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ABSTRACT 
 

This study shows a detailed report on the morphological, structural and optical properties of 

CdSe QDs synthesised by the hot injection method. Cadmium acetate dihydrate and Se powder 

were used as cadmium and selenide precursors, respectively. Various QD sizes were achieved by 

synthesizing in temperature range of 150ºC, 175ºC, 200ºC, 225ºC, 250ºC, 275ºC and 300ºC, 

respectively. The as synthesized QDs by the hot injection method were cross-examined for their 

morphological, structural and optical using HRTEM, FTIR, XRD, RS, and UV-Vis spectroscopy 

techniques respectively. FTIR analysis has revealed vibrations at 738, 738, 738, 738, 735, 735 

and 733 cm
-1

 for the QDs synthesized at various temperatures of 150, 175, 200, 225, 250, 275, 

and 300℃, respectively. The presence of the above mentioned peaks confirms the presence of Cd-

Se bond in our samples. XRD analysis of CdSe QDs revealed diffraction peaks at 2  angles of 

16.66 , 25.20 , 34.77 , 40.9 , 45.39  and 49.1   for 150     17.4  , 25.22 , 34.85 , 41.7 , 44.45  

and 47.5  for the QDs synthesized at various temperatures of 175     17.07 , 25.19 , 34.85 , 

41.34 , 44.41  and 48.86  for 200  ; 16.34 , 25.20 , 34.76 , 40.6 , 44.74  and 49.48  for 225  ; 

17.44 , 25.17 , 34.19 , 41.7  , 44.45 , 49.24  for 250  ; 16.70 , 25.16 , 34.85 , 40.32 , 45.1   

and 49.1 7 for 275  ;and 17.35 , 25.18 , 35.13 , 41.63 , 45.7  , 49.48  for 300   . These XRD 

peaks relate to crystal planes of (100), (002), (102), (220), (103) and (112) which belong to 

hexagonal Wurtzite CdSe crystal structure. Additionally XRD analysis has revealed a general 

peak shift to higher 2  values was observed for CdSe QDs. HRTEM analysis showed that the 

synthesised CdSe QDs have a spherical shape and are monodispersed. Moreover, HRTEM 

analysis has revealed CdSe QDs modal crystallite size of 1.79 nm, 1.81 nm, 2.06 nm, 2.08 nm, 

2.11 nm, 3.10 nm and 3.12 nm for the QDs synthesized at various temperatures of 150ºC, 175ºC, 

200ºC, 225ºC, 250ºC, 275ºC and 300ºC, respectively. HRTEM results were in mutual agreement 

with XRD results. Additionally, the SAED images showed intense electron diffraction rings, 

which confirmed that the as-synthesised CdSe QDs have a Wurtzite crystal structure. RS analysis 
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showed that CdSe QDs have LO and 2LO vibrational modes which are characteristic peaks for 

CdSe.  The presence of these peaks in Raman spectra further supports our previous observation 

from XRD analysis and HRTEM analysis that the synthesized CdSe QDs have a Wurtzite crystal 

structure. The effect of synthesis temperature Raman peak shift, FHWH and peak intensity has 

been cross examined in this work, Moreover, the effect of increasing temperature on the peak 

shift, FWHM and peak intensity is discussed in detail below. UV-Vis analysis revealed an 

absorbance of CdSe QDs in higher wavelengths as temperature was increased. Furthermore, the 

Yu et al 2003 relation was used to calculate QD size and band gap energy of CdSe QDs. The 

results showed that QD size increases with increasing synthesis temperature, which is in 

agreement with HRTEM and XRD results. 

 

Keywords: Morphological, Structural and Optical properties; hot injection method; CdSe, 

Quantum Dots   
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PREFACE 
 

The supply of secure, clean and sustainable energy while limiting the global temperature increase 

is the biggest challenge of the 21
st
 century. Fossil fuels cover approximately 95 % of the total 

energy demand worldwide. However, the major shortcomings of fossil fuel-based energy are 

drastic depletion of fossil fuels, emission of CO2 which is a greenhouse gas and pose a threat to 

the environment. It is thus imperative to find solutions that can ensure the supply of energy with 

low greenhouse emissions for future generations. To achieve this goal, it is mandatory to seek 

alternative renewable energy sources. Solar energy is a promising alternative source of energy 

because it is pollution free and readily available. Solar energy technologies have emerged as 

superior candidates for eliminating greenhouse gas emission while at the same time providing a 

cost effective sustainable renewable energy resource.  

 

Use of solar cells has attracted world-wide attention. Although the monocrystalline Silicon solar 

cell has achieved the highest photon conversion efficiency, their relatively high manufacturing 

cost has inhibited commercialization. Several new photovoltaic systems have been presented 

including dye-sensitized solar cells (DSSCs) (which was invented by Michael Gratzel and Brian 

O‟Regan in 1991), multi-junction solar cells and organic solar cells. As a promising alternative to 

Si-based solar cells, DSSCs have played a promising role in the development of renewable 

energy. DSSCs are made from low-cost materials and do not require any elaborate or complicated 

machinery to operate. Also, they can be engineered into flexible sheets and are resilient.  

