical Characterization 

 

 

 Synthesis of good quality nanomaterials is important in order to manufacture high quality 

novel applications. However, the quality of nanomaterials and the performance of nano-devices 

can only be checked using different characterization techniques. In this chapter, we will try to 

understand the basics of these characterization techniques and how one can use them to study 

optical, structural and electronic properties of semiconductor quantum dots (QDs). We will also 

discuss the precautions one has to take while measurements are being conducted.  

 

I. UV-VIS Optical Absorption Spectroscopy 

UV-VIS optical absorption spectroscopy is one of the most important and well known 

techniques to characterize possible electronic transitions within a material which provide 

important clues for its optical and electronic quality. Allowed photo-excitations from lower 

energy valence states to available higher energy conduction states can be used to explore the 

electronic structure of semiconductor quantum dots and this can be studied using optical 
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absorption spectroscopy. In case of QDs, quantum confinement of charge carriers causes the 

discreteness in energy levels in both the bands and at the same time the effective energy gap also 

increases. UV-VIS spectrometer can easily track these photo-induced electronic transitions and 

so the increase/decrease in effective energy gap of nanoscale materials with change in size 

without any trouble. The ease of operation and affordability of the instrument have made this 

technique especially popular. A typical set up for the UV-VIS absorption spectrometer is as 

given in figure 2.1.  

 

 

Figure 2.1. A typical set up for dual beam UV-VIS Absorption spectrometer
1
.  

  

Here, absorption of electromagnetic radiation causes transitions from filled initial valence 

states to empty final states if the energy of the photon matches with fundamental band gap of 

material and the probability of transition is called as absorption coefficient α(E). This is 

calculated as the relative rate of decrease in the incident intensity IO along its propagation path in 

the material (x)
2
.                                       

                                       
dx

]I[d

I

1
)E( O

O


                                                                  (2.1) 

Absorption coefficient (E) of a material also depends on the wavelength ( ) of incident photon 

and extinction coefficient (κ) of a material by equation, 

                                                         





4
E                                                                   (2.2)    
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Extinction coefficient is a property of a material and it measures how strongly a 

substance absorbs a particular wavelength of light. It is represented by the unit M
-1

cm
-1

. The 

Absorbance A is thus related to the Incident intensity (IO), transmitted light intensity (IT), 

concentration of a solution (c), path length of the sample (L) and  absorption coefficient α(E) by 

following equation, 

                                                           LE
I

I
lnA

T

O                                                             (2.3)    

 

In case of QDs, the first excitonic peak absorption wavelength () can be used to 

calculate the radius (R) of the QDs using Effective Mass Approximation (EMA) formula
3,4,5

.  
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Here, E is the first excitonic peak absorption energy of QDs, Eg is the bulk band gap of 

the material, R is the radius of QD, h is Plank‟s constant in eV, c is velocity of light, 
















 *

h

*

e

*

h

*

e

mm

mm
m  is reduced mass of electron and hole, me* and mh* are effective mass of 

electron and holes respectively in M.K.S units, ε0 is static dielectric constant of the material,  is 

mathematical constant and e is absolute electric charge. In our experiments, we have used the 

optical absorption spectroscopy to find out first excitonic peak absorption wavelength and further 

used this EMA formula to calculate size of QDs. Figure 2.2 below shows the absorbance spectra 

for CdTe QDs of different sizes
6
 (the size noted here is calculated using EMA formula excluding 

the self- energy term).  

Perkin Elmer lambda 950, UV-VIS-NIR spectrometer with step size in-between 0.2-

0.5nm/sec is used for studying the absorption spectra of different QDs. Proper precautions have 

been taken during measurements. For instance, 

  1. We have used a quartz cuvette throughout the experiments. Care has been taken to 

always use a cleaned and unscratched cuvette.  

2. Over-concentrated or turbid solutions have not been used, in order to avoid losses in 

transmission due to scattering.  
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 3. Data represented in this thesis is always corrected for background errors. Background 

correction has been done by recording absorption for a solvent which is also used as reference 

and subtracting sample‟s spectra from the reference spectra. In some cases we have also recorded 

the spectra of the solvent with air as background and represented it along with main data in order 

to avoid any misjudgment.  
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Figure 2.2. Absorption Spectra for different size CdTe QDs synthesized in our lab 

using aqueous medium at low temperature
6
. 

 

II. Photoluminescence Spectroscopy 

Photoluminescence (PL) is emission of photons which occurs due to relaxation of excited 

electrons from higher energy levels to lower energy levels. The emitted light is collected and 

spectral distributions are measured in order to understand the processes. The emission of energy 

happens at low energies compared to the absorption and the shift from absorption wavelength is 

called as Stokes shift
7
. The Stoke shift is mainly due to thermalization of charge carriers, solvent 

effect and presence of defects etc
8
. PL is considered as an important technique in understanding 

the optical quality of a material, as the non-radiative processes due to the presence of any defects 

competes with the radiative processes. In order to record the PL spectra, the sample is excited by 

photons of wavelength equal to or less than the absorption peak wavelength and the emission 

from the sample is collected. A typical setup for the PL spectroscopy is given in the figure 2.3. It 

has been used frequently in order to understand the radiative/non-radiative processes as well as 

to calculate the PL quantum yield (QY) of fluorescent materials. PL QY measures emitted 
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number of photons as a fraction of the incident number of photons. Figure 2.4 shows emission 

spectrum for 4.5 nm CdTe sample excited at wavelength 560 nm
9
. 

 

Figure 2.3. Cartoon showing the basic instrumentation setup of Photoluminescence 

spectroscopy
8
. 
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Figure 2.4. Photoluminescence spectrum for 4.5 nm CdTe QDs excited at 560 nm 

wavelength
9
. 

 

We have also measured the PL QY for QDs. PL QY is calculated for QDs by exciting the 

sample using a particular wavelength, generally at a higher wavelength than the band gap of 

material and collecting the PL spectrum. The resultant PL peak intensities are further used to 

calculate QY using the following formula
8
- 
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Here, Qs is QY of sample, Qr is PL QY of the standard reference material, As is the area under 

the curve of PL for the sample, Ar is the area under the curve of PL for the standard reference 
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material, ODr is the optical density for the standard reference sample, ODs is the optical density 

for the sample (it is taken from respective excitonic absorption spectra), nr and ns are the 

refractive indices of the solvent for both reference and sample. 

We have used Fluorolog-3 from Horiba Jobin Yvon to record PL spectra of QDs. 

Precautions taken while conducting these QY measurements are: use of freshly prepared samples 

which are diluted using the same solvent such that all colloidal solutions should have a similar 

absorbance (~0.1 OD) at particular wavelength in order to correct its dependence on absorption.  

  

III. Time Resoled Photoluminescence by Time Correlated Single 

Photon Counting  

 Time Correlated Single Photon Counting (TCSPC) technique is generally used to study 

lifetime of charge carriers in its excited state. The photo-excitation results in transition of charge 

carriers from lower filled state to empty higher states and while relaxing from higher energy state 

the analysis of time resolved decay of PL gives information related to lifetime of charge 

carriers
8,10

. Sample is generally excited by pulsed laser or LED.  Time decay of PL after photo-

excitation is recorded using a detector. The decay rate of the process is finally plotted as intensity 

vs. time graph. A typical setup for the TCSPC spectroscopy is as shown in figure 2.5.  

We have used this technique to calculate the average lifetime of charge carriers in QDs. 

The photoluminescence decay for QDs is generally studied by exciting sample at higher energy 

than absorption energy of the material and collecting data using TCSPC. The data is tail-fitted 

using a single or multi-exponential decay equation (2.6).  Best fit is selected such that fitting will 

give small residuals and a reduced chi-squared parameter (χ
2
) approaching one

8
.    
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                                        (2.6)                      

 

Here, τ1, τ2, τ3 ….. are the photoluminescence decay constants obtained from data analysis and a1, 

a2, a3, …. are the corresponding pre-exponential factors. The average PL lifetime τavg can be 

calculated by taking intensity-weighted sum of the obtained lifetime components. 
 

We have measured PL decays by using TCSPC setup from Horiba Jobin Yvon IBH, 

USA. As a pulse excitation source we have used 405 nm photo-excitation source from IBH, UK 

(NanoLED-405L). The photoluminescence signals are collected by Fluorolog-3 at a magic angle 
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polarization of 54.7˚ using a MCP-PMT detector from Hamamatsu, Japan. The analysis or fitting 

of the data is done using Horiba Jobin Yvon‟s IBH DAS6 decay analysis software. Care has been 

taken to keep photon count rate low (less than 1% of excitation rate) in order to make sure that 

the decay is not biased to early arriving photons. 

 

Figure 2.5. A typical TCSPC setup
8
. 

 

IV. Fluorescence Correlation Spectroscopy  

Fluorescence Correlation Spectroscopy (FCS) is invented in 1972 by Magde, Elson, and 

Webb
11

. It is a very sensitive technique, used for detection of small molecules. In this technique 

fluorescence from a very tiny space (~1 µm
3
) and from a very dilute sample (nanomolar to 

picomolar concentration) is detected
8
. We have collaborated with Dr Shivaprasad Patil‟s 

laboratory in IISER-Pune where a home-built FCS setup having diode laser photo-excitations of 

532 nm and 450 nm respectively was used for the study. LABVIEW was used for recording 

correlated data on a computer. The typical set up for FCS used in our measurements is shown in 

figure 2.6
8,12,13,14

. 

The theory of FCS is based on Poisson‟s distribution in which the average number of 

particles residing in the detection volume can be determined from a random event. Particles in 

colloidal solution undergo diffusion due to Brownian motion, and this diffusion causes 

fluorescence fluctuation in the detection volume. 
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Figure 2.6. Schematic showing a typical FCS setup
8,12

. 

 

       The temporal correlation of this fluorescence fluctuation is analyzed to get information like 

the diffusion time (τD), the hydrodynamic radius (RH), the average number of particles in the 

detection volume (N) and the concentration of the solution used (C) etc. For normal 3D diffusion 

the autocorrelation function is given as
8
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Here, „a‟ is the ratio of axial to the radial diameter, „τD‟ is characteristic residence time and 

1/G(0) is the mean number of diffusers in the detection volume. Radial dimension (r) of the 

detection volume is estimated using the following relation as the diffusion coefficient (D) for a 

standard chromosphere is known
8
_ 

                                                          
D

2 D4r                                                                       (2.8)
                                                                       

Using this information, hydrodynamic radius of a diffusing particle can be calculated using 

Stokes-Einstein relationship as
8
_ 

                                                        D6

kT
RH




                                                                   (2.9)
 

Here, k is the Boltzmann constant, T is the temperature, η is the viscosity of the solvent and D is 

the diffusion coefficient. In Chapter 7 we will see how the hydrodynamic size of QDs depends 

on the intensity of excitation source and why one should be careful while using information 

regarding it
6
.  
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V. X-Ray Diffraction 

         Study of crystal structure and calculation of crystallite size of QDs can be done using 

powder X-ray Diffraction (XRD). It has been used as one of the important tools as it helps in 

understanding crystal structures of variety of samples.  X-rays are electromagnetic radiations. 

They undergo elastic scattering while interacting with electrons in an atom. As a crystal consists 

of a periodic arrangement of atoms, the interaction of X-rays with a crystal produces periodic 

scattered rays. The interferences of these scattered rays will be constructive in specific directions 

and destructive otherwise
15

. The angle for constructive interference can be determined by using 

Bragg‟s law
15

_ 

                                                         sind2n                                                                (2.10)
                                                      

 Here, λ is wavelength of X-ray beam, θ is the incident angle, d is interatomic distance of 

the crystal and n is any integer. The obtained scattering pattern is plotted as intensity vs 2θ angle 

as shown in figure 2.7(the plot shown here is X-ray diffraction for different sizes of lead sulfide 

QDs
16

).  
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Figure 2.7. X-ray diffraction pattern for different size PbS QDs
16

. 

 In case of powder XRDs many factors contribute to the observed peak profile i.e. 

broadening of the peak happens as a result of crystallite size, micro-strain present in the crystals 

as well as the temperature related broadening factor. In case of QDs, the long range order of 

periodicity is absent (as the size is not infinite as compared to that of bulk materials). Thus, 

destructive interferences of scattered intensities will not cancel out and as a result the peak 
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becomes broader upon reducing the size of QDs. We have used Debye Sheerer formula 
15,17,18,19

, 

to calculate crystallite size of QDs. This formula is only applicable to small particles with sizes 

~100 nm or less than that. 

                                                          


cos
K

                                                             (2.11) 

Here, K is the shape factor (~0.9 for spherical QDs), λ is the wavelength of X-rays, β is 

the line broadening at half maximum intensity i.e. FWHM (Full Width at Half Maxima of a 

particular peak) and τ is the mean crystallite size of QDs. The increased full width at half 

maximum intensity (FWHM) value is used to calculate the crystallite size using formula 2.11. To 

get average crystallite size the values of FWHM and corresponding 2θ values from all prominent 

peaks for a given spectrum are used and average of all is considered. The size noted in the above 

figure 2.4 is calculated using Debye Shererer formula only assuming that there is no instrument 

related and strain related broadening. 

Apart from crystallite size, the presence of micro-strain due to dislocations, domain 

boundaries and surfaces also produces a broadening in the peak profile. In case of QDs the ratio 

of the surface area to volume is more compared to its bulk structure, so it is prone to have more 

strain related broadening. Williamson-Hall first developed a method to determine the 

contribution from strain
20, 21

. The peak profile due to strain varies as _ 

                                                   
 




cos
sin42

                                                            (2.12) 

Here, β is the integral breadth at the angle 2θ (θ being measured in radians). It is calculated by 

considering a rectangle with the same height and area as the diffraction peak, ε is the weighted 

average strain. Plotting βcosθ on the y-axis and 4sinθ on the x-axis will result in the Williamson-

Hall plot. On a linear plot the intercept on the y-axis gives the average crystallite size and the 

slope of the graph is the weighted average strain present in QDs.  

 We have used Bruker D8 advanced X-ray diffractometer with Cu- k as a source (λ= 

0.154 nm) and increment 0.01˚ per step. Crystallite size and information regarding strain in QDs 

is calculated using both Debye-Sheerer formula as well as Williamson-Hall method. In order to 

study powder XRD for QDs we have always used a thin film of purified QDs. Thin film is made 

on plane clean glass by drop casting colloidal solution of QDs. Precautions have been taken to 



31 
 

not heat the sample while evaporating the solvent and all contribution from kβ has been removed 

from the data presented in this thesis. 

 

VI. Dynamic Light Scattering 

Hydrodynamic size distribution profile of small scale particles suspended in colloidal 

solutions can be determined using Dynamic Light Scattering (DLS). This technique uses 

information of scattered light from small molecules/QDs whose size is less than or compared to 

the wavelength of light. The light used in this technique is from laser and hence is 

monochromatic and coherent in nature. As the particle undergoes Brownian motion the scattered 

light intensity shows time dependent fluctuations and this scattered intensity undergoes 

constructive or destructive interference with scattered light from the surrounding particles. A 

time dependent autocorrelation function is used to correlate data and the diffusion coefficient can 

be measured
22,23

. Stoke - Einstein equation is used which gives relation between size of particles 

and its speed due to Brownian motion.  

        We have used nanoseries Zetasizer ZS90 DLS instrument to get information about 

hydrodynamic size of nanoparticles/QDs. DLS experiments are carried out at 25 

C using 633 

nm, 3 mW He-Ne laser using 90 

 optics having 10 m apertures. A typical size distribution 

graph generated in this technique is always distribution of size (i.e. diameter) on the X axis and 

Y axis can be relative intensity of the scattered light or relative volume distribution of the 

particles or relative number distribution of the scattered particles. We have used information with 

relative number distribution and its corresponding diameter of QDs. We have repeated the 

measurement thrice and collected distribution data is averaged using Origin software to get final 

size distribution. Care has been taken during measurements to use very dilute samples without 

any dust present in it. Cuvette used in all measurements is clean and without any scratch on it. A 

fresh sample is always used for measurement. To study time dependent changes in the size 

distribution we have used same sample at different time interval. 

     

VII. Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is one of the widely used and popular techniques 

for studying microstructural topography, morphology and for chemical composition analysis. 
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The light waves have limitations in obtaining resolution, due to diffraction and interference. So it 

cannot be used in general to resolve images with sizes less than the wavelength of light. 

However electrons with very small wavelengths undergo elastic or non-elastic scattering while 

interacting with the sample
24,25

. Figure 2.8 below shows different interactions of the incident 

electron beam with the sample
2424,25

. The elastic scattering of electrons from the outermost 

orbital electrons of the sample generates back scattered electrons (BSE). BSE provides 

compositional and topographical information of sample. The inelastic scattering of electrons 

from the sample produces secondary electrons (SE). These electrons are emitted from excited 

atoms. As the SEs have very low energies, they can escape from the region to just within a few 

nanometers of the material‟s thickness. Figure 2.9 shows SEM image for porous TiO2 thin film. 

 

Figure 2.8. Illustration of interaction of electron beam with specimen in Scanning 

Electron Microscopy
24

. 

 

Figure 2.9. SEM image showing porous nature of TiO2 thin film. 
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  Apart from this, scattering electrons also interact with the sample and produce 

characteristic X-rays, Auger electron, cathodo-luminescence etc. The chemical composition 

determination or elemental analysis (atomic fraction) of any sample can be done using X-rays 

generated in SEM and the accessory is generally called as Energy Dispersive X-ray 

Spectroscopy (EDAX). When high energy electrons bombard onto the sample, an inner shell 

electron is displaced, an outer shell electron may fall into the inner shell to balance the created 

vacancy. Thus X-rays are emitted which are characteristics of a particular material and can be 

used reliably for elemental analysis. The topographic study and the elemental analysis for 

samples are done using a Carl Zeiss Ultra Plus system operated at 10 kV. We have used this 

technique to study the porous structure of TiO2 thin films in sensitized solar cell. Chemical 

composition of the material after annealing and before annealing is also studied using EDAX and 

presented in Chapter 4. 

  

VIII. High Resolution Transmission Electron Microscopy 

     High Resolution Transmission Electron Microscopy (HRTEM) is an advanced imaging 

tool which allows direct imaging of the atomic structure of the sample. The highest resolution 

obtained using this technique is ~ sub-nanometer.  In this microscopy an electron beam is 

transmitted through an ultra-thin specimen. While interacting with the specimen, as the electron 

beam passes through, the image is magnified and focused on fluorescent screen or captured using 

CCD camera
24,25

. We have done the structural investigation of the QDs using a JEOL JEM 1200 

EX HRTEM instrument operated at an accelerating voltage of 200 kV.  Samples are prepared by 

drop casting very dilute solutions onto copper grids (CF400-Cu, purchased from Electron 

Microscopy Science) with a carbon support in the air at room temperature and further preserved 

in vacuum desiccator at room temperature. Diameter of the QD is analyzed using „ImageJ‟ 

software, this software provide a cursor using which one can measure length or breadth of a 

structure‟s image
26

. For most of the cases in our synthesis we get spherical QDs so we have used 

this software to measure diameter of QDs. The procedure is repeated and the values are averaged 

to minimize the error. The average QDs diameter is assessed via statistical analysis of measured 

HRTEM images of these QDs. The representative HRTEM image for CdTe/CdSe core/shell QDs 

synthesized in our lab is shown in figure 2.10
9
. 
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Figure 2.10. HRTEM image for CdTe/CdSe core/shell QDs
9
. 

 

 

IX. Photovoltaic Cells Characterization using Current– Voltage 

Measurements 

Solar cell can be characterized by applying a varying bias and measuring the change in 

the current under light (under 1sun with AM 1.5 filter) and in dark. This study is generally called 

as the current-voltage (I-V) characteristic. Below we have discussed how solar cells respond 

under specific conditions
27,28

. Before explaining I-V characteristic we will see how to get 

uniform light and why AM1.5G filter and one sun condition is necessary
29

. The effect of 

parasitic resistances on the performance of solar cells is also discussed at the end of this section. 

 

IX. a. Solar Spectrum and Air Mass 1.5G  

The efficiency of solar cell is sensitive to incident solar power as well as spectrum of 

light and the intensity of light is not constant during all seasons, at all the times in the day as well 

as in all the parts of the world. The standard solar spectrum is given below in the figure 2.11 in 

comparison with extra-terrestrial and black body spectrum.  
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Figure 2.11. Extra- terrestrial solar spectrum compared with the 5760 K black body 

spectrum reduced by factor 4.6X 10
4
 and with standard terrestrial solar spectrum

27
. 

 

To facilitate accurate comparison between solar cells measured at different times and location, a 

standard spectrum and power density is defined
29

. The standard solar spectrum at the Earth‟s 

surface is called AM 1.5G, here G is global which includes both direct and diffuse radiation and 

AM is Air Mass. Air Mass is the path length which light takes through atmosphere normalized to 

shortest possible path length. It is given by
29

_ 

                                                          


cos
1AM

                                                            (2.13) 

Here, θ is the angle from vertical (zenith angle). The standard spectrum for temperature latitude 

is AM1.5, corresponding to the sun being at angle of elevation 42˚ 
27

.  This quantifies reduction 

in the power of light as it is absorbed by air, dust, H2O, CO2 etc. while passing through the 

atmosphere. The calculation gives approximately 970 W/m
2
, for convenience of the round 

number this value is normalized to 1 KW/m
2
 and generally referred as 1Sun intensity.  

 

b. Solar Cells Characterization Using I-V Measurement 

 Electronically Solar cell is equivalent to a current generator in parallel with an 

assymetric, nonlinear resistive element i.e. diode as shown in figure 2.12. Ideal cell produces a 

photocurrent which is divided between variable resistance of the diode and the load. 



36 
 

 

Figure 2.12. Equivalent circuit diagram of a solar cell with shunt and 

series resistance 
27

. 

 

The characterization of the solar cells i.e. behavior of equivalent circuit diagram upon 

illumination and in the dark is as explained below.  

 

IX.b. 1. Solar Cells in the Dark    

a) At Equilibrium 

 Current density through any external load across the solar cell is zero When no bias is 

applied (V=0) and the cell is not illuminated.  

b) Under Applied Bias 

When a bias is applied under dark, majority charge carriers are able to move across the 

junction due to reduced built-in potential. Current flows due to drift of photo-generated electrons 

and holes. The current density for a cell with applied bias and under dark (Jdark) is as shown in 

figure 2.6 which follows the ideal diode equation
27

 

                                                 Jdark ≈ J0 )1e(
Tk/qv B                                                                 (2.14) 

Here, Jdark is current density in the dark, J0 is constant, kB is Boltzmann‟s constant, T is 

temperature is degree kelvin, V is applied bias and q is absolute value of electron charge.           

 

IX. b. 2.  Solar Cells under Light 

a) At Equilibrium 

When the junction is illuminated, an electron-hole pair is created and quasi Fermi levels 

for an electron- hole splits. The electric field separates charge carriers and forces them to diffuse 

across the junction. So the current density flows without any applied bias i.e. short circuit current 
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(ISC). This is the maximum current a cell can produce and as the current depends on materials it 

is important to measure short circuit current density (JSC) i.e. current per unit area. 

 

 b) Under Applied Bias 

When a bias is applied to a cell under light the current voltage response is approximated 

as the sum of short circuit photo-current and dark current and generally given by the equation 

2.15
27

.  

                                                 JV = )1e(JJJ
Tk/qv

SCdarkSC
B                                             (2.15)   

Here, JV is current density under applied bias, JSC is short circuit current density and Jdark is 

current density under applied bias in the dark. When the contacts are isolated the potential 

difference is at its maximum value and is called as open circuit voltage (VOC). This state occurs 

when dark current exactly cancels out the short circuit current. For the ideal diode condition the 

open circuit voltage is given by equation 2.16
2727,28

. 

                                                   )1
J

J
ln(

q

kT
V

0

SC
OC                                                              (2.16) 

The J-V characteristic for a solar cell in all the above mentioned conditions is shown below in 

figure 2.13. One cannot run a cell at VOC or at JSC as the power output at these points is zero. 

However, the operating regime for a solar cell is between 0 and VOC where the output power is 

negative which specifies cell can deliver power. The maximum power one can obtain from the 

cell is at a point where product of current density and corresponding voltage is maximum i.e. 

maximum/peak power point as shown in figure 2.13. Maximum power density is shown by the 

inner rectangle in figure 2.13. The fill factor (FF) for solar cell is defined as squareness of the J-

V curve and given by equation 2.17. 

                                                         
OCSC

mm

VJ

VJ
FF




                                                                 (2.17) 

Here, FF is fill factor, Jm is maximum current density, Vm is maximum voltage obtained. The 

efficiency for a solar cell is the maximum power obtained from the cell as a fraction of the 

incident light power density (Pincident). 
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                                                                    (2.18) 
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                                 Or                    FF
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
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Power point (Wp) = IMVM  

Figure 2.13. I-V characteristic for a solar cell in dark and under light. Maximum 

power from the cell can be calculate using values of voltage corresponding to 

maximum current
27

.   

 

IX. c. Parasitic Resistances 

 Power is dissipated through contacts as well as due to the presence of defects in real 

devices. These dissipations are equivalently denoted by the presence of series resistance (RS) and 

parallel or shunt resistance (RSh). The series resistance arises due to presence of any barrier for 

current flow. It includes defects, the material‟s inherent property, resistive contacts etc. Shunt or 

parallel resistance generally arises due to the leakage of current through the cell, around the 

edges and between contacts of different polarity
30

. The fill factor and hence the efficiency of the 

cell will be affected because of the presence of these parasitic resistances. For an efficient solar 

cell RS should be as small as possible and RSh should be very high. After considering 

contribution from parasitic resistances the diode equation becomes
27

_ 

 

                            JV =
 

SH

SVTk/ARJVq

0SCdarkSC
R

ARJV
)1e(JJJJ BSV






                   (2.19)
  

We have used Scientech Solar simulator with AM 1.5G and 100 mW/cm
2 

intensity. Keithley 

2611 source meter and LabView based program is used for I-V measurement of solar cells. Cells 
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are always checked in the dark room to avoid effect from stray light. After collecting the data the 

analysis is done using the software provided along with solar simulator. In that software equation 

2.17 is fitted for the obtained I-V characteristics to get information about RS, RSH and FF. 

 

X. Conclusions 

 We have used the above discussed techniques to study optical, structural and electrical 

properties of QDs synthesized in our lab. The UV-VIS absorption technique is used to track the 

absorption spectra of the synthesized QDs. The PL capability of the QDs has been studied using 

PL spectrometer. We have also calculated the PL QY of these QDs. The PL lifetime of the 

charge carriers in the QDs is analyzed using decay data obtained in TCSPC. Average 

hydrodynamic radius of the QDs is studied using FCS and DLS. The intensity dependent 

behavior of the QDs is further explained using FCS. The study of crystal structure and average 

crystallite size calculation is done using XRD. The XRD data is also used to analyze presence of 

strain in the crystals using W-H analysis. Topography, morphology and chemical composition of 

QDs is studied using SEM and HRTEM. Further these microscopy techniques have been used to 

analyze size of the QDs. We have used the synthesized QDs for applications as sensitized solar 

cells. The performance of the device is checked using I-V characteristics. 
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Chapter 3 

 

Synthesis of Cadmium Telluride Quantum Dots and 

their Application in Sensitized Solar Cells 

 

 

I. Introduction 

Semiconductor materials are of prime importance in electronic as well as optoelectronic 

applications. Having energy bandgap between ~0.3 eV to ~3 eV make these materials whose 

properties can be tuned using accessible electronic and optical transitions. That makes these 

materials important for applications like transistors, diodes, light emitting displays, solar cells, 

etc. compared to metals and insulators. As we have seen in Chapter 1, spatial quantum 

confinement of charge carriers further helps to tune the range of possible electronic transitions 

(e.g. absorption/emission spectra) in these materials
1
 via size effects. Many structural, optical 

and electrical properties of these materials also changes as a result of such spatial quantum 

confinement
2
. This in effect allows technology to create faster

3
, compact

4
, more efficient and 

affordable applications based on the size tunable physical properties. Basic physics and 

technology applications of such semiconductor nanocrystals or Quantum Dots (QDs) were 

extensively studied since from 1988
2
.  

Cadmium Telluride (CdTe) is a group II-VI semiconductor alloy having bulk band gap ~ 

1.44 eV
5
. This is a favourable band gap for solar cell application because it nearly matches with 

the maximum of the solar spectrum which can further be used to optimize solar cell’s power 
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conversion efficiency.  Thus, it has been used as photo-absorber in solar cell since 1958
6,7

. Thin 

film solar cell using CdTe is considered as one of the alternative option over crystallite Silicon 

(Si)
8
 because of its high photo-absorption coefficient and extinction coefficient. The highest 

power conversion efficiency achieved till 2013 using the second generation, vapour deposited 

CdTe thin film technology is ~19.6%
9
. Moreover, third generation solar cells promise even 

higher efficiency at reduced material cost using solution processed CdTe QDs. Therefore, 

extensive research is being done to use CdTe QDs as photo-absorber in nano-photovoltaic cells.  

The exciton Bohr radius of CdTe is ~65 Ǻ which is highest compared to other II-VI materials 

from this group. Thus, in CdTe, one can practically play over a larger spatial size range for 

tuning the absorption and emission wavelengths. This material  further demonstrate high 

photoluminescence (PL) quantum yields (QY)
10

  which made it popular for use in 

optoelectronics including use in biological imaging and labelling application
11

, light-emitting 

diodes (LEDs)
12,13,14

, microarrays of multi-coloured light emitting pixels
15

 and photosensitive 

films
16,17

.  

As we have seen in Chapter 1, Quantum Dot Sensitized Solar Cell (QDSSC) represents 

third generation solar cells which not only promise practical advantages like ease in fabrication, 

cost effectiveness but also offer the technical possibilities of hot electron extraction and multiple 

carrier generation etc to enhance the effective power conversion efficiency. Therefore, it is 

considered more promising for future generation solar cells which can have the possibility to 

improve the performance much above dye sensitized solar cells (DSSC)
18,19,20,21,22,23

. There are 

different ways to sensitized/anchor these QDs on porous TiO2 surface
24

 in order to use them as 

sensitizer/ photo-absorber:  

(1) In-situ growth of QDs by chemical bath deposition (CBD)
25

,  

(2) Deposition of pre-synthesized colloidal QDs by linker assisted adsorption
18,2121,26,27 

& 

(3) Use of Successive Ion Layer Adsorption and Reaction (SILAR) method
28,29,30,31

.  

Methods (1) and (3) follow in-situ growth for deposition of QDs using Cadmium and tellurium 

ions, but they usually lead to less than full coverage of TiO2, due to uneven growth of QDs, 

which affects VOC and thus the efficiency of solar cell
24

. Compared to that, use of pre-

synthesized QDs with bi-functional molecule as capping layer are found to be better for tethering 

QDs on TiO2 and so efficiency gets enhanced
32,33

.  
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In chemical method of synthesis, two different strategies are used for production of 

semiconductor QDs with bi-functional molecules as capping layer like use of non-aqueous and 

aqueous solvents. The former strategy requires high temperature and so a high boiling solvent 

like trioctylphospine-oxide (TOPO) trioctophospine (TOP) which are commonly known as 

TOPO-TOP based synthesis routes.  However, this particular strategy has many apparent 

drawbacks including toxicity of the above chemicals, requirement of more energy input due to 

temperatures. So this TOPO-TOP based synthesis route is not so environment friendly and also 

costlier. Moreover use of these QDs to make uniform thin films for any particular application is 

always considered as an issue due to their non-solubility in water. As such three different 

approaches have been used to get water soluble QDs:  

a) Ligand exchange
34, 35, 36, 37,38

,  

b) Encapsulation into water soluble shell
39,40

 and  

c) Arrested precipitation in water
41,42

.  

But these approaches also include many processing steps and thus have additional 

disadvantage of being time-consuming, costly and complicated. The second strategy is aqueous, 

and as the name implies, it is non-toxic and due to lower boiling point of water, it requires less 

energy input thus making this a comparatively cheaper, highly reproducible, and water soluble 

QDs compatible for use in various applications. However, all solution processed QDs use bi-

functional organic molecules which not only acts as capping ligands for QDs but they also allow 

for  active control of the kinetics of synthesis and nucleation process.  This is exploited in 

controlling the size, shape of these QDs. Further one uses these to passivate the surface dangling 

bonds
43,44 

and also to make these soluble by careful choice of hydrophilic and hydrophobic 

geometry. Thiol based capping ligands also work as bi-linker molecules. They are good in 

capping QDs in aqueous medium and the terminal hydroxyl [–OH] group interacts and anchors 

with the carboxylic [–COOH] group from TiO2 nanoparticles. This enhances the improved 

binding of QDs on electron harvesting TiO2 layer and this type of interaction improves efficiency 

photo-generated charge transfer and thereby help in making better sensitized solar cells
32,33

. 

Aqueous synthesis of CdTe QDs have been reported earlier with different thiol based capping 

ligands like thioglycolic acid
45,46

, 1-thioglycerol
46,47

, mercaptoethylamine
4646

, or L-cystein
4646

, 

mercapto-propanoic acid
48,49

 and mercapto-succinic acid
50

.  
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In this chapter we will see how thiol based capping ligands like Mercapto-succinic acid 

(MSA) can be used for synthesis of good quality CdTe QDs, how to tether the resultant CdTe 

QDs on porous TiO2 film for use in QDSSC and how the performance of resultant QDSSC 

depends on these procedures. 

 

II. Materials and Methods for Synthesis 

 

a. Chemicals Used  

All chemicals are used as purchased without any further purification. Cadmium chloride, 

sodium borohydride, mercapto-succinic acid, Zinc Acetate (Zn(OAC)2) and boric acid are 

purchased from Merck, sodium tellurite is purchased from LobaChemie, trisodium citrate is 

purchased from Thomas Baker. Terpineol, ethyl cellulose, rhodamine-6G is purchased from 

Sigma Aldrich, F:SnO2 (FTO) coated glass is purchased from Solaronix (7 /square). TiO2 (P25 

Degussa was a generous gift from Evonik). Ethanol and methanol are HPLC grade. 18 M /cm 

de-ionized (DI) water is used as solvent. 

 

b. Synthesis Procedure 

Wet chemical reaction is carried out in a three neck flask, first neck is used for water 

condensation (as the reaction proceeds at slightly higher temperature water condenser is usually 

used to condense water vapour), second one is used for monitoring temperature and third one is 

utilized to take out the aliquots. Mercaptosuccinic Acid (MSA) capped CdTe QDs are 

synthesized by modifying the procedure developed by E. Ying, et. al.
50

. All reactions proceeded 

in buffer solutions of boric acid and trisodium citrate. The requirement of buffer solution is to 

withstand the changes resulting from addition of sodium borohydride as given in the following 

reaction 3 and 4. Here 15 mM boric acid and 15 mM trisodium citrate is used in 50 ml DI water 

to make a buffer solution of pH 8. Precursor solution for CdTe QDs is made by adding cadmium 

chloride (1 mM), sodium telluriteNa2TeO3 (0.25 mM), and mercapto-succinic acid (3 mM) in 50 

ml of buffer solution of pH 8 at 25 
o
C. After vigorous stirring of precursors for 5 min, 20 mg of 

sodium borohydride (NaBH4) is added into the precursor solution. Reaction proceeds with 

formation of following products and bi-products.    
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                                OH3)OH(B3Te4BH3TeO4 3

2

4

2

3 ……………………….   (1) 

                                          
22 LCdTeTeCdL  where L= MSA        ……………………. (2) 

                             2324 HOH)OH(BOHBH             …………………………. (3) 

                             OH)OH(BO2BH 324                        ………………………    (4) 

After reaction proceeds for 10 min at room temperature the flask is attached to a water condenser 

and refluxed at 80 ˚C under open air condition. Aliquots are collected at different time intervals 

after starting the reaction and labeled as #1, #2, #3…. 

 

c. TiO2 Paste Preparation 

0.75 g of P25 Degussa TiO2 powder is taken in a clean and dry motor pestle. 0.13 ml of 

acetic acid is added into it with sustained grinding for 5 minutes to make uniform and complete 

spreading of acetic acid. After that 0.13 ml DI water is gradually added into it with continuous 

grinding. The procedure is repeated for five times. In order to avoid lump formation we have not 

added all the water at once. Then 0.32 ml of ethanol is added into it with continuous grinding. 

The addition and grinding is repeated for 5 minutes. Care has been taken not to leave anything 

dried and un-mixed. The mixture is then transferred in a round bottom flask using 15ml ethanol. 

The resultant solution is kept for 5 minutes under stirring and then 5 minutes under sonication. 

The sonication and stirring are repeated for at least 30 times. Then 2.5 gm of terpineol and 

solution of ethyl cellulose are added in it and again it is kept under stirring for 20 minutes. For 

making solution of ethyl cellulose 0.38 gm ethylene cellulose is added in 3.85 ml ethanol and 

sonicated till it mixed well. Now the resultant solution is stirred for 20 minutes. Finally, uniform 

slurry without any visible granules is formed. The extra solvent is then evaporated using rota-

vapour. This TiO2 paste is used for making porous thin film on FTO glass by doctor blade 

technique. 

   

d. Cleaning of FTO Coated Glass and Deposition of Porous TiO2 Film 

Conducting transparent glasses coated with Fluorinated Tin Oxide (FTO) are purchased 

from Solaronix (7 Ω/square). Diamond cutter is used to cut the glass. Care has been taken not to 

scratch the conducting side. Pieces of FTO glass are then sonicated with water and ethanol each 
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for 15 minutes. After sonication, the glass pieces are heated at 450 ˚C for 5 minutes to remove 

any leftover organic molecules which made them ready for use as an electrode. TiO2 is then 

deposited on conducting side by doctor blade technique on these cleaned and dried FTO glasses. 

After one deposition films are kept in oven preheated at 160 ˚C for 10 minutes. The deposition is 

repeated for 3 times with heating at 160 ˚C after each deposition. Finally the TiO2 coated FTO 

glass is annealed at 450 ˚C for half an hour. The heating at high temperature confirms removal of 

organic molecules which are added for smooth formation of TiO2 paste. This heating step also 

makes the film porous at nanoscale.  Three such coating make ~10 micron thick TiO2 layer. In 

order to remove pin holes and recover it from cracks the TiO2 film is treated with aqueous TiCl4 

(0.04 M) and finally sintered at 450 ˚C for 30 mins.  

 

III. Characterization of Quantum Dots 

Figure 3.1 shows the X-Ray Diffraction spectrum from drop casted thin film samples of 

CdTe QDs. The representative X-Ray diffraction peak positions corresponding to bulk CdTe 

material is shown here for reference
51

. The XRD spectra of CdTe QDs corresponding to (111), 

(220) and (311) planes show zinc blend cubic crystalline structure
51 

of CdTe.  
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Figure 3.1. XRD spectrum of CdTe QDs. The characteristic peaks shows zinc blend 

crystal structure. 

 

The absorption spectra for different aliquots of CdTe QDs collected at different refluxing 

time intervals are studied using UV-VIS absorption spectroscopy and it is given below as figure 

3.2. Here, we have used samples with same concentrations (e.g. 20 L of as prepared colloidal 

solution of QDs in 2 mL of D. I. water). Further growth of these aliquots can be restricted by 
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sudden cooling of these QDs. We have done this by keeping the solution containing vial in ice 

bath or in ice cold water.  Growth of the QDs i.e. red shift in absorption is clearly visible with 

increase in reflux time. Form figure 3.2 it is clear that the fine control on size of QDs is gained 

by collecting aliquots at short intervals. The emission of photons from excited QDs is nothing 

but PL. The PL spectra for the same set of sample is also studied and given in figure 3.3.The 

image for CdTe QDs indicating their PL ability is given as figure 3.4. 
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Figure 3.2. Absorption spectra for different size CdTe QDs. 
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Figure 3.3. Photoluminescence spectra for consequently growing CdTe QDs. This 

proves that PL for QDs can be tuned easily by varying growth time. 
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Figure 3.4. Image of fluorescent colloidal CdTe QDs. A UV lamp is used to excite QDs. 

PL QY for a sample measures the number of photons that come out with respect to the number of 

photons incident. PL QY is calculated for CdTe QDs by exciting the QDs sample and reference 

sample at 490nm and collecting PL spectrum. The resultant PL peak intensities are further used 

to calculate QY using following formula
52 
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Here, Qs is QY of  the sample, Qr is PL QY of the reference material (Rhodamine 6g), We used 

fresh Rhodmine-6g solution in water as reference with a value of Qr = 95%
52

.  As is area under 

the curve of photoluminescence spectrum for sample, Ar is area under the curve of PL spectrum 

for reference material, ODr is optical density for reference, ODs is optical density for sample (it 

is kept constant ~0.1 OD and the values are taken from respective recorded excitonic absorption 

spectrum), nr and ns are refractive indices of the solvent (water) for both reference and sample 

material. The measured PL QY is ~ 85% for sample this is highest compared to reported CdTe 

QDs  with absorption maxima at 510 nm and it is observed that it decreases further with increase 

in size as shown in figure 3.5. The reason for high PL QY is reported
53

 as more and more free 

thiols and cadmium ions would be released from the cadmium thiol complexes in the acidic 

range, so the surface coverage of the nanoparticles with MSA is increased when the CdTe 

solution becomes acidic. Therefore, more trap sites on the CdTe surface would be 

neutralized/removed, thus leading to higher PL efficiency. 

 



51 

 

510 520 530 540 550 560

55

60

65

70

75

80

85

Q
u

a
n

tu
m

 Y
ie

ld
(%

)

Peak Abs. Wavelength (nm)

 

Figure 3.5. PLQY for MSA capped CdTe QDs. 

 

Due to high PL QY we have used these QDs for Fluoresce Correlation Spectroscopy 

(FCS) in order to understand effect of blinking on hydrodynamic sizes of QDs. We have also 

tried to understand the charge transfer mechanism in blinking. The details of this study will be 

discussed in Chapter 7 
54

.  

 

IV. Quantum Dot Sensitized Solar Cells Using CdTe QDs 

 

a. Fabrication of Solar Cells 

These CdTe QDs are used as sensitizer in QDSSC. QDs are deposited on TiO2 coated 

FTO glass by pipetting solution of QDs on top of the TiO2, where it stays for 1-2 hours
55

. 

Loading of the core/shell QDs can be checked from the apparent color change of the TiO2. The 

resultant photoanode is then washed with ethanol and water. The ZnS layer is then coated on 

TiO2 –QDs film by twice dipping the QDs loaded film in aqueous 0.1 M Zn(OAc)2 and 0.1 M 

Na2S solution for 1 min./dip. Once the ZnS coating is done photo-anode is made ready by 

washing the film with ethanol. The cell’s assembly is done with QDs sensitized electrode with 

ZnS layer as photo-anode and Au as counter cathode using 50 miron thick scotch spacer with 

10microlit polysulfide electrolyte. Nominal cell area is kept constant ~0.16 cm
2
. The polysulfide 

electrolyte consisted of Na2S (0.5 M), Sulfur powder (2 M) and KCl (0.2 M) in water and 

methanol (3/7 volume ratio)
56

.  
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b. Characterization of QDSSCs   

We have fabricated devices with typical area around 0.16 cm
2
. When we have fabricated 

QDSSC using CdTe QDs we could not get satisfactory results at first, the efficiency is very low 

due to poor photocurrent i.e. short circuit current density (JSC ~ 0.23 mA/cm
2
) and open circuit 

voltage (VOC ~ 0.24 V). This poor photo-response for a cell with CdTe QDs as sensitizer is 

understood from J -V characteristic as shown figure 3.6. Earlier reports revealed that utilization 

of CdTe QDs in photo-electrochemical cell for electric energy conversion has been 

limited
57,58,59,60

. It is observed that CdTe reacts with aqueous Na2S present in electrolyte and this 

reaction creates a CdS layer outside CdTe QDs
60

. The valence band levels for CdTe, CdS and 

oxidation/reduction levels for electrolyte are such that electron transfers from electrolyte to CdS, 

but such transfers are not possible from CdS to CdTe
60

. This failure of scavenging holes from 

CdTe results in photo-degradation and further limits use of CdTe in SSC.  
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Figure 3.6. J-V characteristic for CdTe sensitized solar cell. The poor performance is 

due to reaction of CdTe with electrolyte. 

  

V. Conclusions 

 Low temperature, aqueous based synthesis method for good quality CdTe QDs is 

developed in our lab. MSA capping is found good in order to get higher PL QY as well as 

tethering these QDs on porous TiO2 layer. We have used these QDs in SSC as photo-absorber. 

However, the efficiency for cells is very low due to poor photocurrent. The poor efficiency is 
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mainly due to photo-degradation of CdTe in contact with electrolyte. This further creates 

inability for scavenging holes from CdTe and thus performance degrades under exposure of 

light. Due to excellent optical properties of the CdTe material as a photo-absorber we don’t 

wanted to change the material. However, we tried to avoid the degradation and the inability of 

hole scavenging using type-II heterostructure nanoparticle. The synthesis method for such 

heterostructure and the improvement in cell performance will be discussed in next Chapter 4. 
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Chapter 4 

 

Aqueous Synthesis of CdTe/CdSe Core/Shell Quantum 

Dots and their Application in Sensitized Solar Cell 

 

 

I. Introduction 

Currently world is facing a huge energy crisis and demand will continue to increase by 

many folds in the near future. We have also seen that dependence on non-renewable energy 

sources cannot give us a permanent solution as these sources are exhaustible and often produce 

non-repairable damage to earth‟s environment. So a more promising way to satisfy such huge 

energy demands without creating pollution is use of renewable energy sources like sunlight 

through solar cells. Great efforts have been made to make affordable solar cells so that power 

can be generated at a cost lower than the cost of traditional electricity generation. A third 

generation solar cell is considered very promising for increasing efficiency and making the 

production processes affordable. Though the measured efficiency for these devices is low 

compare to the first generation solar cells it can be used for niche applications such as charging 

battery in the mobile phones, running small toys and watches etc. As these devices has less 

operational lifetime and doesn‟t require high power conversion efficiency, solar cells with 

somewhat reasonable efficiency of even 5-10% made at a lower manufacturing cost can be used 

to reduce overall cost of these applications. Sensitized solar cells (SSC) are a class of third 
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generation cells which cost ~1/3
rd

 to 1/5
th

 of the other semiconductor solar cells based crystalline 

materials and or vapor deposited thin films. The comparatively lesser cost is mainly due to lower 

material utilization rate in third generation solar cells. A lot of research is being done in this field 

since the first sensitized solar cell report is published
1
. The importance of QDs in this regard is 

also discussed in Chapter 3. There we have seen the method to synthesize CdTe QDs in aqueous 

medium at low temperature. The problem of self-destruction of CdTe QDs in contact with 

electrolyte and as a result, a non-efficient sensitized solar cell is also discussed in Chapter 3. 