 

DSSCs are limited by how many photons the dye can absorb. The photons that do not get 

absorbed are the ones that produce energy. The rate at which the photons are absorbed depends on 

the overlap between the absorption spectrum of the TiO2 and the entire flux spectrum. 

Additionally, the major problems associated with using expensive dyes to sensitise solar cells is 
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still not worthwhile. Therefore, this study aims to replace these expensive molecular dyes by 

synthesizing CdSe QDs of various sizes to broaden the spectral response of QDSSC devices. The 

use of nano-sized narrow band gap semiconductor QDS as sensitizers instead of molecular dyes is 

preferred as an effective and favourable alternative due to a number of factors presented above. 

 

CdSe QD is a low cost semiconducting material that presents remarkable unique properties such 

as tuneable band gaps achievable by changing their sizes and compositions, sharp absorption 

onset, large absorption coefficients and hence higher absorption. Additionally, CdSe QDs can 

produce more than one exciton from one high energy photon of sunlight, referred to as multiple 

exciton generation (MEG). CdSe QDs increase the efficiency and reduce the cost of today's 

typical Si PV cells. This makes them better candidates for development.  
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Chapter 1 

Overview 

1.1 Why Solar Energy? 

 

It is predicted that by the year 2040 the rate of global energy consumption will increase by 93% 

and triple by the end of the century compared to the world‟s primary consumption in 2010, which 

was about 20.2 Terawatts. It is evident that the carbon rich sources such as coal, oil, uranium and 

natural gas are not the solution for the tremendous increase of energy demand due to their 

negative impact such as CO2 emission, that affect both the environment (climate changes & 

pollution) and the society. Nuclear power could be a feasible way to meet the energy demand, but 

the problem is it has major safety issues. 

 

On the other hand, solar energy is the most sustainable, clean and environmentally friendly source 

of energy that provides the earth with about 120 000 Terawatts of radiation, making solar energy 

an attractive source for green, sustainable and efficient energy conversion devices, such as solar 

cells that can be eventually combined with hydrogen fuel cells and storage devices such as 

batteries. These devices, solar cells in particular, are potential candidates to address the energy 

issues. Regardless of this, it still remains a huge challenge to find energy technologies that harvest 

solar energy in a cost effective manner. 

 

Solar cells are photovoltaic devices that directly convert solar energy into electrical energy. The 

first p-n junction solar cell design was published by Bell Laboratories in 1954 with an efficiency 

of 6 % [1]. The innovation by Bell Labs produced the first viable commercial solar cell, which 

transformed the photovoltaic industry. Since then, major developments have been made to give 

photovoltaics more accessibility in the global energy market. The utmost efficient devices are 

currently achieving at least 43 % photoconversion efficiency [2]. The cost of these types of solar 
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cells is still relatively high and combine several devices into one solar cell along with the 

concentration of incoming light to achieve the high efficiency. Lower-cost, more easily 

manufactured devices have also been developed at the expense of photoconversion efficiency. 

Hence is its desirable to fabricate cost effective solar cells that are able to compete on the global 

energy market. 

 

1.2. Photovoltaic Solar cells 

 

The photovoltaics field deals with the conversion of light into electricity. The term “photovoltaic” 

was derived from the combination of “phos” (Greek work for light) and “volt” (unit for electrical 

voltage named after the Italian physicist Alessandro Volta). The first experimental observation of 

the photovoltaic effect was discovered in 1839 by Alexandre Edmond Becquerel, who established 

the foundations of the field. In his experiments, he detected current between two platinum 

electrodes immersed into an electrolyte with metal halide salts when illuminated by sunlight [3]. 

Since then, numerous different kinds of photovoltaic and photoelectrochemical solar cell devices 

have been developed [4, 5, 6], and great progress has been made in understanding the basics and 

operation principle of solar cells. Currently, a wide range of materials is used to fabricate solar 

cells and photoelectric conversion effects as high as approximately 45% have been achieved with 

modern day devices [7]. Fig. 1.1 shows the current best research efficiency for solar cells.  
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Figure 1.1: Current efficiencies for the best research solar cells [NREL] [7]. 

 

Generally, photovoltaic devices can be grouped into three categories- first, second and third 

generation solar cells- based on the nature of the materials, supreme achievable performances, 

production and installation costs [8]. First generation solar cells such as single junction crystalline 

GaAs and Si solar cells use high purity and high quality materials such as crystals. The principle 

these solar cells use is based on the separation of photodegraded electron-hole pairs at the 

interface between n-doped (electron rich) and p-doped (electron-poor) semiconductors. When n-

type (Fermi level closer to conduction band) and p-type (Fermi level closer to valence band) 

semiconductors are brought together, electrons migrate from the n-type section into the p-type 

section so as to equilibrate the Fermi level (in the dark). The negative and positive space charge 

assembled at the vicinity of p-type and n-type materials results in the formation of a depletion 

layer in the p-n junction, with the electric field directed towards the p-type from the n-type 
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material [8]. Under radiance, the Fermi level at the p-n junction divides into two quasi-fermi 

levels in the p-type and n-type sections, respectively. The difference between the p-type and n-

type quasi-Fermi levels gives the open circuit voltage. In the neutral regions both Quasi-Fermi 

levels become the same as the majority-fermi level. Currently, first generation solar cells produce 

the highest efficiencies both in single and multijunction devices (fig 1.1). Nevertheless, due to 

high production and installation costs these cells exceed the cost of R14.36/watt photoelectric 

power conversion [8]. 