According to literature, use of doped QDs
2,3

, co-sensitization
4,5,6

  and core/shell heterostructure 

QDs
7,8,9,10

 enables better power conversion efficiency compared to use of single QDs. This may 

be due to limitation of absorption range of single QDs as well as stability issues related to 

particular QDs
11,12,13,14,15

.  

Core/shell (CS) heterostructure QDs of II-VI semiconductors have found a wide range of 

applications in optoelectronics
16,17

, bio-imaging
18

  and photovoltaics
19,20,21

 etc. CdTe/CdSe is one 

such type-II heterostructure CS material. In type-II heterostructures, the core and shell are made 

up of two different semiconducting materials with a particular valence and conduction band 

alignment at the hetero-interface as shown in figure 4.1a Figure 4.1b shows schematic for 

core/shell hetrostructure which clearly differentiates the core, shell and capping layer material. 

 

 

Figure 4.1. Schematic describing a) band alignment in type-II heterostructure and b) 

core, shell and capping layer (micelles like structure after CdSe) together forming 

core/shell heterostructure. 

 

The band alignment of these semiconductor QDs is such that it efficiently assists the all 

important charge separation of photo-excited electron hole pairs
22,23,24

. This charge separation 
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process effectively slows down the radiative recombination rates of photo-generated carriers, 

which allows better harvest of photo-generated electron-hole pairs in photovoltaic cells
19,25

 and 

also in photoconductive devices
19

. Therefore, lot of attention has been focused on the 

synthesis
25,26,27,28

 
 
of these core/shell QDs

 
as well as on their use in nano-photovoltaics.  

There are many reports on synthesis of different type-II hetero-structures like 

CdSe/ZnTe
29,30,31

, CdTe/CdSe
27,32,33,34,35

, CdTe/CdSe alloys
36

, CdSe/CdS
26,37,38,39

 
 
etc. using a 

variety of complex wet chemical methods involving elaborate purification techniques. There are 

also reports
18,2827,28

 which explain the mechanism of charge transfer in CS QDs as a function of 

shell thickness but most of these have been synthesized using hazardous chemicals and at high 

temperatures of  >250 ˚C but to the best of our knowledge, there is only one report
8
 using these 

QDs for solar cells (  ~ 2.4%). Moreover, the effect of varying shell thickness on solar cell 

performance is not well studied.  

In this chapter we report the investigations of a simple aqueous synthesis of CdTe/CdSe 

based CS heterostructure QDs grown without any seed purification at considerably lower 

temperature of 80 ˚C. These materials reveal good structural, optical quality as well as 

comparatively similar power conversion efficiency of ~2% for such material system. A quicker 

and procedurally simpler chemical synthesis route is always economically desirable for large 

scale production of these heterostructure QDs. The low temperature aqueous synthesis technique 

without seed purification presented here provides one such simple and economic processing 

method to grow good quality of CdTe/CdSe core shell QDs for mass production. We have also 

demonstrated that the solar cell parameters of these sensitized cells are strong functions of the 

shell thickness as expected for such charge separating type-II heterostructures. The schematic 

diagram showing CdTe/CdSe adsorbed on TiO2 along with ZnS layer and charge transfer process 

between them is given as figure 4.2. The assembly of QDs on TiO2 is another important factor 

which affects the performance of SSC. The MSA capping ligand here works as a bi-linker 

molecule whose one end is connected to QDs and other end helps in tethering QDs on TiO2. 

 In general these bi-linker molecules are insulating in nature. So their presence in 

between QDs and TiO2 degrade the charge transport and hence affect the short circuit current 

density (JSC). The sintering of photoanode is known for removal of such bi-linker 

molecules
10,33,40,41,42

. The effect of sintering sensitized photoanode at different temperature for 

improvement of JSC is also presented in this chapter.  



64 
 

 

Figure 4.2. Schematic diagram describing the charge separation and charge transfer 

processes in CdTe/CdSe based sensitized solar cell. The system consists of 

CdTe/CdSe CS QDs adsorbed on TiO2 electrode and then coated with a thin ZnS 

layer. Here, electron hole pair is photo generated in CdTe and these electrons are 

transferred to TiO2 via CdSe and are then collected at FTO contact. The electron from 

electrolyte probably tunnels to neutralize the vacancy to complete the photo 

electrochemical cycle. 

 

 

II. Experimental Methods 

 

a. Chemicals Used For Synthesis 

All chemicals utilized in this study are used as purchased without any further purification 

or treatments. Cadmium chloride, sodium borohydride, mercapto-succinic acid and boric acid, 

acetic acid, sodium sulfide, sulfur powder, titanium tetrachloride, and potassium chloride are 

purchased from Merck. Sodium tellurite and sodium selenite are purchased from Loba Chemie. 

Trisodium citrate is purchased from Thomas Baker. Terpineol, ethyl cellulose, rhodamine-6g are 

purchased from Sigma Aldrich F:SnO2 (FTO) coated glass is purchased from Solaronix (8  

ohm/square). Degussa P-25 TiO2 nanoparticles are a generous gift from Evonik. Ethanol and 

methanol are HPLC grade. De-ionized (D. I.) water with 18 MΩ-cm is used.  

 

b. Synthesis of CdTe Core QDs (i.e. Seed Solution) 

CdTe QDs are synthesized using the procedure developed in our lab
43

 and as discussed in 

Chapter 3. Reaction is carried out in a three neck flask, where first neck is used for water 

condensation; second one for monitoring temperature and third one take out aliquots. Reactions 



65 
 

proceeded in buffer solutions of boric acid and trisodium citrate, where 15 mM of boric acid and 

15 mM of trisodium citrate are used in 50 ml de-ionized water to make a buffer solution of pH-8. 

Precursor solution for CdTe QDs are made with cadmium chloride (1 mM), sodium tellurite 

Na2TeO3 (0.25 mM), and mercapto-succinic acid (MSA) (3 mM) in 50 ml of buffer solution of 

pH-8 at 25 ˚C. After vigorous stirring (~900 rpm) of precursors for 5 minutes, 20 mg of sodium 

borohydride (NaBH4) is added into the solution. This reaction is carried out for 10 minutes inside 

the flask.  After that flask is attached to the condenser and then heated along with stirring at 80˚C 

under ambient condition. Aliquots are collected at different time intervals after starting the 

reaction and are characterized further. We used these CdTe QDs as seeds with and without 

purification for further synthesis of CdTe/CdSe CS QDs heterostructure. Structural and optical 

properties for CS QDs with and without purification are studied and discussed below in detail. 

 

c. Synthesis of CdTe/CdSe core/shell heterostructure QDs 

c. 1. With Purification of Seed Solution 

 Traditional CS synthesis processes consist of rigorous purification of CdTe seed 

QDs
25,44

. In this method, we stop the reaction after attaining certain peak wavelength of 

excitonic absorbance of these CdTe QDs (here in this case absorbance peak ~507 nm). We have 

purified CdTe QDs which involves precipitation of QDs with ethanol and washing four times 

using a centrifuge (~6000-7000 rpm). We assume that there is not much loss of CdTe QDs 

while washing. These purified CdTe QDs are subsequently dispersed into 43 ml of buffer 

solution of pH 8 and subsequently heated to 80 ˚C along with stirring of ~900 rpm. To make top 

CdSe shell layer on CdTe core, we have mixed 0.001 M sodium selenite precursor and 0.02 g of 

NaBH4 in 7 ml deionized water and at last we have added it to the hot purified solution of seed 

CdTe QDs. Finally after 10 minutes into the reaction, we have enriched the solution with Cd
2+

 

ions by adding 0.5 mM CdCl2 and 1.5 mM MSA. Four such aliquots are collected at different 

time intervals which then used for further characterization and compared with CS QDs 

synthesized without purification of seeds. These samples are labeled as CdTe, CS1, CS2, CS3 

and CS4 (Core QDs used as seeds are labeled as CdTe). Note that CS QDs has nearly same 

absorption maximum wavelength to that of CS QDs synthesized without purification of seeds. 
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However, we have not labeled these CS QDs by their absorption maximum just to avoid 

confusion. 

  

c. 2. Synthesis of CdTe/CdSe CS QDs Without Purification of Seed Solution 

In this procedure we have not purified the seed CdTe QDs. Here we allow CdTe QDs to 

increase until the QDs absorbance matched with desired wavelength; the size of the QD is 

correlated to the absorbance of QDs. Once we get the desired absorbance wavelength, we have 

added 1 mM sodium selenite precursor in as prepared seed CdTe QDs solution at 80 ˚C. 

Thereafter, we have enriched this solution with Cd
2+

 ions by adding 0.5 mM cadmium chloride. 

CdSe is then allowed to grow on the CdTe QDs with heating at 80 ˚C and continuous stirring of 

~900 rpm. Aliquots are collected at different time intervals from the three neck flask and used for 

further characterization. Four representative CdTe/CdSe core/shell QDs are selected and its 

optical as well as structural properties are studied and compared with that of CS QDs synthesized 

after purification of core QDs. The QDs are labeled with its absorption maximum wavelength as 

QD534, QD568, QD592 and QD606. The same set of CS QDs is used as sensitizer for the fabrication 

of sensitized solar cell. 

 

d. Fabrication of Sensitized Solar Cells 

 The FTO coated glass electrodes are cleaned as discussed in Chapter 3 section II-D, 

using diluted soap solution, water and ethanol and finally heated at 450 ˚C for 10 mins in order 

to remove contaminants. P25 TiO2, acetic acid, terpineol, ethyl cellulose, water and ethanol are 

used to prepare TiO2 paste; detailed procedure is given in Chapter 3 section II-C (The exact 

procedure followed for preparation is also given here
45

).  

Even though QDs are of high quality and stable for long time, it is still a great challenge 

to assemble uniform layer of previously synthesized QDs on mesoporous TiO2 with high area 

coverage. In order to improve the material loading and surface covering we have used freshly 

prepared MSA capped aqueous QDs. The as prepared QDs suspension (with absorbance „2‟ at 

first excitonic absorption peak) was pipetted directly on TiO2 electrode where it is allowed to 

stay for two hours
10,36

. QDs loaded TiO2 are then washed using ethanol and water. The loading 

of core/shell QDs can be checked from the coloring of TiO2. The ZnS layer is then coated on 

TiO2–QDs film by twice dipping the QDs loaded film in aqueous 0.1 M Zn(OAc)2 and 0.1 M 



67 
 

Na2S solution for 1 min./dip. Once the ZnS coating is done, photo-anode is made ready by 

washing the film with ethanol and sintering it at ~200 ˚C, ~400 ˚C in ambient for 5 mins.  

Finally, the cells are prepared by assembling QDs sensitized electrode with ZnS layer as 

photo-anode and Au as counter cathode using 50 μm thick scotch spacer with 10 microlit 

polysulfide electrolyte. The polysulfide electrolyte consists of Na2S (0.5 M), Sulfur powder (2 

M) and KCl (0.2 M) in water and methanol (3/7 volume ratio)
46

. Several such cells are made and 

one with best efficiency is chosen as final data. Nominal cell area is kept constant ~0.16 cm
2
.  

 

III. Results and Discussions 

 

a. Structural and Optical Properties 

 In this section we will discuss both structural and optical qualities of these CS 

heterostructure QDs using X-ray diffraction (XRD) spectroscopy, optical absorption 

spectroscopy, steady state photoluminescence spectroscopy and finally by TCSPC. Some of 

these optical spectroscopy results for CdTe/CdSe CS QDs are described in Table #4.1. Figure 4.3 

shows the evolution of XRD spectra for core/shell QDs synthesized without purification of 

seeds. 

 

Figure 4.3. Evolution of core/shell crystal structure for CdTe/CdSe synthesized using 

unpurified core QDs is shown using XRD pattern. The planes for CdTe and CdSe are 

given for reference. 
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 Here the CdTe QDs are the core QDs used as seeds for forming core/shell structure and rest of 

the samples are CS structures after consecutive growth of shell layer. The representative X-Ray 

diffraction peak positions corresponding to bulk CdTe and bulk CdSe materials are shown at the 

bottom and top of the figure for reference
47

. The XRD spectra of CdTe QDs shows peaks with d-

values that corresponding to (111), (220) and (311) planes of the cubic phase of CdTe
47 

(aCdTe= 

0.648 nm
44

). We noticed that XRD peaks shift to higher angles as compared to that of only CdTe 

QDs as soon as CdSe shell forms on these CdTe seeds and finally matches with the generic CdSe 

peaks. The (311) peaks start appearing at 51˚ after shell growth which is not visible in only 

CdTe. Moreover, we identify these dominant XRD peaks of CS QDs mostly with (111), (220), 

(311) planes of cubic crystallites of CdSe
47

 (aCdSe = 0.605 nm) thus confirming the formation of 

top shell layer. This reaffirms the formation of CdSe shell layer on top of CdTe core. Moreover, 

nearly similar spectral features of XRD are observed for CS QDs synthesized with purified seed 

QDs as given in figure 4.4. From figure 4.3 and figure 4.4 it is clear that similar shift occur in the 

planes features corresponding to (111) and (220) to higher angles instead of showing two 

independent peaks. This supports our argument that it cannot be a mixture of two differently 

grown QDs
33

. This gradual shifting of peak to higher angle also indicates presence of strain at 

the interface due to lattice mismatch of CdTe and CdSe QDs
44

.  

 

 

Figure 4.4. XRD spectra for CdTe and CdTe/CdSe CS NCs synthesized using 

unpurified and purified seed NCs. 
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The morphology of seed CdTe and QD606 CS QDs synthesized using unpurified core is 

studied using HR-TEM and images are given as figure 4.5 and 4.6 respectively. The image 

clearly shows that CdTe QDs are nearly spherical. Magnified HRTEM image of representative 

QD sample is given as left inset for both of the samples. 

 

Figure 4.5. Structural characterization for MSA capped CdTe QDs using HRTEM. 

The measured median diameter of CdTe QDs is ~2.3 nm. 

                                  

 

Figure 4.6. HRTEM image for thickest shell CdTe/CdSe CS QDs synthesized using 

unpurified core QDs i.e. QD606 sample. By scrutinizing high-resolution TEM, the 

lattice fringe of CdTe (111) is clearly reflected. 

 

Diameters of QDs are first analyzed using „ImageJ‟ software. This procedure is repeated and 

values are averaged to minimize the error. The average QDs diameter is assessed via this 

statistical analysis of measured HRTEM images of these QDs. The final histogram of percentage 

of such QDs having a particular size range is shown as right inset for both the samples in figure 

4.5 and 4.6. The median diameter of CdTe QDs is estimated from the HRTEM image and it is 
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found to be ~2.3 nm. Similarly, the HRTEM image CdTe/CdSe core–shell structures also shows 

nearly spherical shape. The median particle size (~ 4 nm from the HRTEM images) is found to 

be higher than that of CdTe seed QDs. By scrutinizing high-resolution TEM, the lattice fringe of 

CdTe (111) is clearly reflected as shown in left inset of figure 4.6. From both HRTEM images, it 

can be concluded that the QD diameter increases by about 2 nm upon shell growth. Interestingly, 

the smallest such CS QDs diameter for QD606 is ~3.6 nm. We could not find any CS QDs smaller 

than this minimum size from the statistical analysis of about fifty CS QDs scanned during the 

imaging process. This actually means CdSe is growing as shell layer on CdTe seed QDs and not 

growing separately as independent crystals. 

The evolution of optical absorption spectra of CdTe/CdSe CS QDs synthesized without 

purification of seed QDs is shown in figure 4.7. Here aliquots are taken at different time intervals 

during the growth of shell layer. The absorption spectra for CdTe/CdSe CS QDs synthesized 

using purified seed is also given for comparison as figure 4.8. Here in both figure 4.7 and figure 

4.8 the spectrum with lowest absorption wavelength is the spectrum for core QDs which is used 

as seed QDs. Rest of the samples has CdSe shell layers growing on top of respective CdTe seeds.  

 

400 500 600 700

400 500 600 700

 

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

Wavelength (nm)

 CdTe

 QD534

 QD568

 QD592

 QD606

 

Figure 4.7. Absorption spectra for CdTe/CdSe CS QDs synthesized without purifying 

CdTe seed particles. Magnified spectra are given as insets for better insight of the red 

shifts of the excitonic absorption peaks. 

  

A preliminary growth of the CdSe shell layer actually red shifts the absorption peak in both 

cases. This behavior continues and further growth of CdSe shell layer gradually shifts these 

excitonic peaks to higher and higher wavelength. Moreover, there is a growing presence of a 
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shoulder like feature as shown in figure 4.7 and 4.8 which is totally absent in MSA capped CdTe 

seed QDs (Please refer Chapter 3 figure 3.3). Additionally, we also observe that the shoulder 

like absorption edge becomes prominent in thickest CdSe shell layer samples. So this shoulder 

like second absorption feature can certainly be assigned to the direct optical absorption in the 

CdSe shell layer only
48

 . However, this red shift of excitonic peak and CdSe shoulder are present 

in both CS QDs synthesized using both purified and unpurified seeds. 

 
 

 

Figure 4.8. Absorption spectra for CdTe/CdSe CS QDs synthesized after purification 

of seed QDs. Inset 1 is given for better insight of the red shifts of the excitonic 

absorption peaks and inset 2 shows change in wavelength of excitonic peak of QDs 

with refluxing time.  

  

The evolution of optical spectra for only CdTe is also studied for comparison (Chapter 3, 

figure 3.3). Interestingly, while experimenting, we observed that the CdTe growth (red shift in 

absorption spectra) takes ~ 9 hours for getting absorption peak shifts from 456 nm to 565 nm in 

contrast to that CS QDs synthesized by both ways takes only one and half hour time for getting 

nearly same shift (for core/shell QDs the refluxing time is counted after addition of sodium 

borohydride in the aqueous solution of reagents as mentioned in synthesis section. In case of 

CdTe/CdSe CS QDs synthesized by using purified seeds the reflux time is calculated without 

considering the purification interval).  The plot for reflux time and the absorption red shift is 

given as inset (2) of figure 4.8. Here, in case of CdTe, the significant red shift of optical 

absorption spectra is due to slow increase in size of QDs with time as a result of Ostwald‟s 

ripening effect. It is easy to understand that with increasing heating time, size of the CdTe QDs 

increases which subsequently decreases its band gap due to the relaxation of size confinement of 
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charge carriers and thereby causing the redshift. Similarly one can also understand red shift of 

the shoulder like feature (figure 4.7 and 4.8) representing the CdSe band edge with increasing 

CdSe shell thickness as time passes. However, the reason for getting such relatively quicker red 

shift with increasing refluxing time during formation of CdSe shell is not very well understood 

although it is well known that  reaction towards the formation of both only CdTe and only CdSe 

proceed with similar rate. Moreover, not much difference in the optical absorption spectra is 

observed for CdTe/CdSe CS QDs synthesized using purified and unpurified seeds. This also 

reasserts why the redshift in unpurified CS QDs cannot come from any further growth of only 

CdTe material, as qualitatively similar red shift is also observed in CS QDs synthesized using 

purified seeds i.e. even in absence of any tellurium reagents and other byproducts from the CdTe 

seed synthesis. This sizable difference between growths of only CdTe seed QDs with respect to 

those CS QDs may explain the striking similarity in physical properties of CdTe/CdSe CS QDs 

grown with and without purification. It is possible that the amount of Te
2-

 precursor is already 

depleted while forming seed CdTe QDs for nearly one hour of heating and not oxidized. 

Therefore, any further quicker growth of these unpurified CdTe seeds can be governed mainly by 

the presence of additional Se
2-

 (as Se
2-

 are available in excess quantity as compared to that of 

depleted Te
2-

) in the reactant solution. 

The PL spectra of these CdTe/CdSe CS QDs synthesized by both methods are studied 

and given as figure 4.9 and 4.10.  
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Figure 4.9. PL spectra for CdTe/CdSe CS QDs synthesized without purification of 

seeds. 



73 
 

         

Figure 4.10. PL spectra for CdTe/CdSe QDs synthesized after purification of seeds. 

 

The ability of these QDs to cover long range wavelength is clearly visible from these 

spectra. The quantitative similarities between the red shift of both ways synthesized QDs 

importantly emphasizes the similarity in optical properties of these methods.  

PL Quantum Yield (QY) is calculated for these CS QDs synthesized by using both 

methods. For calculating PL quantum yield (QY) all samples are excited at 520nm. The resultant 

PL peak intensities are further used to calculate QY for CdTe/CdSe CS QDs synthesized by both 

procedures using the formula given in Chapter 2, section II. Figure 4.11 shows QY plots for 

CdTe/CdSe CS QDs synthesized by both procedures.  

 

Figure 4.11. PL QY for CdTe seed QDs and CdTe/CdSe CS QDs synthesized by both 

procedures are plotted with respect to wavelength of excitonic absorption. 

 

We want to emphasize that these estimates of PL QY (maximum QY ~60%) of 

CdTe/CdSe CS QDs are as good as or even better than any such CS QDs made by using aqueous 
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routes
27

.The wavelength on X axis corresponds to peak excitonic absorption wavelength for CS 

QDs (from figure 4.7 and figure 4.8). We observe that the maximum quantum yield of 

CdTe/CdSe CS QDs is ~60% for QD534 and also for CS2, for thickest shell QDs in both varieties 

of CS QDs it further decreases to ~15%. This is possibly explained by the expected type-II band 

alignment at CdTe/CdSe core-shell hetero-interface. The main reason for observed decrease in 

PL QY with thicker shells might be that after photo-absorption one of the charge carriers (say 

hole) is confined to core and other (say electron) is transferred to shell. So probability for these 

delocalized charge carriers (either electrons or holes) to be trapped by non-radiative surface 

states at the CS heterostructure interface is high. This can certainly lead to non-radiative re-

combinations
49

 which ultimately reduces the PL QY of these type-II band gap heterostructures. 

Large lattice mismatch (~7%) and strain between core (CdTe) and shell (CdSe) layers can create 

such non-radiative channels at the heterojunction interface of CS and thereby reduce PL 

efficiency of core-shell materials
26,44

. Most interestingly this variation of PL QY is almost 

similar in CdTe/CdSe CS QDs prepared by both procedures. This again emphasizes that both 

varieties of CS QDs are qualitatively similar with respect to optical absorption, type-II charge 

separation and final PL QY.  

In order to understand reasons for decrease in PL QY with increasing CdSe shell 

thickness, we have studied PL lifetime of photoluminescence using TCSPC for CdTe/CdSe CS 

QDs synthesized by both procedures as well as for CdTe seed QDs. The result for CS QDs 

synthesized using unpurified core QDs is shown in figure 4.12. Photoluminescence decays are 

measured using time correlated single photon counting (TCSPC) setup from Horiba Jobin Yvon 

IBH, USA. As a pulse excitation source we have used 405 nm photo-excitation source from IBH, 

UK (NanoLED-405L). The photoluminescence decay for CS QDs is tail-fitted using a double-

exponential decay function given by equation 4.1, 

                              I (t) = a1 exp(-t/ 1)+ a2 exp(-t/ 2)               (4.1) 

Plots are fitted such that reduced chi-squared parameter (χ
2
) approaching 1 and resulting small 

residual. Here, τ1 and τ2 are the photoluminescence decay constants obtained from above data 

analysis and a1 and a2 are the corresponding pre-exponential factors. The average lifetime τavg is 

calculated as an intensity-weighted sum of the two lifetime components. The obtained values of 
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τ1, τ2 and calculated average lifetime τavg for CS QDs synthesized with unpurified core QDs are 

given in Table 4.1. 
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Figure 4.12. TCSPC results for CS QDs synthesized using unpurified core QDs. 

Straight lines are the fit to all these curves. 

 

Table 4.1. The chart summarizes emission wavelength and luminescence lifetime as a function 

of shell thickness for CdTe/CdSe CS QDs synthesized without purification CdTe seed QDs. 

TCSPC data of CS QDs are fitted with equation 4.1. 

 

         

Sample 

λ emission  

    (nm) 

Quantum  

Yield (%) 

τ1  

  (ns) 

  τ2 

 (ns) 

   a1 

    (%) 

   a2 

    (%) 
  τavg  

  (ns) 

 

QD532       561 61      7.2   26    30     70    20.3 

   QD568       598 35       6.9   31    11     89    28.3 

QD592       630 31      5.9   39.2    10     90    35.8 

QD606       640 19      4.8   43.6    10    90    39.7 

 

It is noticeable from figure 4.14 and Table 4.1 that average lifetime is a function of shell 

growth as it is increases with CdSe shell thickness. The thinnest shell (QD532) has average 

lifetime of ~20 ns which has been increased to ~39.7 ns for QD606. This type of change in 

lifetime is absent in case of only CdTe (as shown in figure 4.13). This shows that type-II band 

alignment of CdTe/CdSe core shell structure is actually driving the charge separation process 
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and thus providing additional active pathways for non-radiative recombination which is 

competing with radiative luminescence. Such dependence of PL lifetime on shell thickness can 

only take place when the rate of any additional non-radiative charge trapping process is affected 

by electron delocalization in the type-II shell layer. Moreover, this happens when non-radiative 

trapping rates become comparable to the type-II radiative processes and thereby selectively 

consume a section of photo-excited charge carriers. Such long average lifetime also implies that 

there are non-radiative decay channels which dominated over radiative decay channels in CS 

QDs having thicker CdSe shells. This may evidently hinder the CS QDs from achieving high QY 

(figure 4.11).  

 

 

Figure 4.13. TCSPC results showing lifetime of charge carriers in case of CdTe QDs. 

Comparatively there is no change in lifetime. 
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Figure 4.14. TCSPC results for CdTe/CdSe CS QDs synthesised with purified core 

QDs. 
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Furthermore, qualitatively similar dependence of PL lifetime on shell thickness is observed in CS 

QDs synthesized using purified core QDs. The decays spectra for CdTe/CdSe CS QDs 

synthesized using purified core are given as fig 4.14 for comparison. This similarity proves that 

optical properties for both types of CS QDs are comparable. 

 

b. Quantum Dot Sensitized Solar Cells Using CdTe/CdSe Core-Shell QDs 

         We have fabricated Quantum Dot Sensitized Solar cells (QDSSCs) with FTO/TiO2 along 

with unpurified CdTe/CdSe CS QDs/ZnS as photo-anode and gold electrode as cathode along 

with a polysulfide electrolyte in between the electrodes. Fig 4.1 shows a schematic describing the 

charge separation and charge transfer processes in such type-II sensitized solar cells. Here 

electron-hole pair is generated in CdTe/CdSe CS QDs after absorbing photons. These photo-

generated electrons get transferred from CdTe/CdSe CS QDs to mesoporous TiO2 layer and are 

finally collected by the FTO contact. At the same time, photo-generated holes are scavenged by 

the polysulfide based redox electrolyte which thereby regenerates the reduced QDs. The charge 

separation and transfer to different electrodes via transparent conducting oxide and electrolyte is 

a very important process. Trapping of charge carriers also causes a reduction in current density. 

CdTe is known for a poor SSC efficiency due to inability of hole scavenging using polysulfide 

electrolyte. On other hand, CdSe shows superior performance as it is more stable
11

. Many more 

studies have been done on alloy/heterostructure QDs with CdTe as main constitutent
36

. It has 

been shown that having alloyed formation improves chemical stability of these QDs due to 

hardened lattice structure and decreased inter-diffusion
36 

of polysulfide inside CdTe. Likewise 

here in this study we are using CdTe/CdSe CS QDs as sensitizer.  

As we have seen in Chapter 3, loading of QDs on TiO2 coated electrode is found to be 

one of the major challenges in SSC. Direct growth of QDs on TiO2 suffers from broad optical 

absorption due to uncontrolled growth and hence low power conversion efficiency. On the other 

hand post-synthesis assembly of pre-synthesized QDs shows improvement in efficiency. In case 

of pre-synthesized QDs the capping ligands are generally bi-linker molecules, here it is MSA. 

While assembling the pre-synthesized QDs the –SH group is attached to QDs and the terminal 

carboxyl group of capped QDs can effectively bind the TiO2 surface. The efficient loading of 

QDs on TiO2 is studied by varying loading time. We found that the efficient sensitization is 

happened only after two hours of loading. Figure 4.15 shows the effect of core/shell QDs 
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sensitization duration on I-V characteristic of QDSSC. Beyond two hours the excess loading of 

QDs on TiO2 gives decrease in JSC. This may be due to excess QDs attached on TiO2, which can 

act as electron blocking resistive layers. The unaffected open circuit voltage (VOC) may highlight 

the fact of unaltered size of core/shell QDs due to aggregation as well as interaction of dangling 

bonds of QDs.  

 

Figure 4.15. Effect of loading duration on performance of sensitized solar cell. 

 

In order to get higher efficiency the photo-generated charge carriers have to be collected 

at the respective electrodes without much delay. Significant delay in charge collection due to 

trappings at electronic defects in the conduction path reflects with decrease in JSC. The organic 

linker molecules are insulating in nature and presence of such layer can also provide further 

barriers for transport of charge carriers. The removal of bi-linker molecule is very important in 

the device fabrication process and that can be done by sintering the sensitized photoanode. The 

effect of sintering sensitized photoanode at different temperature is studied. Figure 4.16 shows J-

V characteristic for SSC fabricated using QD606 (i.e. thickest shell CS QDs) and sintered at 

different temperature. The sintering is done in muffle furnace in controlled manner. Photo-anode 

without sintering at all is used as reference. Few photo-anodes are heated at 200˚C. We found 

that sintering at 200˚C increases the current density by 29% compared to non-sintered photo-

anodes. Further sintering at high temperature ~400 ˚C is done in controlled manner because we 

observed that film cracks due to sudden increase in temperature.  So the sintering of photo-

anodes at high temperature is done with first heating photo-anode at 250 ˚C for 10mins and then 

further kept at 400 ˚C for 5 mins. We established that the sintering of photoanode is a very 

beneficial step for these CdTe/CdSe based CS nanoparticles sensitized cell as it shows 
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improvement in the photocurrent. The measured current density is found to be increased 

compared to the without sintered photo-anodes and photo-anodes sintered at 200 ˚C. However, 

not much effect of sintering is observed on open circuit voltage (VOC). The parameters JSC, VOC 

including efficiency (η) and fill factor (FF) for cells sintered at different temperature are given in 

the table 4.2 for comparison. The only obvious reason for getting such high improvement in 

current density is removal of bi-linker molecules through sintering. The sintering of sensitized 

photo-anode at 400 ˚C is found to increase JSC by 102% and overall efficiency by 83% compared 

to non-sintered photo-anodes. 

 

 

Figure 4.16. Effect of sintering photoanode on JSC and efficiency. 

 

Table 4.2. Effect of sintering temperature on the performance of solar cell is studied. Parameters 

obtained from J-V characteristic in figure 4.16. Software from Science-tech is used in order to 

extract values of FF. 

   Sintering 

Temperature 

    JSC 

mA/cm
2
 

 VOC 

  V 

 FF    η 

  % 

RT 4.4 0.52 0.47 1.08 

200 ˚C 5.7 0.53 0.46 1.39 

400 ˚C 8.9 0.53 0.42 1.98 

As we have seen in Chapter 3, CdTe undergoes degradation due to reaction with polysulfide. 

Here we will address the following question. Will the shell layer on CdTe help to improve the 

efficiency of SSC as it tries to minimize the direct contact of electrolyte with CdTe? In this study 
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we used fixed core i.e. CdTe and effect of shell layer thickness i.e. CdSe on SSC performance is 

studied. Samples with different shell thickness and so different absorption maximum wavelength 

are like QD534, QD568, QD592 and QD606 used as sensitizer. Figure 4.17 shows I-V characteristic 

for SSC fabricated using CdTe/CdSe CS QDs with different shell thickness after sintering at 

400˚C. The observed values of short circuit current density (JSC), open circuit voltage (VOC) and 

fill factor (FF) is given in table 4.3. In this experiment we did not find any change in VOC. But 

much larger increment is observed in JSC and so in the efficiency of SSC.  The systematic 

increase in JSC is attributed to the extending light absorption range with increase in shell 

thickness. The second possible reason might be the increased separation of CdTe/CdSe interface 

from electrolyte. If the chemical instability of CdTe is affecting the current density and 

efficiency, then the increased shell thickness might have succeeded in creating blocking layer in 

between electrolyte and QDs. Therefore, higher the thickness, higher is the blocking/separation 

of electrolyte and CdTe and so the higher current density and efficiency. Apart from 

electrolyte/CdTe separation we also had the benefit of having type-II heterostructures, which 

activates charge separation. Radiative recombination is a major problem in solar cell which 

affects the current density. These type-II CdTe/CdSe core/shell hetero-structure spatially 

separates charge carriers into two different materials (core and shell) which suppress radiative 

recombination probability. This is also proved from QY measurement and life time data as 

shown figure 4.11 and 4.12. As a result we found large ~300% increase in JSC in the QD with 

thickest shell as compared to CS QDs having thinner shells.  

 

Figure 4.17. J-V characteristic for SSC fabricated with different shell thickness 

core/shell QDs. 
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Table 4.3. Parameters obtained from I-V characteristic given in figure 4.17. Here SSCs are 

fabricated with CS QDs having different shell thickness. The effect of shell thickness on the JSC 

and η is tabulated here. 

 

Sample JSC 

(mA/cm
2
) 

VOC 

V 

FF η 

% 

QD534 2.2 0.52 0.35 0.4 

QD568 5 0.53 0.45 1.19 

QD592 8 0.53 0.44 1.86 

QD606 8.9 0.53 0.42 1.98 

 

The overall highest efficiency observed in these SSC with largest shell thickness is ~2%. This is 

close to the value of 2.4% reported for SSC of similar material systems prepared using complex 

synthesis routes at much higher synthesis temperatures.  Comparable efficiency is also observed 

for the sample having highest shell thickness  in case of CdTe/CdSe core/shell QDs synthesized 

using purified core i.e. CS4. Apart from having similarity in optical and structural properties, 

both cells with purified and unpurified QDs also show comparable power conversion efficiency 

which proves importance of this easy and quick synthesis method.   

 

IV. Conclusions  

Cost is one of the most important primary concerns of Solar Cell fabrication. Therefore, 

any research in solar energy materials is important if it provides a better and economic way of 

making good quality materials for solar cells having reasonable efficiency. Here we are reporting 

a novel synthesis step which can reduce the overall time and cost of material synthesis as well as 

solar cell fabrication. We have showed that aqueous wet chemical nanofabrication of charge 

separating type-II CdTe/CdSe CS QDs at low enough temperature of ~ 80 ˚C using purified and 

unpurified cores finally produce CS heterostructure QDs having good structural and optical 

properties. We have also demonstrated that one can use such easy and quick synthesis of 
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CdTe/CdSe CS QDs without seed purifications to fabricate sensitized solar cells having power 

conversion efficiency of ~2%. This nanofabrication strategy aims towards procedural 

simplification of CS synthesis with additional benefit of high reproducibility. Longer PL 

lifetimes observed in both cases of CS QDs with thicker shells implies that more non-radiative 

decay channels are being added at the CS junction with increasing CdSe shell layer. This causes 

a significant decrease in PL QY in CS QDs having thicker shells. Most interestingly, 

luminescence decay rates of these CdTe/CdSe CS heterostructure QDs prepared by both 

procedures are also nearly similar. This similarity again reflects on the importance and utility of 

this economic route of using unpurified seeds in aqueous synthesis for mass production of such 

technologically important CdTe/CdSe CS QDs for their application in optoelectronics and nano-

photovoltaic devices.  We also found that the sintering of sensitized TiO2 photo-anode at high 

temperature (~400 ˚C) is very important in order to remove insulating ligands and thereby 

improve performance of the devices. The efficiency and short circuit current density is also 

found to be a function of shell thickness as it is increases three fold with increase in shell 

thickness. 
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Chapter 5 

 

Ligand-Free, Non-Toxic AgInS2 Quantum Dots for 

Sensitized Solar Cells 

 

 

I. Introduction 

We have discussed in Chapter 3 that size-tunable, non-reacting, stable colloidal Quantum 

Dots (QDs) are desirable for achieving higher efficiency in Quantum Dot sensitized solar cell 

(QDSSC). Further in Chapter 4 we have shown that, how core/shell heterostructure of 

CdTe/CdSe QDs can achieve this goal. In Chapter 4, we have also seen that efficiency increases 

by many folds with use of core/shell structure. The need of capping/ligand molecule is to make 

QDs soluble, stable in colloidal solution, non-oxidizing as well as to prevent agglomeration to 

control the final active sizes of these QDs
1
 as discussed in previous chapters. We have discussed 

that these ligands/capping molecules are insulating in nature, so presence of such insulating 

capping layers creates barrier for charge transfer and further affects the resultant power 

conversion efficiency of any QDSSCs. We have also discussed that one way to overcome this 

barrier is high temperature sintering of photo-anode
2,3,4

. There are several reports which show 

increase in efficiency of solar cell by sintering of photo-anode at higher temperature but it is also 
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well known fact that sintering also leads larger crystallite size and thereby it decreases the 

enhanced photo-absorption due to reduced quantum confinement effect. Additionally, various 

post-synthesis surface modification procedures have been reported previously in order to replace 

the insulating organic ligands with an electronically conducting ligand
5,6,7,8,9,10,11,12,13,14,15

. Talapin 

et al. demonstrated very high charge carrier mobilities from a QD film by using inorganic ligands 

like molecular metal chalcogenides and chalcogenides
16,17

. There are also reports of single-step 

synthesis of all-inorganic colloidal nanocrystals (NCs), for example, oxide NCs with OH
-
/H2O 

on the surface
18,19

.  Instead of all that tedious synthesis and fabrication processes, here we 

present results on QDSSC fabrication using ligand-free QDs
20

.  

Our collaborator Dr. Angshuman Nag, IISER-Pune previously reported a generic protocol 

for synthesis of binary and ternary ligand-free metal sulfide NCs
21

. AgInS2 is a I-III-VI2 

semiconductor which can crystallize in both chalcopyrite and orthorhombic phases exhibiting 

direct band gaps of 1.87 and 1.98 eV, respectively, at room temperature
22

. The band gap is 

suitable for absorption and emission of visible light, and thus AgInS2 is an interesting alternative 

for both solar cell and light emitting applications. Synthesis of colloidal AgInS2 QDs has been 

reported rather recently using both thermolysis of precursors of molecular metal-sulfur complex 

and reaction of metal cations and sulfur
23,24,25,26,27,28,29,30,31,32

.
 
So far, the main emphasis has been 

on the luminescence property of AgInS2 QDs for biological application,
31,33,34,35,36

 along with two 

reports on photovoltaic cell
30,37

 and a report on nonlinear optical property
23

. Very recently, 

AgInS2 QDs
38

 and Cu-doped AgInS2 QDs
39

 
 
have also been incorporated in organic-inorganic 

hybrid optoelectronic devices. 

We have used this ligand-free AgInS2 QDs synthesized by members of the research group 

headed by Dr. Angshuman Nag using a method similar to ref 
21

, followed by a post-synthesis 

thermal annealing of QDs that modifies the size and defect density of QDs
20

. Here, we have 

shown that a modification of defect states plays a crucial role not only in determining the optical 

absorption and light emission but also in solar cell performance of these QDs. In this work, we 

have used solution processed ligand-free AgInS2 QDs grown by Dr. Angshuman Nag’s research 

group to form photo-anode of quantum dot sensitized solar cells (QDSSC) exhibiting 0.8% 

power conversion efficiency. We have shown that open circuit voltage (VOC), Short circuit 
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current density (JSC) and the efficiency increases systematically with a decrease in the mid-gap 

defect states of AgInS2 QDs.   

 

II. Experimental Section 

 

Synthesis Procedure 

The details about chemicals required, synthesis procedure and purification technique for 

AgInS2 QDs is given in reference
21

 as well as in the supporting information of reference
20

. The 

ligand-free AgInS2 QDs are synthesized by Dr Angshuman Nag’s research group at IISER-Pune 

and supplied to us for sensitized solar cell fabrication.  

 

III. Results and Discussions 

 

a. Optical Properties of AgInS2 QDs 

The organic capping layer gives stability, solubility to the QDs as well as avoids their 

agglomeration. In ligand free QDs this step is completed by providing extra negative charge on 

QDs surface by carrying out the reaction with excess S
2-

 while QDs are forming. Presence of 

negative charge on QD’s surface makes them repel from each other and thus providing colloidal 

stability in a polar solvent. The presence of negative charge on the surface is further confirmed 

by Dr. Nag’s group using ζ-potential
20

. Other proofs for ligand-free QDs are also provided in the 

same report using FTIR and TGA analysis by Dr. Angshuman Nag
20,21

. 

 UV-Visible absorption spectrum of AgInS2 QDs processed at reaction temperature is 

studied by Dr. Angshuman Nag’s group
20

. The spectrum is a broad featureless one with a 

significant absorption observed at energies even below the band gap of bulk AgInS2. According 

to them this type optical absorption behavior cannot be explained by a broader size distribution 

of QDs
20

. Dr. Nag’s group observed that the QDs form a stable colloidal solution even after 

centrifuging at 7000 rpm for 10 minutes which suggest the lower energy absorption tail is not 

arising from scattering of light by agglomerated QDs. Further they observed that annealing of the 

colloidal QDs at a higher temperature reduces the absorbance of the tail below bulk band gap, 
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this appears as a blue shift in the absorption onset. His group also observed that the AgInS2 QDs 

annealed at 150 ˚C show appearance of excitonic absorption feature around 2.1 eV, which is 

higher than the band gaps of both orthorhombic and chalcopyrite AgInS2, suggesting 

confinement of charge carriers in QDs
20

. Moreover, they have also studied TEM images of 

AgInS2 QDs for QDs dispersion after heating from 70 to 150 
o
C which shows an increase in 

QD’s size from 2.5 nm to 5.8 nm
20

. Therefore the blue-shift in absorbance onset is not because of 

decrease in QDs size with increasing annealing temperature, as in contrast, QDs size actually 

increased with increasing annealing temperature
20

. This information will be particular useful to 

analyze the results of solar cell made out of these nanomaterials. Selected area electron 

diffraction (SAED) patterns are also studied by his group which shows that the crystal structures 

of QDs remain same i.e. orthorhombic phase during the annealing process
20

. Therefore, there is 

no possibility of different crystal structure modifying the band gap after annealing the QD’s 

dispersion. 

To put things in to proper perspective for analysisng the results of QDSSC made using 

these ligand free AgInS2 QDs, they note that the absorption tail at energies lower than the band 

gap has also been observed previously in doped/disordered semiconductors, and is often termed 

as Urbach tail
20,40,41

. Plots of absorbance in logarithmic scale vs photon energy show somewhat 

linear regions below bulk band gap suggesting the possibility of Urbach tails in AgInS2 QDs
20

. 

According to Dr. Nag, conclusive assignment is not possible from these data since the typical 

UV-visible absorption spectrometer cannot measure absorbance over several orders of 

magnitude, which is required to study Urbach tail. Generally, such a tail arise from light 

absorption involving localized states in the mid gap region. Ag-S and In-S bonds have different 

strengths, and are known to generate various defects like interstitial Ag, Ag vacancy, S vacancy 

and interstitial S in bulk AgInS2 crystal
20,41

. These defect states are localized states with poor 

overlap of electronic wave-functions and typically have a poor absorption coefficient. High 

defect density, and consequently, closer proximity of defects, both owing to small QDs size, lead 

to measurable defect-state related absorption in QDs
40

. According to Dr. Nag’s observation, an 

increase in annealing temperature reduces lower energy absorption tail by
20

 (i) improving the 

crystallinity by reducing intrinsic defects, and (ii) increasing the QD size due to reduced surface 

related defects. Also, larger QDs with lesser defects can increase the spatial separation between 
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defect sites, which in turn reduces the absorption coefficient. Apart from the absorption 

spectroscopy results PL excitation (PLE) spectra and PL decay dynamics for AgInS2 QDs 

annealed at 150˚C is also studied by Dr. Angshuman Nag’s group
20

. All these studies suggest 

defect-related emissions arising from smaller QDs have higher energies compared to those 

arising from larger QDs within the same sample of QD ensemble. So, we have used two different 

samples of AgInS2 QDs. One which is as prepared without any post-synthesis annealing that 

contains lot of defects hence shows below band gap absorption. And 2
nd

 one is sample which is 

annealed at 150˚C after completion of reaction that contains comparatively less defects. We have 

tried to see how such defect related electronic transitions  play an active role in the photovoltaic 

characteristics of QDSSC made using these differently processed ligand free AgInS2 QDs. 

Based on these studies they have come up with a schematic showing defect state which 

can contribute in the light emission process via two different paths
20

. They suggest one path 

describes emission involving transitions from (to) localized defect states to (from) delocalized 

valence (conduction) band and another path describes emission involving two dip and localized 

defect states, and termed as donor-acceptor (D-A) transition
20

. Luminescence from increase in 

annealing temperature increases the QD size, and exhibit a red shift in PL spectra
20

. 

 

b. Quantum Dot Sensitized Solar Cells (QDSSCs) 

Broad band absorption of sun light, large absorption coefficient and non-toxic nature of 

the material has motivated researchers to develop QDSSCs using these I-III-V2 semiconductors 

as photosensitizer
42,43,44,45 

having size tunable energy gap. We have fabricated QDSSCs having 

FTO/TiO2/Ligand-free AgInS2 QDs as anode and gold electrode as cathode along with a 

polysulfide electrolyte in between the electrodes. The preparation of thin film of TiO2 electrode 

is discussed in Chapter 3 section IId and IIe. AgInS2 QDs dispersed in DMF is then pipetted 

directly on the mesoporous TiO2 film and allowed to stay for 2 hrs at room temperature
46

. The 

loading of QDs on porous TiO2 thin film is confirmed from the changed color of anode as shown 

in figure 5.1.  
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Figure 5.1. Color obtained by porous TiO2 after loading of AgInS2 QDs a) front side and b) 

back side of photo-electrode. 

 

The final photoanode is made by washing the resulting film with ethanol and sintering it 

at 100 ˚C inside a N2 filled glove box for 1hr. The cell is prepared by assembling QDs sensitized 

electrode and Au as counter electrode using 50 micron thick scotch spacer with 10 microlit 

polysulfide electrolyte. The polysulfide electrolyte consists of Na2S (0.5 M), sulfur powder (2 M) 

and KCl (0.2 M) is mixed solvent containing methanol : water (7:3 v/v)
4
. The cell area is kept 

constant to 0.16 cm
2
. The cells are illuminated using Newport solar simulator provided with 

AM1.5G at one sun intensity (100 mW/cm
2
). Current density-voltage (I-V) characterization is 

done using Keithley 2611 source meter. 

The absorbance of photons generates electron-hole pairs. For efficient solar cell 

functionalization, photo generated charge carriers should be separated and collected at the anode 

and cathode without any loss due to recombination/trapping. Many a times the presence of 

electronic defects acts as trapping centers to charge carriers which further affects the overall 

charge collection and so the current density and open circuit voltage. In case of AgInS2 

sensitized solar cell the mechanism for charge transfer is as shown in Figure 5.2. Here, the 

AgInS2 QDs works as sensitizer/photo-absorber. The absorption of photons generates electron-

hole pairs in these QDs.  
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Figure 5.2. Charge transfer mechanism for sensitized solar cell. CB is conduction 

band for TiO2, and RP is redox potential for electrolyte. Arrows demonstrate direction 

of electron transfers. Channel A represents the electron transfer from QDs to TiO2 and 

channel B represents non-radial recombination of electron and hole via defect state. 

Arrows represents the direction of electron transfer. 

 

The process A in figure 5.2 shows such transfer of charge carriers like the photo-generated 

electrons can be transferred from ligand-free AgInS2 QDs to mesoporous TiO2. These electrons 

are finally collected by the FTO contact. At the same time, photo-generated holes are scavenged 

by the polysulfide based redox electrolyte which thereby regenerates the QDs. To the date it is 

well known that polysulfide is stable electrolyte, very effective in scavenging holes from photo 

absorbing material. The other option is iodide/triodide redox. However, the iodide/triodide redox 

is known to degrade the QD’s. The instability using iodide/triodide is caused by the presence of 

surface states on pre-synthesized QDs which can trap the photo-excited electrons. I3
_
 in 

electrolytes can capture those trapped electrons and lead to the accumulation of holes in QDs, 

and then cause the degradation
47

. Here the process B indicates loss in charge carriers through 

trapping/recombination due to presence of defects. The trapping of charge carriers in defects 

affects the carriers transfer from QDs to electrodes and finally reflect in lower efficiency. 

We have measured photocurrent spectrum of a prototype device. Results are given below 

as figure 5.3. The photocurrent plot qualitatively resembles with UV-visible spectrum of used 

QDs
20,21

. 
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Figure 5.3. Photocurrent response spectrum of AgInS2 sensitized solar cell. 

 

The current density (J) vs voltage (V) characteristics for QDSSCs fabricated using 

ligand-free AgInS2 QDs prepared after post-synthesis annealing of colloidal QDs at 70 ˚C and 

150 ˚C is studied and as given in the figure 5.4. The essential solar cell parameters have been 

extracted from the plots and provided in Table 5.1.  
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Figure 5.4. J-V characteristics for QDSSC fabricated using two differently processed 

ligand-free AgInS2 QDs: colloidal QDs annealed at 70 
o
C and 150 

o
C. 

 

The band gap of photo-absorbing material (i.e. sensitizing material) is the maximum 

attainable VOC
48

 for a QD. The main hurdle in attaining higher VOC comes from mismatch of 

energy levels in the photo-absorber and the electrical contacts (CB of TiO2 and RP of the 

electrolyte) as well as from the non-radiative recombination rates of electron-hole pair through 

the defect states of the QD. Presence of defect levels in the QDs at a level below the conduction 
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band edge of TiO2 provides significant non-radiative trapping sites for photo-generated charge 

carriers shown as channel B in Figure 5.2. This certainly reduces the amount of photo-generated 

charge carriers collected via channel A. On the other hand, absence of these defect sites reduce 

the trapping of photo-generated charge carriers via channel B, which in-turn increase the amount 

of charge collection via channel A and JSc. The measured VOC is proportional to the logarithm of 

this JSc. Therefore, any defect mediated reduction in JSC also reduces the VOC and vice versa. 

From Table 1, we notice that the AgInS2 QDs dispersion annealed at 150 ˚C with a sharper mid-

gap absorption tail exhibit higher VOC compared to the QDs annealed at 70 ˚C. Annealing the 

QDs at 150 ˚C drastically reduces faster defect-related non-radiative decay channels, and the 

longer lifetime of excited electron is expected
49,50,51 

to enhance VOC. Therefore, observed 

increase in VOC for AgInS2 QDs with increasing annealing temperature can be attributed to the 

selective removal of mid-gap states as explained by the sharper mid-gap absorption. 

 

Table  5.1. Solar cell parameters obtained from J-V characteristic of respective cells in Figure 

5.5. A software from Sciencetech is used in order to extract values of FF, RS,, RSh. 

 

QDs annealing 

temperature/Size 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF RS 

(Ω) 

RSh  

(Ω) 

η 

(%) 

70
o
C/2.5 nm 0.26 2.3 0.32 416 6000 0.20 

150
o
C/5.8 nm 0.45 4.62 0.39 270 6300 0.80 

 

 Any impediment to the transport and collection of photo-generated charge carriers also 

affects the overall efficiency of solar cell as directly reflected in the JSC and FF. Here, RSh 

quantifying the contribution from leakage current are nearly similar (~ 6 kΩ) for both the devices 

suggesting qualitatively similar coverage of TiO2 films with AgInS2 QDs for both devices. On 

the other hand, RS comes from contact resistance of the junction and also from the contribution 

of defects which limits the transport and collection of photo-generated electron and holes. We 

found lower RS values for AgInS2 QDs processed at 150 
o
C (RS ~270 Ω) compared to QDs 

processed at 70 
o
C (RS ~ 416 Ω). As a result, the observed decrease in RS subsequently increases 



98 

 

FF and JSC values for AgInS2 QDs annealed at higher temperature. Further reduction in defect 

density is required to improve the FF. 

 To explain the reason behind use of methanol based electrolyte instead of water 

based electrolyte we have also checked the cell’s performance using only aqueous solution based 

polysulfide as shown in figure 5.5. Here we have used water as solvent for polysulfide 

electrolyte. This exhibit similar results but with somewhat lower JSC compared to methanol based 

polysulfide electrolyte. The reason behind obtaining better performance using methanol based 

electrolyte as compared to water based electrolyte is the fact that an aqueous solution has high 

surface tension which results in a poor penetrating and wetting of the TiO2 porous matrix, 

leading to a poor efficiency of a QDSSC. Compared to water, ethanol and methanol has low 

surface tension. As photocurrent relies directly on contact between the electrolyte and the QD 

surface (for hole extraction), use of methanol can increase JSC
52,53

 by increasing the penetration 

and better coverage of TiO2 surface with QDs. 
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Figure 5.5. J-V characteristics for QDSSC fabricated using two differently processed 

ligand-free AgInS2 QDs using water based electrolyte. 

 

The EIS measurement done for QDSSC with AgInS2 processed at 150 ˚C using a 

PARSTAT 2273 Potentiostat from Princeton Applied Research. The EIS measurements are 

carried out by applying a DC bias at open circuit voltage (VOC = 0.25 V) and also at zero applied 

bias. EIS is measured with a sinusoidal voltage having rms amplitude of 10 mV in a frequency 

range from 10
-2 

Hz to 10
5 

Hz. The data  agrees well with this RS values as shown in figure 
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5.4.We have studied EIS response with and without applied bias (fig. 5.6 a, b respectively) in 

dark as well as under light. The response of solar cell with applied bias is clearly visible in EIS 

study. Generally, additional arc/semicircles are present at relatively high frequency in the EIS 

plots. These are usually due to an energy level mismatch between anode work function and the 

donor molecules
54

. This device does not exhibit any such additional characteristic high frequency 

arc/semicircular feature related to intrinsic limitations of majority carrier transport. This can be 

attributed to removal of defects from larger QDs obtained at higher annealing temperature. 
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Figure 5.6. EIS response for AgInS2 based QDSSC a) under applied forward bias b) 

without any applied bias. 

 

The observed improvements in JSC, VOC, and FF with AgInS2 QDs having lesser mid-gap 

defects are evident from the final efficiency of these QDSSCs. Cells with QDs annealed at 150 

˚C gives an overall maximum efficiency of 0.8% which is ~4 times higher compared to the cells 

with QDs annealed at low temperature. We note that the ref.
11

 of organic capped AgInS2 QD 

based QDSSC shows a lower value of JSC = 0.91 mAcm
-2

 because of the presence of insulating 

organic ligands on QD surface, however, our best QDSSC with ligand-free AgInS2 QDs exhibit 

JSC = 4.62 mAcm
-2

. The higher JSC of our QDSSC can be attributed to easy extraction/transport 

of charge carries from ligand-free AgInS2 that does not have any insulating organic layer on the 

QD surface. However, the obtained efficiency (0.8%) is still low compared to that (~5%) of best 

QDSSCs based on other semiconductor QDs. Apart from optimization of device fabrication, one 

intrinsic hurdle for high efficiency AgInS2 QD based QDSSC appears to be the high density of 
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intrinsic defects in the synthesized QDs. This high defect density is not unique to Dr. Nag’s 

synthesis, and rather common in most of organic capped AgInS2 QDs synthesized so far. 

 

IV. Conclusions 

In order to avoid drawbacks related to use of QDs with insulating organic capping layer 

we have used ligand-Free AgInS2 QDs synthesized by Dr. Nag’s group, IISER Pune. They have 

prepared these QDs using a simple single step synthesis at 70 ˚C followed by annealing at 125 ˚C 

and 150 ˚C. According to their observation all these samples show significant defect-related 

photo-absorption at energies below the bulk band gap, probably leading to Urbach tail. 

According to Dr. Nag, higher annealing temperature reduces intrinsic defects, and at the same 

time formation of larger QD reduces surface defect contribution. QDSSCs are fabricated using 

AgInS2 QDs as sensitizers, for that purpose we have used QDs annealed at 70 ˚C and 150 ˚C. 

The presence of defects in QDs clearly visible in the performance of solar cell as it is reflected in 

the parameters of cells. QDs dispersion annealed at 150 ˚C show higher values of power 

conversion efficiency (0.8%), VOC (0.45 V) and JSC (4.62 mAcm
-2

) as a consequence partial 

removal of defect states, compared to QDs annealed at 70 ˚C (0.2%, 0.26 V and 2.3 mAcm
-2

). 

The obtained solar cell parameters are superior than the previous reports of AgInS2 QDs based 

solar cells, owing to the ligand-free nature of our QDs facilitating charge transport, and partial 

removal of defect states following post-synthesis annealing.  
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Chapter 6 

 

Investigation towards an Effective Size Window for 

Impact Ionization in PbS Quantum Dots  

 

 

I. Introduction 

As explained in the introduction Chapter 1, currently there is huge need to fabricate 

highly efficient and affordable nanophotovoltaic devices. Many research groups are trying to 

address these issues using nanomaterials. Multiple Exciton Generation (MEG) or Carrier 

Multiplication (CM) is one among many such directions where energy on absorbed photon (h ) 

is at least more than twice the lowest energy gap (Eg) inside a semiconductor quantum dot (QD). 

Thus MEG or CM is a process of producing more than one electron-hole pairs as a result of 

single photon absorption
1
 and thereby it has the potential to enhance the quantum yield above 

100%. MEG has attracted great scientific interests as the process has strong caliber to enhance 

the power conversion efficiency beyond the maximum attainable thermodynamic efficiency
2
 of a 

single junction solar cells. It was also predicted earlier that CM or MEG
3,4 

can be very efficient 

in these quantum confined structures of semiconductors if these additional e-h pairs generated 



108 

 

per absorbed photon can be harvested inside cell. The reason for expecting higher probability of 

MEG in QDs is due to presence of stronger carrier-carrier interaction and lack of well-defined 

translational momentum in spatially localized quantum-confined levels
5
. Consequently, one 

expects that fabrication of solar cells using these QDs may be able to exploit CM to increase 

efficiency to further reduce average price per watt in solar cells. Efficient MEG/CM process in 

many semiconductor QDs were subsequently reported by several groups
6,7

. However, some 

recent experimental results and theoretical analyses generated further controversies
 
about the 

precise nature of the physics of such CM processes in semiconductor QDs as compared to their 

bulk counterparts
8,9,10,11

. 

In solids, attractive coulomb interaction can produce bound states of electron-hole pairs 

called excitons during optical absorptions as discussed in Chapter 1. Most spectral studies of 

QDs were focused primarily on the lowest excitonic transitions where one can comfortably 

neglect the presence of strong dispersions in dielectric response
12-15

. Here, we report collisional 

broadening of excitonic resonance in lead sulfide (PbS) QDs in room temperature optical 

absorption spectra at excitation energies (≥ 5.9 eV) much higher than its bulk band gap (~0.4 

eV). Statistical description of these highly energetic photo-generated carriers maintains an 

effective temperature CarrierHot  T  higher than the equilibrium temperature 
LatticeT  of the 

material; thereby we call these ‘hot’ excitons. However, femto second time domain studies at 

such photo-excitation wavelengths (~210 nm) are not very commonplace and currently out of 

scope for this work. As an alternative, we have investigated absorption spectra of these PbS QDs 

over a wide range sizes starting from large particles with bulk like band structure to strongly 

confined particles of very small sizes with discrete density of states. It is also understood that 

breakdown of momentum conservation for excitons confined inside these QDs can allow such 

‘hot’ excitonic states to have finite center-of-mass momentum K = ke + kh and center-of-mass 

kinetic energy, where ke and kh are momentum of electrons and holes. 

The absorption peak observed at energy ≥5.9 eV is known as E3 critical points of PbS. 

This is due to electronic transitions ( 4 to 7) around M1 critical point and transitions ( 4 to 6) 

around M2 critical point
16

. Excitonic transitions around such saddle points in the electronic band 

structure are known as ‘hyperbolic excitons’ as the constant energy surfaces around these critical 

points in the joint density of states are hyperboloids. In connection with the observed E3 
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excitonic resonance in PbS, we explore the following issues – (a) Is the classic definition of Bohr 

exciton radius (aB) precise enough to describe transitions involving ‘hot’ excitons much above 

the fundamental band gap?  (b) How to quantify the dispersive dielectric response in the 

coulomb interaction of electron-hole bound pair for hot excitons? (c) What are the implications 

of a dynamically screened effective Bohr radius for exciton-exciton scattering inside QDs?  We 

will try to look forward to find answers to these questions on hot exciton physics throughout this 

chapter. Here, we will discuss the important role of collisional broadening of ‘hot’ excitons via 

‘zero phonon coupling’ to the ‘extended’ band structure of PbS over wide range of sizes and 

measurement temperatures. In this context, we will elaborate how any empirical re-definition of 

the Bohr exciton radius may affect the mean free path of exciton-exciton collision and the basic 

understanding of MEG/CM. We will argue in favor of a minimum size cut-off or effective size 

window for MEG/CM as a result of significant reduction of collisional broadening in the strong 

confinement regime Baradius
3

1 17
, where the QDs can be quasi-ballistic for inverse Auger 

processes.  

              Unmistakably, such an effective size window for MEG/CM was not reported so far in 

earlier studies which were mostly focused on so called strongly confined very small QDs only. 

We will also discuss how the gradual size variations of these QDs from bulk like weakly 

confined particles to strongly quantum confined particles can affect the excitonic absorption 

spectra. We have also presented size dependence of the energy broadening and their 

corresponding blue shift of excitonic resonance as well as its overall aging and temperature 

variation to support our arguments. This will highlight the crucial roles of QDs sizes and 

importance of the Auger like non-phonon energy relaxation mechanisms manifested as 

collisional broadening in the physics of ‘hot’ excitons. MEG/CM is a direct consequences of hot-

exciton physics and therefore, our results on the effects of excitonic collisions on absorbance 

spectra of PbS QDs, although observed at energies much above the visible range of solar 

spectrum, may help us in understanding the physics of MEG/CM for photovoltaic applications. 

Our analyses are further substantiated by somewhat similar temperature dependence and aging 

behavior in PbSe QDs too. Slight difference between PbSe and PbS originates only from the 

smaller excitonic binding energy and lesser band gap of PbSe as compared to PbS. This makes 
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excitons in PbSe to experience enhanced coulomb screening effects due to the presence of larger 

number of free carriers. Care has certainly been taken to ensure that observed results are not 

coming from any artifacts including capping ligands or any other chemical compounds like 

water, reagents etc. used in the synthesis. 

  

II. Experimental Methods 

 

a. Chemicals Used 

Chemicals used in the wet chemical synthesis of PbS QDs are Lead Acetate 

Pb(CH3COO)2 and Sodium Sulfide (Na2S). Thio-glycerol (3-Mercapto-propane-1,2 diol or TG) 

was used as capping agent. Deionized water (~18 MΩ/cm) was used as solvent. All chemicals 

were purchased from Sigma Aldrich and used without further purifications. 

 

b. Synthesis Procedure  

Synthesis is done in a two neck, round bottom flask with 18 M /cm de-ionized water as 

solvent. 10 mL of 0.02 M Lead Acetate was initially heated to 80 C. Then another 10 mL of 

0.02 M Sodium Sulfide and TG was added drop wise to hot lead acetate. The mixture was stirred 

continuously at 80˚C for half an hour. Quantity of TG was varied during the reaction (from none 

for the uncapped sample to 120 L in steps of 20 L) to get a wide range of QDs sizes. After the 

reaction, particles were first washed with de-ionized water and then centrifuged for 10 minutes. 

This sequence of washing and purification was repeated for a total of 5 times. Finally, these are 

re-dispersed in de-ionized water for further optical characterizations. 20 L of this final aqueous 

dispersion of PbS QDs is then mixed with 3 mL of de-ionized water inside a quartz cuvette for 

optical absorption studies. 
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III. Results and Discussions 

 

a. Size Determination of QDs and Evidence of Excitonic Resonance In Optical 

Absorbance 

  The X-ray diffraction (XRD) spectra of PbS QDs establish crystalline nature of cubic 

structure of PbS as shown in figure 6.1. The 2  peak positions at 26.0 , 30.1 , 43.1 , and 51.1  

can be indexed respectively to planes (111), (200), (220), and (311) of cubic rocksalt structure of 

PbS. All peaks from graphs are used to estimate the mean crystallite diameters using Debye-

Scherrer method and we will refer this diameter as the size of these PbS crystallites throughout 

this report. Estimated mean crystallite sizes (diameters) are also mentioned in figure 6.1.  
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Figure 6.1. XRD spectra for different size TG capped PbS QDs. 

 

Clearly the width of the Bragg peaks increases with decreasing crystallite sizes. We subsequently 

use these mean crystallite sizes in our study. Further analysis of the powder diffraction spectra 

using Williamson-Hall method showed very little strain (< 0.05%) in these crystallites, which 

substantiate the validity of our calculation based on Debye-Scherrer formula. 

The room temperature optical absorption study of freshly prepared uncapped PbS QDs 

dispersed in de-ionized water is studied and given as figure 6.2. In the optical absorption spectra, 
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we see a strong resonance (~5.9 eV  1.1 E3
Bulk

) just above E3 critical points of bulk PbS
16,18

 

(E3
Bulk

 = 5.3 eV) in this weakly confined
17

 quasi-bulk PbS QDs with mean diameter ~24 nm. 

Absorption edges are also observed in this quasi–bulk sample near 3.5 eV and 2.1 eV which are 

slightly above the respective E2 (3.14 eV) and E1 (1.94 eV) critical point transitions of bulk PbS. 
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Figure 6.2. Room temperature optical absorption spectrum of freshly prepared un-

capped PbS QDs. 

 

Similar absorption spectra for the lowest E0 transition is given as figure 6.3 for reference. 

Understandably, excitonic resonances around low energy critical points, such as E0, in such small 

band gap material like PbS can easily be suppressed
16

 by strong coulomb screening in presence 

of large numbers of charge carriers near the band edge. Although, existence of bulk/surface 

electronic defects can decrease free charge carrier density and thereby reduce the effect of such 

coulomb screening on excitonic resonances. It should be noted that similar excitonic resonances 

at energies much higher than the fundamental band gap was also reported in optical reflectivity 

studies of bulk PbS crystals at low temperatures
1718

. Moreover, as discussed above, momentum is 

not a good quantum number for strongly confined QDs
17

, but the residual presence of bulk like 

extended band structure on the density of states of PbS QDs over the wide size range studied 

here is not fully unexpected in quasi bulk QDs. Such lingering effects of bulk band structure on 

the energy levels of semiconductor QDs were predicted
19

 theoretically under the truncated 

crystal approximation too.    
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Figure 6.3.E0 optical absorption transitions in different sized PbS QDs. 

 

b. Size Variation and Blue Shift of E3 Resonance 

In figure 6.4, we compare the optical absorption spectra of uncapped and TG capped PbS 

QDs (having aB ~ 18 nm) of various diameters. Absorbance peak of E3 exciton resonance blue 

shifts and increases monotonically with decreasing QDs size (as shown in the inset of the figure 

6.4), which indicate that oscillator strength for excitonic absorption is still size dependent in PbS 

QDs even under weak confinement Baradius 3~
17

. The above enhancement of absorbance 

with decreasing size clearly says that the contribution from light scattering is not significant. 

Moreover, observed size dependence and blue shift also rules out the contamination due to TG 

ligands or any other floating molecular species other than solid PbS as the cause of this E3 

excitonic resonance. We see that E3 spectrum of this weakly confined PbS QDs having 24nm 

crystallite diameter is gradually broadened into an absorption edge in ~16 nm PbS. Yet, below 

16 nm, we observe progressive sharpening with decreasing size.  
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Figure 6.4.The variation of excitonic resonance with the size of PbS QDs. Molar 

concentrations of PbS were kept same for all particle sizes during the measurements 

except for 3 nm. There it was kept at 50% of the rest to avoid the saturation of optical 

absorption. The inset shows change in E3 energy w.r.t. size of QDs. 

 

Further understanding of this unusual evolution of excitonic broadening with crystallite 

size will be presented near the end of Section III D and in the beginning of Section III E. These 

spectra are fitted with Voigt line shapes from which we estimate both inhomogeneous width 

(Gaussian) and homogenous width (Lorentzian) of the E3 resonance. Lorentzian widths are 

nearly ~ 1.5 times the respective Gaussian widths for particles 16 nm. In general, magnitude of 

excitonic transition is inversely proportional to its broadening parameter. Nevertheless, 

inhomogeneous width of E3 exciton is not monotonically decreasing with size (figure 6.5). 

Nominal use of Heisenberg uncertainty relation ~ tE  with homogeneous broadening ( E) 

estimates the life time ( t) of such states around femto-seconds domain.  

Moreover, the magnitude of maximum possible energy broadening width Emax = 

[ E(RMin) - E(RMax)] is calculated using 
R

e

mmR

h
E

he 4

8.111

8

2

**2

2

, where Emax is 

difference between the energy position for minimum (R=Rmin) and maximum (R=Rmax) QDs 

radius, R=D/2 is the radius of the crystallite as estimated by XRD, h is the Planck constant, e 

electronic charge, ε is the static dielectric constant, me*, mh* are the effective mass of electron 

and hole. 
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Figure 6.5. De-convoluted Gaussian component of the E3 excitonic line width has a 

maximum around 16nm. Maximum possible energy broadening ( Emax) due to the size 

distribution is much smaller than both the estimated inhomogeneous line widths for all 

sizes. 

These Emax values (figure 6.5) are well below the estimated line widths of E3 resonances 

and have qualitatively different size dependence for all QDs diameters. Therefore, we can rule 

out any size distribution effect towards energy broadening of E3 exciton. Surprisingly, excitonic 

transitions (figure 6.6) are much above the E3 critical point of bulk PbS (0.6 eV larger than 5.3 

eV) and also larger than its optical phonon energy ~20-27 meV
12,20

. It should also be noted that 

5.9 eV energy of E3 excitonic resonance is still < 2  E3
Bulk

 at 5.3 eV to observe such hot 

excitonic effects around the E3 critical point.  Although the energy of E3 excitonic resonance at 

5.9 eV may be well within the energy continuum of states above the lowest fundamental E0 

bandgap of PbS but it is certainly not the case for excitons localized around the much larger E3 

gap
16,18,19

.  Nonetheless, estimates (using μ ≈ 0.05 me
0
, me

0
 is the free electron mass) also shows 

that this excess energy cannot be explained only by confinement induced enhancement of 

energy
**2

2 11

8 he

tConfinemen
mmR

h
E except for strongly confined PbS QDs of mean diameter ≤ 

3 nm (figure 6.6). Notably, no single power law behavior can describe the variation for all sizes. 

So it is tempting to attribute this energy difference to – a) failure of effective mass theory
21,22 

at 

smaller sizes, b) non-parabolicity
23

 of the band structure at high energies.  However, size 
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dependence of excitonic energy is much slower than 
R

or
R

11
2

  ~  type of behavior (figure 6.6). 

Therefore, this extra energy may be credited to excess center-of-mass kinetic energy (ћ
2
K

2
/2M) 

of E3 exciton as a result of non-conservation of momentum inside QDs, where M is the 

translational mass of exciton (M = me
*
 + mh

*
) as mentioned in the introduction.  
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Figure 6.6. Monotonic blue shifts of E3 excitonic resonance (5.3 eV + E) with 

decreasing mean crystallite diameter of PbS QDs. Notably, no single power law 

behavior can describe the variation for all sizes. 

 

c. Dispersion of Dielectric Response at Energies Much Higher Than the Band Gap and the 

Concept of Effective Bohr Exciton Radius 

Generally, high frequency optical dielectric constant
16 

of PbS as  = e + l = e(0)   ~ 

17 is used to estimate excitonic parameters, where the subscripts ‘e’ and ‘l’ stands for electronic 

and lattice contributions respectively. Approximating dielectric response with a limiting value 

like e(0) ~  is only valid for T

gE


, where Eg is the band gap and T is the frequency 

of transverse optical phonon
16

. Yet, here we have


BulkBulk

E

EE 03

3 Exciton 
. So, the standard 

dielectric response
24

 theory based on ‘electro-statics’ may not be adequate here. Experimentally, 

this  is estimated from the E 0 limit (called the long wavelength limit) of the measured real 

part of the dielectric constant assuming that the imaginary part (absorbance) more or less 
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vanishes in that limit. However, in the presence of strong resonant optical absorption as 

significant contribution from imaginary part of the dielectric response, we have used empirical 

magnitude of 7.2 for complex ( ) around 5.9 eV of E3 excitonic resonance. This value of | ( )| 

is estimated from the reported spectroscopic ellipsometry measurements on crystalline bulk 

PbS
25

. One can certainly measure | ( )| of these QDs to get a better estimate, which is currently 

beyond the scope for wavelengths ≤ 210 nm. We have found that calculated exciton binding 

energy 
R

e
EEX

4

81 2
.

 using | ( )| = 7.2 are higher than that with =17 and much larger than 

optical phonon energy of PbS for all sizes. Reader can see the quantitative details of this 

variation of excitonic binding energy with size in the Table 6.1.  

This can certainly explain the existence of E3 excitonic resonance in PbS QDs even at 

room temperature. Assuming that we can still apply the hydrogenic model for exciton physics at 

such energies, we approximate an effective Bohr exciton radius (a
*

Ex) = 7.6 nm assuming | ( )| = 

7.2 at E ~5.9 eV, μ ≈ 0.05 me
0
. Here we assume that an empirical dielectric response in terms of 

( ) can be defined even for the smallest QDs without any additional size dependence and 

surface polarization effects. This effective Bohr exciton radius (a
*
Ex)= 7.6 nm also shows that 

quasi-bulk like uncapped particles with crystallite radius (diameter) of 12 nm (24 nm) can still be 

treated in the weak confinement regime (radius ~3aB)
17

. This value of | ( )| is much larger 

around E2 , E1 , E0 critical points of PbS
25

. Therefore, binding energy of any excitons around E2, 

E1, E0 critical points can be much smaller than the binding energy hot excitonic resonance at E3 

critical point. This certainly explains reason for not so significant presence of excitonic 

resonance at low energy critical points as the presence of effectively large coulomb screening 

effects
16

 as also explained in Section III A. 
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Table 6.1 Calculated exciton binding energy for PbS QDs using formula 
R

e
EEX

4

81 2
.

 

 and ε 

= 17 and ε = 7.2 respectively. 

 

Samples ; Nano-Crystallite 

Diameter (nm) 

|EEX| (eV) 

assuming  = 17 

|EEX| (eV) 

assuming | | = 7.2 

NO TG PbS ; 24 nm 0.013 0.030 

20 TG PbS ; 18 nm 0.017 0.040 

40 TG PbS ; 16 nm 0.020 0.045 

60 TG PbS ; 8 nm 0.038 0.090 

80 TG PbS ; 7 nm 0.044 0.103 

100 TG PbS ; 6 nm 0.051 0.120 

120 TG PbS ; 3 nm 0.102 0.240 

 

 

d. Absence of Temperature Variation of Excitonic Resonance Even In Weakly Confined 

QDs and the Significance of Non-Phonon Energy Relaxations. 

 Strong coupling of excitons to optical phonons is usually neglected in lead salts because 

of quasi symmetrical nature of electron and hole bands near its fundamental band gap (E0). 

However, electronic band structure near E3 critical point in PbS is definitely not symmetric
 
(me

* 
 

mh
*
 ~E3)

 16,26
. So, we rather expect the broadening of E3 exciton to be dominated by Fröhlich 

type strong polar exciton-phonon interactions
27

. Despite of this, E3 resonance still survives at 

room temperature and, most importantly, shows temperature independent shift of excitonic peak 

(figure 6.7) even for weakly confined (~24 nm) particles. Therefore, it seems likely that ‘non-

phonon‟ energy relaxation mechanisms 
27

  like inverse Auger processes may be dominating over 

phonons for this highly energetic E3 exciton. Further evidences of this assertion come from 

temperature dependent evolution of excitonic spectra (figure 6.7a) of bigger QDs, which can be 

ascribed to Auger cooling effects. This assertion is further vindicated by total absence of such 
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temperature dependence of absorption spectra in smaller QDs (figure 6.7c) which show no signs 

of agglomeration with time (figure 6.9c) due to their charged nature unlike the bigger ones 

(figure 6.9a).  More details of this aging behavior can be found in Section III F. Extended band 

structures of a solid are crucial for inverse Auger processes
28-30

. This ‘hot’ E3 exciton can easily  

avail a large number of final density of states required for efficient impact ionization via 

confinement induced ‘zero phonon coupling’ to other parts of the PbS band structure in bigger 

QDs
8,9

. This leads to progressive enhancement of spectral broadening of larger (  16 nm) 

crystallites with decreasing size. Currently, probing any CM of this ‘hot’ E3 exciton with time 

domain spectroscopy is beyond the scope due to scarcity of suitable deep-UV pulsed lasers at 

wavelengths ≤ 210 nm. Typically, collisional broadening results in homogeneously broadened 

line shapes for gas molecules. However, presence of significant inhomogeneous broadening due 

to anisotropic exciton-exciton collisions can be explained by size confinement induced 

momentum uncertainty which connects E3 excitons to different symmetry points in the PbS band 

structure and a distribution in excitonic K space for such hot excitons.  
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Figure 6.7. (a) Temperature variation of uncapped PbS QDs with mean diameter of 24 nm. (b) Almost 

similar but less pronounced spectral changes with temperature are also observed for 16 nm PbS during 

cooling stages. (c) 3 nm PbS shows relative less temperature dependence upto 30 C. 
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e. Mean Free Path of Excitonic Collisions and Effective Size Window For Efficient Multi-

Excitonic Effects.  

 Unlike monotonic size variation of the rates of inverse Auger type processes in smaller 

QDs
31-32

, spectral broadening of E3 exciton (figure 6.2 and 6.5) goes through a maximum around 

intermediate confinement range. This observation can only be explained if impact ionization and 

subsequent collisional broadening of E3 exciton have a minimum size cut off. Moreover, it was 

predicted that exciton-exciton scattering
33

 and impact ionization
34,35

 are one of the main causes 

of carrier multiplication in semiconductor QDs. However, impact ionization can be suppressed in 

very small structures due to the presence of quasi ballistic transport
36

. This usually happens when 

the size (diameter) becomes smaller than the inverse Auger mean free path ( ) of exciton-exciton 

scattering
37

. Estimate based on such models
37

 yields nmaa
Tk

ME
ExEx

B

Ex 159313
24

10

 .~    ~
**

.
2

 

where D=2R~16 nm, M ≈ 0.21 me
0
, 

0050
e

m. , a
*
Ex=7.6 nm around E3, kB is Boltzmann 

constant, T is temperature in Kelvin and EEx~1/R is the binding energy of E3 exciton. The values 

of mean free path of exciton-exciton scattering for different sized QDs are given in the plot 6.8. 

Interestingly,  for 16nm PbS is comparable - (i) to the QDs diameter at the transition point of 

both excitonic broadening (figure 6.5) and (ii) blue shift (figure 6.6) and (iii) the effective Bohr 

exciton diameter (~15.2 nm) at E3 resonance. Use of  = 17 produces  >30 nm and one hardly 

expects any PbS QDs having diameters < 30 nm to undergo MEG/CM in direct contradiction to 

all experimental reports. However, if we invoke dynamic screening of coulomb interaction
38,39

 

and | ( )| = 7.2 is used, then possibility of collisional broadening of E3 exciton within a 

reasonable „size window‟ of operation is restored inside weak-to-intermediate confinement 

regimes. This clearly resonates with the theoretical statement that strong confinement may not be 

exclusively needed for efficient CM
19

. Hence we seriously need to re-examine standard excitonic 

terminologies to understand the physics of carrier multiplication of such ‘hot’ excitons
38,39

 – a) 

having high center-of-mass velocity and b) created inside a region of dispersive dielectric 

response which can deviate considerably from its usual high frequency limit of . It had also 

been clearly emphasized
39

 that commonplace excitonic parameters like Bohr radius, exciton 

binding energy can become “imprecise and ambiguous” within the framework of Bethe-Salpeter 

equation which automatically accounts for such dynamical screening. We must however note 
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that, this expression of  is calculated for symmetric S-states only and may need revision in 

some cases. 
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Figure 6.8. This plot demonstrates the comparison of exciton mean free path values 

calculated using ε = 17 and ε = 7. In case of ε =17, the calculated mean free path for 

exciton-exciton scattering event is >30 nm. In that case, any significant impact 

ionization is not possible in any of the PbS QDs under our investigation due their 

relative small sizes < 24 nm. 

 

f. Role of Dielectric Confinement in the Aging of Absorbance Spectra and the Observed 

Suppression of Aging in Smaller QDs. 

 To get further insights into E3 resonance, aqueous dispersion of PbS QDs of different 

sizes are deliberately allowed to age and observed variation in optical absorbance are plotted in 

figure 6.9. We see that, room temperature E3 excitonic spectra sharpen up with aging (figure 6.9a 

and 6.9b) in bigger QDs. To understand, we briefly focus on the structural development of these 

QDs during aging. Hydrodynamic size of uncapped PbS was already very large (>2 micron) 

compared to its mean QDs diameter of 24 nm. The hydrodynamic size of fresh QDs with 

diameter of 16 nm was ~30 nm, which gradually increases to around a micron due to aging. 

However, XRD indicates (figure 6.10) that QDs size hardly increases during aging, which 

excludes – (a) significant Ostwald ripening, (b) growth of PbS QDs by incorporation
40

 of sulfur 

atoms from thiol based ligands. We understand this increase of hydrodynamic size can come 

from agglomeration of PbS QDs which incidentally affect dielectric confinement
41

 of these 
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excitons. Overall decrease in absorbance (in spectral range < 5 eV) of QDs can be explained by 

steady delocalization of excitonic wave function into surrounding material by increased 

agglomeration and subsequent decrease of oscillator strength.  
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Figure 6.9. Aqueous dispersion of PbS QDs were not sonicated and deliberately allowed to age in 

order to get better physical insights of the spectral origin of E3 exciton. (a) Variation of absorbance 

of E3 exciton is characteristically opposite to the portion of the spectra at photon energies lower than 

5 eV for uncapped PbS QDs with mean diameter of 24 nm. The abrupt changes between 3 eV to 4 

eV are due to instrumental artifacts for lamp changes etc at small absorbance. (b) We see 

qualitatively similar kind of sharpening of E3 excitonic peak with aging for 16nm PbS. (c) strongly 

confined PbS nanoparticle with mean diameter 3 nm shows hardly any change with aging as 

compared to that of 6.9a and 6.9b. 

 

 Nonetheless, E3 excitonic resonance is progressively enhanced and sharpened with aging! 

Spatial delocalization of excitons can reduce confinement induced momentum uncertainty which 

further reduce the availability of final states within the extended band structure of PbS. Hence, 

probability of exciton-exciton scattering and collisional broadening of E3 exciton also comes 

down with time. Here we must point out that even for the biggest PbS QDs with mean radius 

12nm (figure 6.2), the spatial extent is well within the weak
17

 confinement region 

nm6.7a;  a3~radius
*

ExB for all these quantum effects to influence the excitonic 

delocalization.  Additional defect formation or incorporation of water
42

 into the QDs cannot 

explain such systematic but seemingly opposite aging dependence of – (a) the E3 excitonic 

resonance and (b) the absorption spectra in lower energy ranges. Similar effect, although less 
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pronounced, is observed in 16 nm PbS (figure 6.9b). Here E3 exciton showed initial red shifts, 

during aging induced gradual lessening of dielectric confinement, which was absent in larger 

uncapped samples due to its quasi-bulk nature.  Unlike 16 nm PbS, hydrodynamic diameter and 

absorbance of smaller 3 nm PbS are hardly changing with time (figure 6.9c) This can only 

happen if these smaller QDs are intrinsically charged as compared to the bigger ones. Mutual 

coulomb repulsion of charged QDs can prevent agglomeration, sustain the dielectric environment 

of 3 nm PbS and safeguard the absorbance from aging effect.  
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Figure 6.10. XRD spectra for 16nm PbS QDs. One spectrum is recorded on freshly 

prepared QDs and for other spectra sample is intentionally kept in water for 24 hrs. 

Drop casted thin films of each sample are used for measurements. It shows that aging 

doesn’t changes crystallite size of ~16 nm PbS QDs. So, all changes observed in UV-

VIS absorption (figure 6.9b) of 16 nm PbS aging are due to agglomeration of QDs and 

not due to Ostwald kind of growth of these QDs. 

 

 

g.  Suppression of Auger Cooling in Smaller QDs 

 As the E3 resonance ~ 5.9 eV is fading out with increasing temperature from 20 C to 

100 C for uncapped quasi-bulk PbS (figure 6.9 a), another peak slowly emerges ~5.3 eV at its 

expense. Interestingly, 5.3 eV is also the bulk E3 critical point of PbS! We see no gradual energy 

shift of the E3 resonance with increasing temperature but rather a coexistence of E3 resonance 

and the bulk like feature from 80 C to 95 C. Above that temperature, E3 resonance vanishes 

altogether. However, we again retrieve this E3 resonance once temperature is reduced back to 20 
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C, except for some aging induced reduction in absorbance and sharpening of the E3 peak as 

discussed in the previous section. PbS has a positive temperature coefficient of band gap except 

under strong confinement regime where excitonic energy hardly
13

 varied with temperature. 

However, we cannot use the same reasoning to explain current observations for this weakly 

confined quasi-bulk PbS! With increasing phonon scattering and decreasing 

LatticeCarrierHot  T - TΔT  above room temperature, this E3 exciton has much less access to other 

parts of PbS band structure for efficient impact ionization. Therefore, emergence of bulk like 

spectral feature ~5.3 eV with increasing temperature represent Auger cooling
43,44 

of energetic 

‘hot’ E3 excitons to its bulk E3 band edge by transferring its excess energy  mostly to heavier 

holes (me
* 

 mh
* 
at E3)

19
. Prominence of bulk E3 band edge steadily decrease with decreasing size 

because of stronger size confinement and consequently lesser density of available ground states 

at smaller sizes (figure 6.7b). Observed agglomeration (figure 6.7a and 6.7b) of these bigger QDs 

(D  16 nm) also indicates their non-charged nature which may have prevented the suppression 

of Auger cooling seen
 
in smaller charged QDs

45
 (figure 6.7c and 6.9c). QDs diameter also 

remains same (figure 6.10) which confirms the absence of significant irreversible changes like 

oxide/defect formation in this range of temperatures. Especially, line width broadening of E3 

exciton with decreasing size and with increasing temperature are qualitatively different. In fact, 

the temperature coefficient of impact ionization (TCII) depends on its threshold energy (Ei) and 

the mean free path ( ) of exciton scattering as
46

 
dTE

dE

dT

d

q

E
TC

i

ii
II . Spectra of 3nm PbS 

QDs follows the literature
47

 for annealing temperatures >40 C, where it undergoes Ostwald 

ripening and we also see that hydrodynamic size of these particles increases to >275 nm. 

However, the E3 resonance did not change till 30 C. This apparent temperature independence of 

excitonic line width for strongly confined PbS can be ascribed to a set of reasons like – (a) 

reduction of impact ionization due to charged nature of these strongly confined particles, (b) 

vanishing of TCII due to mutual cancellation of the above two terms, (c) reduction of collisional 

broadening and Auger cooling in the ballistic regime, (d) strong surface effects etc. Size 

dependence of photo-charging
48,49

 and/or photo-induced surface trapping
50,51

 are currently being 

investigated.  
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Recently, it was argued that higher energy excitonic states are bulk like where Bohr 

exciton radius (aB) can approach to ‘zero’ value due to the divergence of effective mass
52

. 

However, such ‘arithmetical’ divergence of effective mass happens 022 dkEd VC /,  away from 

E3 like critical points 0VCk EE . It is also evident that charged particles with smaller 

effective masses are easy to accelerate and classical mechanical treatment of effective mass 

approximation no longer holds where 222 dkEdm VChe // ,,
*   starts to diverge

53
.  

 

IV. Control Experiments 

In order to understand the obtained results and to rule out any artifacts from temperature 

dependent and time dependent measurements we have done some control experiment. The 

results for these control experiments will further give insight into the presented conclusions.  

 

a. Aging of Lead Acetate  

Figure 6.11 shows aging of aqueous lead acetate with different time interval. Spectrum 

has taken by dissolving lead acetate in water with water as reference. Peak feature at 5.9 eV 

degrades in intensity with time which is just opposite to behavior for uncapped PbS QDs. It 

shows the feature observed in aging of uncapped PbS QDs (6.9a) is not coming from presence of 

unused lead acetate in the final product of PbS QDs. 
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Figure 6.11. Aging of lead acetate at different time interval. 
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b. Lead Acetate Absorption Spectra at Different Temperature 

Figure 6.12 shows effect of temperature on absorption spectra of aqueous lead acetate 

solution. Spectra are taken by dissolving lead acetate in water with water as reference. With 

increasing temperature absorption peak at 5.9 eV fades out and peak at 5.4 eV start appearing, 

but lowering temperature back to 20 
˚
C shows peak at 5.9 eV with no signature at 5.4 eV. This 

behavior is similar to the uncapped PbS QDs. Similar spectral behavior and temperature 

dependence (with figure 6.9b) just indicates that the molecular orbitals of E3 band structure may 

be generically related with atomic orbitals of lead in lead compounds. However, we will clearly 

demonstrate in the next section that the E3 resonance (Fig 6.2 and 6.4) is not coming from the 

leftover Lead Acetate precursors. Moreover, we will also show in the next section that our 

washing and purification sequence remove all such leftover reagents.  
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Figure 6.12. Absorption spectra for lead acetate at different temperature. 

 

IV) Control experiments to Rule out Presence of Artifacts and Unused 

Chemicals or Ligands in the Optical Measurements of E3 Transition. 

 

a. Water Absorption Spectrum 

Figure 6.13 shows absorption Spectra of DI water with DI water as reference.  No trace 

of PbS like E3 peak found around 5.9 eV.This also indicates that reported E3 transition of PbS are 
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not due to any instrumental artifact or defects in cuvette or from water itself. So it indicates that 

reported E3 transition of PbS are not due to any instrumental artifact or defects in  cuvette. 
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Figure 6.13. Absorption spectra for water with water as reference. 

 

b. Absorption Spectra of Thioglycerol Capping Agent 

Figure 6.14 shows absorption spectra of Thio-glycerol solution in de-ionized water with 

deionized water as reference. It shows no resonance transition around 5.9 eV. Also the 

absorption spectra for 24 nm uncapped QDs presented in the paper (Figure 6.2, 6.7a and 6.9a) 

have no thioglycerol in it. Therefore, the E3 transition for PbS QDs (reported in manuscript) 

cannot be from any unused Thio-glycerol (i.e. ligand) present in solution. 

 

 

 

Figure 6.14. Absorption spectra for Thioglycerol with water as reference. 
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c. Absorption Spectra of Sodium Sulfide 

Figure 6.15 shows absorbance of aqueous Sodium sulfide with deionized water as 

reference. It shows absorption at 5.37 eV, indicating that E3 resonant absorbance of PbS QDs (> 

5.9 eV) is not due to presence of unused sodium sulfide in the aqueous dispersion of PbS 

nanoparticle used in optical absorption experiments. 
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Figure 6.15. Absorption spectra for Sodium Sulfide with water as reference. 

 

d. E3 Resonance is Not Coming From Unused or Left Over Lead Acetate 

Figure 6.16 shows absorbance spectra for mercapto-succinic acid capped CdTe QDs 

and CdTe + additional Lead acetate solution, washed for 5 times. Here we have done the same 

experiment with CdTe QDs which has no E3 like resonant peak to beginning with.  We added 

aqueous lead acetate solution (20 micro-liter of  0.02 M lead acetate in 3 ml of CdTe solution, 

this is the full amount we add during the chemical synthesis in aqueous dispersion of CdTe and 

then we washed it 5 time using centrifuge to prove that unused lead acetate won’t persist the 

washing + purification sequence.  Moreover, in case of PbS QDs, >99% of this 20 micro-liter 

of lead acetate is expected to be used up in making PbS and only a very small fraction will be 

left after the reaction with equal concentration of Na2S. So the E3 resonance peak is definitely 

not coming from unused Lead Acetate either. It evidence that E3 excitonic resonance is not 

coming from any leftover chemical reagents as our washing and purification sequence removes 

it from the final aqueous dispersion of PbS QDs used in optical absorption experiments. 
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Figure 6.16. Absorption spectra for CdTe QDs and for CdTe QDs + lead acetate 

solution with water as reference. 

 

 

V. Conclusions 
             In summary, dynamical Coulomb screening and the residual effect of extended band 

structure of PbS were sought to explain the dependence of E3 excitonic resonance with aging and 

temperature over a wide range nanoparticle sizes from weakly confined quasi bulk to strongly 

confined very small QDs. We argue that Bohr radius of hot exciton is not material specific but 

photo-excitation specific
54

. This empirical notion of effective excitonic Bohr radius is a direct 

consequence of the dynamical screening of coulomb interactions at high photon energies which 

may eventually lead to better conceptual understanding of condensed matter physics of ‘hot’ 

excitons. Although it is not immediately clear whether one can use such a straight forward 

extension of hydrogenic atom model to understand the formation of excitons at such high enough 

energies. However, it is understandable that significant reduction of carrier multiplication in the 

ballistic limit could have influenced all past studies focused only on strongly confined quantum 

dots. As per our calculation in case of ε =17, the mean free path for exciton-exciton scattering 

event is >30 nm. In that case, any significant impact ionization is not possible in any of the PbS 

QDs under our investigation due their relative small sizes < 24 nm. However, if we use | ( )| = 

7.2, then possibility of collisional broadening of E3 exciton within a reasonable „size window‟ of 

operation is restored inside weak-to-intermediate confinement regimes. Therefore, we predict an 
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intermediate „size window‟, where impact ionization can dominate over other kinds of exciton 

relaxation pathways. Although, this current 6 eV excitonic resonance has no relevance for 

photovoltaics, but one can surely extend these analyses of hot exciton physics and even suggest 

size optimization of semiconductor QDs for better exploitation of carrier multiplications to 

improve the power conversion efficiency of nano-photovoltaics inside the solar spectrum. 

Recently, it has been brought to our notice that enhancement of internal quantum efficiency of 

PbSe quantum dots with increasing size is verified
55

 in experiments. While determining the 

hydrodynamic sizes of the QDs using Dynamic Light Scattering we came across interesting 

results here we could find out the exact result for the observed smaller hydrodynamic size 

compare to the crystallite size. In the next Chpater 7, we have discussed these results in more 

detail using Fluorescence Correlation Spectroscopy.  
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Chapter 7 

 

Effect of Blinking on Hydrodynamic Size 

Measurement  

 

 

I. Introduction 

 As we have seen before in the introduction chapter, the usefulness of semiconductor QDs 

for variety of device applications made this area attractive for research. Different useful 

properties of these QDs are the key to the success of various leading innovations in 

biomedical
1,2,3,4,5,6

 research, electronics
7
 and opto-electronics

8
 industry. However, physical 

properties of the nanoparticles (NPs) are primarily dependent on the amount of spatial 

confinement of charge carriers i.e. size of NPs. This characteristic size is measured by few 

different approaches depending on the interest, like hydrodynamic size and crystallite size. 

Crystallite sizes are usually measured by X-ray diffraction and transmission electron microscopy. 

The crystallite size measures physical size of NP which consist mainly the part with crystallite 

planes and includes constituents of the NP only. Whereas, the hydrodynamic size also measures 

the small additional layer of capping ligands and the effective overall size due to interaction of 

NPs with surrounding solvent in addition to the solid core crystallite. The two approaches of 

measurements are qualitatively described in figure 7.1.  



138 

 

 

 

Figure 7.1. A schematic diagram showing a) crystallite size and b) hydrodynamic size 

of NPs. 

 

Here we have used X-ray diffractometer as a tool to measure crystallite size of NPs 

whereas Dynamic Light Scatterer (DLS) and Fluorescence Correlation Spectroscopy (FCS) is 

used as a tool to measure hydrodynamic size of NPs. While studying the aging behavior of lead 

sulfide (PbS) Quantum Dots (QDs) (Chapter 6, section III f) we came across some anomalous 

results; the measured hydrodynamic size was found to be smaller compared to the calculated 

average crystallite size as shown in figure 7.2. As the hydrodynamic size consist additional 

contribution from ligand molecules as well as interaction with solvent it is in general greater than 

that of crystallite size. However, figure 7.2 shows an opposite behavior for QDs of smaller sizes. 
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Figure 7.2. Average crystallite and hydrodynamic size of PbS QDs measured using 

XRD and DLS respectively. 
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Initially we thought that the smaller sized QDs are undergoing photo induced 

fragmentation while it is being excited by laser. However, such kind of fragmentation of NPs 

into smaller NPs happens only at or > 90 mW intensity
9,10 

 whereas in DLS the intensity of laser 

used for excitation is hardly 3- 4 mW. So to find out the reason behind this ambiguity we 

decided to do more experiments using FCS in collaboration with Dr. Shivprasad Patil‟s research 

group in IISER Pune.  However, we could not use PbS QDs in these FCS measurements as the 

FCS only works with measurement of fluorescence fluctuation and fluorescence intensity from 

PbS QDs was considerably smaller than CdTe QDs. Therefore, in order to do this experiment we 

used fluorescent CdTe QDs, these QDs are synthesized as explained in Chapter 3. Out of the 

various available sizes, we have used only four differently sized CdTe QDs for our study using 

FCS
11

.    

  

II. Materials and Methods 

 

II. a. Fluorescence Correlation Spectroscopy (FCS) 

FCS can be used to measure average number of luminescent particles in its detection 

volume
12,13,14,15

. We have used a home-built FCS setup available with Dr. Shivprasad Patil‟s 

group for all the measurements mentioned here. A diode laser of 532 nm, TEM00 mode (Dream 

lasers, China) was used as a photo excitation source. Excitation intensity is varied using a 

combination of neutral density filters from 3.3 kW/cm
2
 to 145 kW/cm

2
. FCS setup was calibrated 

by a standard fluorescent dye Rhodamine 6G (RH6G).  

 

II. b. CdTe Quantum Dots 

We have used four differently sized CdTe QDs in these measurements. The QDs are 

characterized using UV-VIS absorption and Photoluminescence spectroscopy and corresponding 

spectra is given in the figure 7.3. We have recorded a series of absorption spectra at various 

dilutions. A molar extinction coefficient of 5.6×10
4 

mol
−1

cm
−1

 is measured from the 

concentration versus peak absorbance data. The average diameters of these CdTe QDs are 3.4 

nm, 4.1 nm, 4.2 nm and 4.5 nm respectively. The size of QDs noted here is calculated by 

applying effective mass approximation (EMA) formula
16,17,18

 to its excitonic peak position in the 
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optical absorbance spectra. The absorption cross section is determined following ref
19

. The 

absorption cross section of QD with size 4.2nm is 2 ×10
−16 

cm
2
. After complete characterization, 

QD samples are further diluted for FCS study. 
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Figure 7.3. a) Absorbance spectra and b) photoluminescence spectra for the as 

prepared CdTe QDs. 

 

III. Results and Discussions 

 

a. FCS Study of QDs with Different Excitation Intensity  

We have studied autocorrelation curves for 4.2 nm QDs at different excitation intensities 

starting from lowest available intensity ~3.3 kW/cm
2
 to highest intensity ~145 kW/cm

2
.  For this 

study we have used extremely dilute aqueous solution of QDs. An analytical expression (7.1) 

describing nanoparticles diffusion is fitted for the autocorrelation data obtained from different 

excitation intensities
20,21,22,23

.  
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Here, the τD is the diffusion time or average residence time spent by luminescent QDs in the 

detection volume. This is the only characteristic time one get using this equation. Parameters r 
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and l are radial and axial dimensions of the detection volume respectively. The average number 

of fluorescent particles in the detection volume can be calculated by taking inverse of 

autocorrelation at zero time lag. The measured autocorrelations and fits to 3 D diffusion equation 

at different excitation intensities for 4.2 nm CdTe QDs is shown in the upper part of figure 7.4. 

The plot at the bottom is a representative fit at 145 kW/cm
2
 showing the quality of the fit. 
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Figure 7.4. Autocorrelation curves obtained for 4.2nm QD excited at different 

intensities. The plot at the bottom shows residual after fitting the data equation 7.1. 

The dots represent obtained data and continuous black lines are the fits to the dots. 

 

After fitting individual curves of figure 7.4 and using fit parameters, we have calculated 

values of τD and N i.e. diffusion time and average number of QDs in the detection volume 

respectively.  The values of τD decreases with increase in photo-excitation intensity on other 

hand τD values for standard dye rhodamine (Rh6G) remains constant as shown in figure 7.5a. 

The direct indication of this result is that the size of the particles is decreasing as the excitation 

intensity increases i.e. particles are undergoing fragmentation. This cannot be true as the value 

for number of particles in the detection volume decreases as shown in figure 7.5b. Further 

observations are based on the estimated values of N for different excitation intensity as shown in 

figure 7.5b. These values of N initially decreases with intensity and after a while remain constant 

with increasing excitation intensity. At this we came across the phenomenon of „blinking‟
24,25,26

. 

in QDs and realized that this luminescence intermittency or „blinking‟ events may explain the 

obtained results. Many researchers have tried to model blinking using Monte Carlo simulations, 
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stretched exponents and multiple exponents
27

. Though the exact reason for intermittency is not 

known
24,28,29,30,31

, experiments revealed that the random “on” and “off” states in luminescence 

blinking occurs at all-time scale
24,25,26

. It is important to understand the photo-physics of 

luminescence blinking from single QD in aqueous solution as the “off” state affects ensemble 

quantum yield
32

 and restricts advances in QD technology where a single QD is used
33

.  It is also 

known that the blinking can be suppressed by the addition of thiols to a colloidal solution of 

QDs
34

.  

10
1

10
2

10
3

10
4

0.0

0.2

10
4

10
5

2.5

3.0

3.5

4.0

10
4

10
5

50

100

150

200

Intensity (W/cm
2
) Intensity (W/cm

2
)

 

 

N

  4.2nm- QD

 D


s)

  4.2nm- QD

  Rh6G

 

 

Figure 7.5. a) Dependence of diffusion time on the excitation intensity. b) Dependence of 

average number of QDs on intensity.   

 

So we argue that blinking is the main reason for observing decrease in diffusion time and 

average number of QDs in detection volume as shown in schematic diagram 7.6a. As the QDs 

undergoes „off‟ state while diffusing through the detection volume, the calculated number of 

QDs for particular intensity (figure 7.5b) is not the actual number of QDs present in detection 

volume. So we refer to this number as the apparent average number of QDs i.e. Napp. The actual 

number of QDs, both in dark and luminescent states which is higher than this, and we refer to it 

as Nactual. The measurements in figure 7.5b provide us an estimate of Napp. Further we attribute 

the reduction in τD to an apparently reduced detection volume due to a blinking QD. The cartoon 

in Figure 7.6b describes this concept. When a QD enters into the detection volume it starts to 

blink. While calculating autocorrelation a QD becoming dark is not different from a QD leaving 

the detection volume. Similarly, a QD becoming luminescent again is identical to a QD entering 

the detection volume. Therefore, the effective detection volume seen by a blinking QD is less 
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than the actual detection volume. This actual detection volume is usually measured using a 

standard fluorophore (Rh6G) with a known diffusion coefficient in a given medium. Due to the 

apparently reduced detection volume, the measured average residence time of blinking QD is 

less than its actual value. A close inspection of figure 7.5a reveals that at low excitation intensity, 

the τD does not change much with intensity and remains constant around 200 μs. From this value 

of τD and using the Stokes−Einstein relationship, we determined the hydrodynamic radius to be 3 

nm. This matches well with the estimated radius of these QDs (2.2 nm) using the effective mass 

approximation to its excitonic absorption spectrum. The above result suggests that blinking does 

not affect measurement of the hydrodynamic radius of these CdTe QDs using FCS at lower 

intensities. 

 

 

 

Figure 7.6. a) Schematic showing detection volume and effect of addition of BME on “ON” state of 

QDs b) Schematic describing „apparently reduced detection volume‟ for blinking QDs.   

 

 

b. Suppression of Blinking by Addition of BME 

In this section we will prove the concept of apparent reduced detection volume and the 

apparent average number of QDs.  We have performed same experiments after addition of BME 

to an aqueous solution of QDs, which make these QDs non-blinking. If the QDs are non-blinking 

then the “excluded volume” should not appear in the experiments and we should get back actual 

detection volume. Moreover, here the diffusion time τD should provide the correct hydrodynamic 

radius. Since thiol addition is known to suppress blinking
32,34,35

 we have added 1mL of 100μM 

BME to an aqueous solution of QDs. As blinking affects ensemble quantum yield of a 
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nanoparticle, the per particle brightness (PPB) should increase after addition of BME. We have 

observed that the count rate as well as PPB increased from 19×10
3 

s
−1

 to 36×10
4 

s
−1

 and from 

6×10
3 

s‑
1
 to 18×10

3 
s

−1
, respectively. Figure 7.7 shows autocorrelation curves before and after 

addition of BME at 145 kW/cm
2
.  

 

 

Figure 7.7. Autocorrelation curves for 4.2 nm QD before and after addition of BME a) 

excited at 145 kW/cm
2
 intensity b) excited at 3.3 kW/cm

2
 intensity. 

 

We observed that after BME addition simple 3D diffusion fit equation (equation 7.1) 

does not fit to the autocorrelation instead, an analytical expression of equation 7.2 describing a 

diffusion kinetics plus single “on−off” rate fits to autocorrelation data. Equation 7.2is typically 

used in FCS analysis where a chemical reaction involving the luminescence “on−off” state along 

with diffusion contributes to the equilibrium intensity fluctuations
20,21,22,23
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Note that in this equation there are two characteristic time scale; one is τD which explains 

the diffusion time or average resident time spent by fluorescent molecule in detection volume. 

The second one is τr, which is a characteristic time needed to reach an equilibrium number of 

dark and bright populations and so the rate is reaction rate kr = 1/τr. The kr is the sum of forward 

and backward rates in reaction causing luminescence
22

. F is the equilibrium dark fraction in 

dark−bright conversion
22

. After BME addition the luminescence fluctuations are caused due to 
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(a) fluorophores moving in and out of the detection volume because of diffusion, and (b) 

switching between “on” and “off” luminescence states of fluorophores with a single rate to attain 

equilibrium. Table 7.1 shows various parameters obtained by fitting 3D diffusion equations 7.1 

and equation7.2 to measured autocorrelations in Figure 7.7a. As mentioned above, 3 D diffusion 

equation fits to autocorrelations without BME addition, whereas equation 7.2 fits to 

autocorrelations with BME addition. Both of these measurements are performed at 145 kW/cm
2
 

excitation intensity.  

 

TABLE 7.1: Fit parameters are described before and after BME addition to QDs solution. 

(a) Average number of particles (N) (b) Diffusion time (τD) (c) Electron exchange rate (kr) 

(d) Equilibrium dark fraction (F)   

 

 

Sample 

Fit parameters at 145 kW/cm
2
 

N 
(a)

 τD (µs) 
(b)

 kr (µs) 
(c)

   F 
(d)

 

QDs without BME 2.96 ± 0.01 40.96 ± 

0.67 

- - 

QDs  with BME 

above 70 µM 

4.74 ± 0.02 160.96 ± 11 28.3 ± 1.67 0.426 ± 0.01 

 

From fit parameters, it is clear that the diffusion time after the addition of BME is 

recovered and now determines the hydrodynamic radius reasonably well. This supports the 

concept of “apparently reduced detection volume” presented in the previous section IIIa. 

Additionally, the fitting of equation 7.2 means that luminescence after the addition of BME 

fluctuates with a single rate kr = 1/τr
2222

. τr = 28.3 ± 1.67 μs in the present experiment. The fit 

value of 0.426 ± 0.01 for F also suggests that nearly 40% of the QDs are dark in equilibrium 

dark−bright conversion, yet all of them contribute to N
20,21,22

. A nonzero value for τr indicates 

that the addition of BME does not suppress luminescence fluctuations at all-time scales. This 

does not contradict the previous evidence of blinking suppression using BME since those 

measurements employ millisecond binning times
34

. After BME addition the average number of 

QDs in the detection volume increases from 2.96 ± 0.01 to 4.74 ± 0.02 (Table 7.1).  The effect of 

BME addition on average number of QDs in the detection volume is shown in figure 7.8b.  
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Figure 7.8. Effect of gradual addition of BME on a) diffusion time and b) average 

number of QDs in the detection volume. 

 

In a collection of QDs there are blinking, non-blinking and non-radiant QDs
36

.  As name 

suggests the non-radiant QDs remain dark at all times so in our measurement we are concerned 

only with blinking and non-blinking QDs. If we assume that addition of BME recovers all 

blinking QDs from their dark state then the actual number of QDs in the detection volume is 

Nactual = 4.74 ± 0.02. As there is no evidence that long lived non-radiant QDs fully recover due to 

addition of BME, so the Nactual does not include them. Now the difference ΔN = Nactual −Napp = 

4.74 − 2.96 = 1.78 and the dark fraction due to blinking is f = ΔN/Nactual= 0.37. It should be 

noted here that, the equilibrium dark fraction F, and the equilibrium dark fraction f due to 

blinking are not same. At very low intensity ~3.3 kW/cm
2
, the addition of BME does not have 

any effect on FCS measurements. Figure 7.7 b shows autocorrelations for both before and after 

addition of BME at 3.3 kW/cm
2
, importantly 3D diffusion equation 7.1 fits to both the 

autocorrelation curves before and after BME addition. Note that we are measuring τD and N by 

fitting the equations to data starting from 10 μs. This range is typically avoided in FCS 

measurements owing to photo-bleaching in the case of fluorophores
22

 and rotational dynamics in 

the case of nanostructures
37

. We monitor fluorescence intensity trace at the time of experiment 

and the laser intensity used in our experiments is in the range of a few microwatts to a maximum 

of 500 μW only.  So, if the QDs are suffering from photo-bleaching, average fluorescence 

intensity and per particle brightness should decrease within the autocorrelation record time (100 

s). We did not observe these effects related to photo-bleaching. Secondly if the QDs are 

undergoing photo-bleaching then the equation describing only diffusion does not fit 
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autocorrelation properly. However, it fits very well in our experiments. We could not capture 

polarization of emission light which excludes effects of rotational dynamics on autocorrelation 

curves. 

 

c. Required Number of BME Molecules per QD to Suppress Blinking 

 In this section we discuss how many number of BME molecules are needed per QD to 

suppress blinking? In order to do this measurement we have added controlled amount of BME to 

the 1ml of diluted QDs dispersion solution. The excitation intensity is kept constant 145 kW/cm
2
 

and autocorrelations are measured after each addition of BME. The data is plotted in figure 7.8 

shows average number of QDs (N) versus BME addition. Initially the number of QDs is 

increases slowly, then changes rapidly and finally saturates. This growth is modeled with a 

sigmoid growth given by Hill equation, θ = θmax[xn/(kn +xn)]
38

. Here, θ is number of QDs 

recovered from photo-darkened state by BME addition and x is the concentration of BME 

molecules needed to recover half of the QDs from photo-darkened state. Calculations show that 

~70 μM BME is required, i.e. 104 BME molecules are required to recover QDs from photo-

darkened state by using value of detection volume 0.95 fL. 

 

d. Dark Fraction (f) and photo-darkening Probability (P) 

 The Dark fraction (f) in dark-bright conversion is measured using FCS at different 

excitation intensity and is given as f = ΔN/Nactual. The measured dark fraction (f) due to blinking 

at different excitation intensity is as shown in figure 7.9. A straight line fits to the data and yields 

slope 1.2 ×10
-6 

cm
2
/W. The dependence of dark fraction on excitation intensity suggests that dark 

state in blinking is photo-induced and the linear dependence on intensity suggests that it is a one-

photon process.  
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Figure 7.9. Photo-darkened fraction verses excitation intensity.  

 

From figure 7.9 we can compute the probability of a QD becoming dark after absorption of a 

photon i.e. photo-darkening probability. Now the photo-induced dark fraction in our experiment 

must be equal to the product of photo-darkening probability P and number of photons absorbed n 

(i.e. f = P × n). Here, the number of photons absorbed „n‟ can be computed if we know the 

absorption cross-section ρ, the excitation intensity I in kW/cm
2
, the frequency of excitation υ and 

the illumination time t, then the n = Iρt/hυ
29

.  

                                              Therefore,  





h
tI

Pf

                                                
Now, theoretically the slope of the straight line (figure 7.9) is Pρt/hυ which is 1.2 × 10

-6  
cm

2
/W. 

We have further computed value of P = 9 × 10
-6

. For this calculations we have used hυ= photon 

energy for 532 nm wavelength of laser and ρ= 2×10
-16 

cm
2
 (i.e. measured absorption cross-

section). The illumination time t = 210 μs is considered as average diffusion time measured at 

intensity 3.3 kW/cm
2
. The photo-darkening probability implies that typically a QD needs to 

absorb ~10
5
 to 10

6
 photos before it enters into a photo-darkened „off‟ state. This result will now 

clarify why we could not see effect of BME addition on autocorrelation and why equation 1 fit to 

both the autocorrelations in figure 7.7b. For this particular event the excitation intensity was 

3.3kW/cm
2
, which corresponds to ~1 × 10

3 
number of photons a QD can absorb while transiting 

through detection volume. The photo-darkened probability is 9 × 10
-6

. It is very unlikely for a 

QD to enter into „off‟ state so there is no apparently reduced detection volume effect. Whereas, 

for 145 kW/cm
2
 intensity a 4.2 nm QD can absorb 1.6 × 10

5 
average number of photons while its 
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transit inside the detection volume and hence there is more probability that QDs can enter into 

photo-induced dark state. This clearly explains that lower intensities do not affect FCS 

measurements but at higher photo excitation intensities above a certain threshold, nanoparticles 

may suffer from „blinking‟. Moreover, as we have discussed earlier, photo-darkening is typically 

a one photon process. The measurement of photoionization rate using electrostatic force 

microscopy also suggests photo-ionization is one photon process. The results for ionization 

probability measured using EFM
5
 also matches with photo-darkening probability measured by 

us. Therefore, we suggest that in this case the photo-darkening is caused by photo-ionization. 

 

e. Physical Meaning of the Rate (kr) 

 An important parameter obtained after fitting autocorrelations to the equation 7.2 is kr i.e. 

kr= 1/ τr. In this section we will try to find out the physical meaning of this rate. Preliminary 

observations tempted us to label this rate as association-dissociation of BME molecules with 

QDs. If it is so then kr should depend on the concentration of BME as well as the on the 

temperature. We found that once the BME concentration is reached to a point which is sufficient 

to recover all photo-darkened QDs then kr does not depend on the further addition of BME. 

Further results also showed that the kr does not depend on the temperature (inset of figure 7.10a). 

We measured kr in the temperature range 25-65 ˚C. In this experiment temperature range is 

somewhat limited as we were using aqueous medium with water immersion objectives.  

The second possibility for the interpretation is ionization-neutralization rate. As the 

charged QD losses its luminescence and recovers after neutralization, the addition of BME might 

be neutralizing the charged QDs by electron-donating ability. It is well known that the BME 

addition prevents long-lived charged state and enhances neutralization rates. If the kr is 

ionization-neutralization rate then it should be depend on the QD core diameter (7.10a) and on 

the excitation rate (7.10b) i.e. the number of photons absorbed per second. We measured 

autocorrelation for four different sized QDs and calculated kr values are plotted in figure 7.9b. It 

shows that the kr is dependent on the size of QD and decreases as size of QD increases i.e. well 

width is affecting the attempt frequency (this is further explained in section f). Here, the QD with 

size 3.4 nm has peak absorbance wavelength 456nm so it is excited with a blue laser of 446 nm 

wavelength we have used standard coumarin dye for this calibration. With all these information, 
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FCS measurements support the charging model of luminescence blinking proposed by Nirmal 

et.al. and other scientists
24,25,26

.     
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Figure 7.10. Dependence of kr on a) temperature, b) size of QD and c) on excitation rate. 

 

 

f. Mechanism of Photoionization 

 Many mechanism have been proposed to explain complex process of electron transfer 

from QD core
24,25,26,31

. Among all these proposed mechanisms, electron tunneling is thought be 

dominant process of ionization
24,25,26

. If it is so, then well width of the QD should affect attempt 

frequency. We assume that in case of QDs, the effective well width for electrons is the QD 

diameter itself i.e. core of QD. As shown in figure 7.9 the linear dependence of kr on excitation 

intensity, inverse dependence on QD core diameter and its insensitivity towards temperature 

suggest that tunneling is the likely mechanism for electron exchange between core and surface 

trap state. Based on the obtained results we represented the photoionization process by a 

schematic as shown in figure 7.11.  
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Figure 7.11. A schematic describing electron transfer process in photo-excited QD in 

aqueous solution. Radiative recombination rate is represented by a thick reed arrow. 

Occasionally an electron is transferred to the surface trap i.e. ionization rate and 

neutralization of the vacancy is shown by neutralization rate they are represented by 

black arrows. After addition of BME neutralization rate increases and the situation is 

shown in b.  

 

Here, in the absence of BME, the photo-ionization rate is more compared to the neutralization 

rate and so the luminescence is weak (represented by downward red arrow). After addition of 

BME the electron transfer probability (the slope of fig 7.10b) is ~10
-4

 which is 10 times more 

than the photo-darkening probability (i.e. ~10
-5

). So the addition of BME enhances the 

neutralization rate (shown by red arrow), and this in turn increases ionization rate as well. So the 

kr is addition of ionization and neutralization rate (kr = ki + kn)
22

. However fraction of QDs 

remaining dark at any given time is still around 40% even after BME addition. This indicates 

continues luminescence after BME addition on millisecond time-scale is not continues on 

microsecond time scale. 

 

IV. Conclusions 

 In short, in this chapter we have seen that the intensity of photo-excitation does play a 

role in hydrodynamic size determination. Moreover the effect is not that crucial for below 

threshold intensities. So, one should not believe data of hydrodynamic size measurements before 

calculating the characteristic „threshold intensity‟ for the particular QDs. We have understood 

that the blinking i.e. fluorescence intermittency affects the FCS measurements and this further 
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affect its use in different applications. We have used the FCS as a tool to measure the photo-

induced dark fraction of QDs by recovering their luminescence with BME addition. The linear 

dependence of this fraction on intensity of band-edge photo-excitation suggests a one-photon 

photo-darkening process. This fraction is also used to calculate the probability of photo-

darkening. The chemical kinetics rate in the reaction-diffusion model used in conventional FCS 

analysis is interpreted as the electron exchange rate that causes the “on−off” states of 

luminescence. The insensitivity of this rate toward temperature and its strong dependence on QD 

size supports the tunneling theory of electron exchange between core and surface trap states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



153 

 

V. References 

                                                 
1
 A. Anas, H. Akita, H. Harashima, T. Itoh, M. Ishikawa, V. Biju, Photosensitized breakage and 

damage of dna by CdSe-ZnS quantum dots. J. Phys. Chem. B, 112, 10005−10011, 2008. 

2
 I. L. Medintz, H. T. Uyeda, E. R. Goldman, H. Mattoussi, Quantum dot bioconjugates for 

imaging, labelling and sensing. Nat. Mater., 4, 435−446, 2005. 

3
 M. Bruchez, Jr. M. Moronne, P. Gin, S. Weiss, A. P. Alivisatos, Semiconductor nanocrystals as 

fluorescent biological labels. Science, 281, 2013−2015, 1998.   

4
 D. R. Larson, W. R. Zipfel, R. M. Williams, S. W. Clark, M. P. Bruchez, F. W. Wise, W. W. 

Webb, Water-soluble quantum dots for multiphoton fluorescence imaging in vivo. Science, 

300, 1434− 1436, 2003. 

5
 M. Michalet, F. F. Pinaud, L. A. Bentolila, J. M. Tsay, S. Doose, J. J. Li, G. Sundaresan, A. M. 

Wu, S. S. Gambhir, S. Weiss, Quantum dots for live cells, in vivo imaging, and diagnostics, 

Science, 307, 538−544, 2005. 

6
 X. Y. Wu, H. J. Liu,  J. Q. Liu, K. N. Haley, J. A. Treadway, J. P. Larson, N. F. Ge,  F.Peale, 

M. P. Bruchez, Immuno fluorescent labeling of cancer marker and other cellular targets with 

semiconductor quantum dots. Nat. Biotechnol, 21, 41−46, 2003. 

7
 V. I. Klimov, A. A. Mikhaelovsky, S. Xu, A. Mlko, J. A. Hollingsworth, Optical gain and 

stimulated emission in nanocrystal quantum dots. Science, 290, 314−317, 2000. 

8
 V. L. Colvin, M. C. Schlamp, A. P. Alivisatos, Light-emitting diodes made from cadmium 

selenide nanocrystals and a semiconducting polymer. Nature, 370, 354−357, 1994. 

9
 M. Fumitaka, K. Jun-ya, T. Yoshihiro and K. Tamotsu, Formation of gold nanoparticles by 

laser ablation in aqueous solution of surfactant, J. Phys. Chem. B, 105, 5114-5120, 2001.  

10
 M. Fumitaka, K. Jun-ya, T. Yoshihiro and K. Tamotsu, Formation and size control of silver 

nanoparticles by laser ablation in aqueous solution,  J. Phys. Chem. B, 104, 9111-9117, 2001. 

11
 A.V.R. Murthy, Padmashri Patil, Shouvik Datta, Shivprasad Patil, Photoinduced dark fraction 

due to blinking and photo-darkening probability in aqueous CdTe quantum dots. J. Phys. 

Chem. C. 117, 13268-75, 2013. 



154 

 

                                                                                                                                                             
12

 P. Zhang, L. Liang, C. Dong, H. Qian and J. Ren, Sizes of water-soluble luminescent quantum 

dots measured by fluorescence correlation spectroscopy, Analytica Chimica Acta, 546, 46-51, 

2005. 

13
 J. A. Rochira, M. V. Gudhti, T. J. Gould, R. R. Laughlin, J. L. Nadeu, S. T. Hess, 

Fluorescence intermittency limits brightness in CdSe/ZnS nanoparticles quantified by 

fluorescence correlation spectroscopy. J. Phys. Chem. C, 111, 1695-1708, 2007. 

14
 D. Magde, E. Elson, W. W. Webb, Thermodynamic fluctuations in a reacting system-

measurement by fluorescence correlation spectroscopy, Phys. Rev. Lett., 29, 705-708, 1972. 

15
 D. Magde, E. Elson, W. W. Webb, fluorescence correlation spectroscopy. I. conceptual basis 

and theory, biopolymers, 13, 1-27, 1974. 

16
 L. Brus, Electronic wave functions in semiconductor clusters: experiment and theory, J. Phys. 

Chem. 90, 2555–2560, 1986. 

17
 Al. L. Efros and M. Rosen, The electronic structure of semiconductor nanocrystals, Annu. 

Rev. Mater. Sci., 30, 475–521, 2000. 

18
 Y. William, Q. Lianhua, G. Wenzhuo, and P. Xiaogang, Experimental determination of the 

extinction coefficient of CdTe, CdSe, and CdS nanocrystals, Chem. Mater., 15, 2854-2860, 

2003. 

19
 C. A. Leatherdale, W. –K. Woo, F. V. Mikulec, M. G. Bawendi, On the absorption cross- 

section of CdSe nanocrystal quantum dots. J. Phys. Chem. B, 106, 7619−7622, 2002. 

20
 D. Magde, E. Elson, W. W. Webb, Thermodynamic fluctuations in a reacting system-

measurement by fluorescence correlation spectroscopy, Phys. Rev. Lett., 29, 705−708, 1972. 

21
 D. Magde, E. Elson, W. W. Webb, Fluorescence correlation spectroscopy. I. conceptual basis 

and theory. biopolymers, 13, 1−27, 1974. 

22
 O. Krichevsky, G. Bonnet, fluorescence correlation spectroscopy: the technique and its 

applications, Rep. Prog. Phys.  65, 251−297, 2002. 

23
 Sengupta, P.; Balaji, J.; Maiti, S. Measuring Diffusion in Cell Membranes by Fluorescence 

Correlation Spectroscopy. Methods, 27, 374−387, 2002. 

24
 M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman, T. D. Harris, L. E. 

Brus, Fluorescence intermittency in single cadmium selenide nano crystals. Nature, 383, 

802−804, 1996. 



155 

 

                                                                                                                                                             
25

 M. Kuno, D. P. Fromm, H. F. Hamann, A. Gallagher, D. J. Nesbitt, “On”/“Off” fluorescence 

intermittency of single semiconductor quantum dots, J. Chem. Phys., 115, 1028−1040, 2001. 

26
 K. T. Shimizu, R. G. Neuhauser, C. A. Leatherdale, S. A. Empedocles, W. K. Woo, M. G. 

Bawendi, Blinking statistics in single semiconductor nanocrystal quantum dots, Phys. Rev. B, 

63 (205316), 1-5, 2001. 

27
 S. Ito, N. Toitani, L. Pan, N. Tamai, and H. Miyasaka, Fluorescence correlation spectroscopic 

study on water-soluble cadmium telluride nanocrystals: fast blinking dynamics in the μs-ms 

region J. Phys. Condens. Matter., 19, 486208 10, 2007. 

28
 D. E. Gomez, M. Califano, P. Mulvaney, Optical properties of single semiconductor 

nanocrystals. Phys. Chem. Chem. Phys., 8, 4989−5011, 2006. 

29
 T. D. Krauss, S. O‟Brien, L. E. Brus, Charge and photoionization properties of single 

semiconductor nanocrystals, J. Phys. Chem. B., 105, 1725−1733, 2001. 

30
 S. Li, M. Steigerwald, L. E. Brus, Surface states in the photoionization of high-quality CdSe 

core/shell nanocrystals, ACS Nano, 3, 1267−1273, 2009. 

31
 J. Zhao, G. Nair, B. R. Fisher, M. G. Bawendi, Challenge to the charging model of 

semiconductor-nanocrystal fluorescence intermittency from off-state quantum yields and 

multiexciton blinking. Phys. Rev. Lett., 104 (157403), 1−4, 2010. 

32
 S. Jeong, M Achermann, J. Nanda, S. Ivanov, V. I. Klimov, J. A. Hollingsworth, Effect of the 

thiol-thiolate equilibrium on the photophysical properties of aqueous cdse/zns nanocrystal 

quantum dots, J. Am. Chem. Soc., 127, 10126−10127, 2005. 

33
 M. Dahan, S , C. Luccardini, P. Rostaing, B. Riveau, A. Triller, Diffusion dynamics of 

glycine receptors revealed by single−quantum dot tracking, Science, 302, 442−445, 2003. 

34
 S. Hohang, T. Ha, T. Near-complete suppression of quantum dot blinking in ambient 

condition, J. Am. Chem. Soc., 126, 1324− 1325, 2004. 

35
 L. N. Jay, L. Carlini, D. Suffern, O. Ivanova, S. E. Bradforth,  Effects of β-Mercaptoethanol on 

quantum dot emission evaluated from photoluminescence Decays. J. Phys. Chem. C, 116 (4), 

2728−2739, 2012. 

36
 J. Yao, D. R. Larson, H. D. Vishwasrao, W. R. Zipfel, W. W. Webb, W. W. Blinking and 

nonradiant dark fraction of water-soluble quantum dots in aqueous solution, Proc. Natl. Acad. 

Sci. U.S.A., 102, 14284−14289, 2005. 



156 

 

                                                                                                                                                             
37

 C. Dong, H. Qian, N. Fang, J.  Ren, Study of fluorescence quenching and dialysis process of 

cdte quantum dots, using ensemble techniques and fluorescence correlation spectroscopy. J. 

Phys. Chem. B, 110, 11069−11075, 2006. 

38
 A. V. Hills, The possible effects of the aggregation of the molecules of hemoglobin on its 

dissociation curves, J. Physiol., 40, iv−vii, 1910. 



157 
 

 

Chapter 8 

 

Conclusions and Future Outlook 

 

 

Synthesis of good quality nano-material is important for making efficient next generation 

solar cells. In order to fulfill the huge energy demand we need to come up with novel wet 

chemical synthesis techniques and efficient device structure. Keeping track of the economic 

viability and environmental concerns, we primarily have tried to do the synthesis in aqueous 

medium and at low temperature and further used these solution processed semiconductor 

quantum dots to make solar cells. Here in this thesis work, we have studied various synthesis 

routes to make good quality luminescent CdTe, CdTe/CdSe, PbS dots and also investigated their 

physical properties to optimize the solar cell performance. Introductory details of Semiconductor 

QDs and their relevance to energy problem are described in Chapter 1 and required various 

characterizations techniques are introduced in Chapter 2. Structural and optical properties of 

solution processed CdTe QDs are presented in Chapter 3. The measured photoluminescence 

quantum yield for these CdTe QDs is ~85%, which is high compared to the other reported 

aqueous based synthesized CdTe QDs. Further we have also used these as active photo-absorber 

in Quantum Dot Sensitized Solar Cells (QDSSC). The measured efficiency was significantly 

affected by the destructive reaction between the QDs and the polysulfide electrolyte. However, 

we could find out the way to avoid such reactions by using type- II heterostructure i.e. core/shell 

QDs
1,2

. 
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In Chapter 4, we have described the single step synthesis procedure for type-II 

heterostructure with CdTe as a core and CdSe as a shell material
1
. Cost is one of the most 

important primary concerns of Solar Cell fabrication. Therefore, any research in solar energy 

materials is important if it provides a better and economic way of making good quality materials 

for solar cells having reasonable efficiency. In Chapter 4, we have reported a novel synthesis 

step which can reduce the overall time and cost of material synthesis as well as solar cell 

fabrication. The simple and low temperature (~80 ˚C) aqueous synthesis technique presented 

here provides a straightforward and procedurally economic, wet chemical synthesis route to 

make equally good core/shell CdTe/CdSe quantum dots without the complex purification steps 

and high temperature processing. The reported synthesis procedure is easy, quick and economic 

compared to the usual two step synthesis procedure. The similarities between the optical and 

structural properties of the synthesized QDs using these two different synthesis procedures prove 

the importance of such quick synthesis procedure with reduced processing steps. Thickness of 

CdSe shell layer was varied and the calculated efficiency for QDSSCs using thickest shell 

sample was ~2%. We have also observed that the efficiency is a function of shell thickness for 

core/shell QDs. The capping layer which is used to protect QDs from agglomeration and 

oxidation is insulating in nature and blocks carrier transport and further affects efficiency of 

cells. Sintering of photo-anode is also found to be important step in order to improve efficiency 

of these QDSSCs
2
.  The above mentioned sintering process actually helps in easy charge 

transport by removing electronically insulating capping layer from QDs while maintaining the 

quantum confinement of charge carrier by some extent.  

To avoid adverse effect from sintering we have used uncapped QDs as photo-absorber in 

QDSSCs
3
. Chapter 5 presents solar cells results from such ligand free AgInS2 QDs. The QDs 

used here were supplied by Dr. Angshuman Nag’s group, IISER Pune. As the AgInS2 is prone to 

have more defects, measured efficiency of our cells also compliments respective spectroscopy 

studies
3
. The highest efficiency using QDs with fewer defects is ~0.8% which is higher 

compared to any previously reported efficiency using this material. 

In quantum confined structures, the carrier multiplication or multiple exciton generation 

(CM/MEG) by photons having much larger energy than the lowest energy gap is considered as 

one of the promising effect in order to achieve high efficiency solar cells at lower cost. In 

connection with this in Chapter 6, we report collisional broadening of high energy E3 excitonic 
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resonance in lead sulfide (PbS) QDs at room temperature optical absorption spectra at excitation 

energies (≥ 5.9 eV) much higher than its bulk band gap (~0.4 eV)
4
.  We have investigated 

absorption spectra of the PbS QDs over a wide range sizes, the energy broadening and their 

corresponding blue shift of excitonic resonance and its overall aging and temperature variation to 

support our arguments. In connection with the observed E3 excitonic resonance in PbS, we 

explore how any empirical re-definition of the Bohr exciton radius may affect the mean free path 

of exciton-exciton collision and the basic understanding of MEG/CM. As the MEG/CM is a 

direct consequences of hot-exciton physics therefore, our results on the effects of excitonic 

collisions on absorbance spectra of PbS QDs, although observed at energies much above the 

visible range of solar spectrum, may help in understanding the physics of MEG/CM for 

photovoltaic applications. 

In addition to this we have also studied the dependence of hydrodynamic size of QDs on 

the excitation intensity
5
 using Fluorescence Correlation Spectroscopy (FCS) in collaboration 

with Dr. Shivprasad Patil, IISER Pune. Further study helps us to know more about the blinking 

in nanoparticles. Blinking is ‘fluorescence intermittency’. Though the exact reason for the 

blinking is not yet know, we have calculated the photo-induced darkened fraction due to 

blinking. We have also observed that the blinking happens only above threshold excitation 

intensity and below which one can correctly use the FCS to determine size of QDs.  We have 

added controlled amount of thiols to the aqueous solution of QDs which is known to suppress the 

blinking. We have calculated probability of QD entering into dark state upon photon absorption 

is ~10
-6

 which matches very well with similar estimates found using different techniques.     

 

Future outlook: 

 Research is a never ending process, though we have done a lot of work and tried to find 

out the solutions for the few problems which we faced during the search, there is still some work 

which I will love to do in continuation (or one can do in continuation). 

 

1. The huge need of affordable energy sources motivated us to do research in this area. Though 

we have done systematic study and tried to get best results out of the available infrastructure it is 

still possible to achieve higher efficiency using the same QDs. Further discoveries of efficient 

charge-transferring electrolyte, better pathways for electron transport, methods to fully cover 
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TiO2 with optimum amount of nanoparticles, perfect non-reacting cathode may help in 

increasing the efficiency in future.  

 

2. While studying the absorption spectra for core/shell QDs we observed that,  

a) The absorption related to the CdTe QDs is also red shifting with core/shell growth as 

shown in figure 8.1. If one expects the growth of shell layer then this type of controversial red 

shift in core structure should not observed.  

b) After prolonged growth of these core/shell structures this particular red shift 

diminishes in intensity and further vanishes as shown in inset of the figure 8.1 and inset of this 

figure 8.1. Further study is required understand this spectral variation. 

 

Figure 8.1. UV-visible absorption spectra for CdTe/CdSe core/shell QDs. Inset shows 

after prolonged growth of QDs the absorption peaks related to the CdTe diminishes. 

 

c) The photoluminescence study of these core/shell structures shows very interesting 

behavior.  The usual observation is as the shell thickness increases the PL intensity decreases 

(figure 4.11 of Chapter 4) 
1
 but for very smaller shell growth the PL intensity increases and it is 

more compare to the seed QDs as shown in figure 8.2.  
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Figure 8.2. PL spectra for core/shell QDs. Here sample #1 is seed i.e. CdTe and all 

other samples are after subsequent growth of shell on it. All samples are excited at 530 

nm. 

 

Such kind of behavior opens up questions regarding the charge transport process happens 

in the type-II structure. Is the recombination of charge carriers happens after charge transfer (as 

shown in figure 8.3a)? Alternatively, is it due to strain induced changes or due to both such 

mechanisms (as shown in figure 8.3b)?. There is some ongoing experimental and theoretical 

studies in collaboration with Dr. Prasenjit Ghosh, IISER Pune.  

 

Figure 8.3. Energy level diagram for core/shell QDs showing a) usual type-II process 

b) charge transfer process via defect levels. 
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3. Detailed optical and electronic study of transient photo current etc may throw more light on 

possible ways to use CM/MEG to enhance the efficiency of nano-photovoltaic cells. This may 

also be useful to understand the excitonic physics of hot carriers. 

4. Systematic FCS study with varying shell thickness can reveal further information on blinking 

in core/shell quantum dots. As explained in the Chapter 7, the blinking affects diffusion and so 

the hydrodynamic size of QDs
5
. However, in case of core/shell QDs the energy level alignment 

is such that blinking may not be possible or can be reduced with increasing shell thickness. One 

can use FCS to quantify blinking in such core/shell structure.   
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