 

Second generation solar cells, also known as thin film solar cells use less materials and low cost 

production, which helps to bring down the price for photoelectric power conversion to less than 

R14.36/watt [8]. CdTe and CIGS are typical examples of second generation solar cells [20, 21 

and 22]. These solar cells produce high efficiencies e.g. 23.3% for CIGS relative to the 27.6% of 

single crystal Si solar cells [7]. Regardless of these very good efficiencies, issues such as the use 

of rare In and toxic element remain.  

 

 

Figure 1.2: Schematic cross-section view of thin film (a) CIGS and (b) CdTe solar cells  
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In 1961, William Shockley and Hans-Joachim Queisser developed a theoretical framework for 

determining the limiting efficiency of a single junction solar cell based on the principle of detailed 

balance equating the incoming and outgoing fluxes of photons for a device at open-circuit 

conditions [23]. The limit is one of the most important factors for solar energy production, and is 

considered to be one of the most important contributions in the field [24]. They calculated the 

maximum theoretical efficiency for single p-n junction solar cells and found it to be 30% for an 

energy gap of 1.1 eV under 1 sun illumination [23]. From their analysis, it was found that this 

limit was due to loss mechanisms such as non-usage of the photon energies smaller than the 

bandgap and thermalisation of photon energies higher than the bandgap [8].  

 

Several approaches have been suggested to overcome the Shockley-Queisser limit. One of these 

approaches is the up and down conversion, whereby the use of a material that can absorb more 

than one low energy photon and emit one photon with energy above the bandgap (also referred to 

as anti-stokes optical process) is proposed in the case of up conversion [8, 26]. Moreover, the 

multiple exciton generation (MEG) is another approach under investigation. This approach 

involves the use of photons with energies at least twice greater than the bandgap energy to 

generate and split two excitons out of one absorbed energetic photon. Additionally, the extraction 

of “hot” charge carriers before they thermalize is also a way to make use of energetic photons and 

thus increase the voltage of the cells. In light of these developments, it has been foreseen that the 

successful application of these methods to decrease the nonradiative losses will break the 

Shockley-Queisser limit for single junction solar cells. Solar cell devices that follow these 

approaches are known as third generation solar cells. Strictly speaking, it should be known that 

only quantum dot sensitised solar cells satisfy some of the criteria for a third generation solar 

cells. If successful, these devices promise to curb the cost for photoelectric power conversion to 

less than R7.18/watt [8]. 
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In 1991, Gratzel and O‟Regan pioneered in the development of dye sensitised solar cells (DSSCs) 

[25]. Even though they are not as good as the crystalline Si or CIGS solid state solar cells in terms 

of efficiency, DSSCs have been immensely studied as the next-generation solar cells because of 

their simple structure, light weight, and their promise to be relatively inexpensive. The recorded 

efficiency values of the best DSSCs with liquid and solid hole transporting materials (HTM) are 

about 13% and 7.2%, respectively [30, 31]. DSSCs are comprised of a mesoporous TiO2 anode 

sensitised with a light absorbing dye layer and permeated by a liquid redox couple or solid HTM 

[32]. Under radiant light, the dye molecule absorbs a photon and becomes excited by the transfer 

of an electron from the highest occupied molecular orbital (HOMO) to lowest unoccupied 

molecular orbital (LUMO). This excited electron is rapidly injected into the conduction band of 

TiO2 and travels to one of the solar cell electrodes by hopping from particle to particle. The 

positively charged dye undergoes an electrochemical reaction with I
-
 in the electrolyte to form I3- 

which shuttles the hole to the counter electrode where it is reduced back to I
-
 to repeat the cycles. 

DSSCs have proven to be a promising emerging photovoltaic technology; however, DSSCs have 

low stability, low spectral absorption inherently caused by dye complexes, high electron 

recombination rate and poor mechanism of transport of generated electrons from the sensitizers 

[25]. For these reasons, it is risky to adapt the materials to be not only cost effective but also long 

lasting. Additionally, so far no dye has been found that injects electrons in the whole visible and 

near infrared of the solar spectrum. 
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1.3 Quantum dots (QDs) 

 

As already mentioned, the sensitizers commonly employed in DSSCs uses organic dyes of 

ruthenium polypyridine complexes. To increase the light harvesting efficiency in the visible 

region many efforts have been made to synthesize organic dyes of ruthenium complexes with 

improved visible light absorption. It has always been a challenge to obtain an ideal 

organic/inorganic dye sensitizer (rainbow dye) that matches the entire visible section of the solar 

spectrum (400-1800 nm). For this reason, narrow band-gap semiconductors such as quantum dots 

(QDs), have been used as photo-sensitizers instead of organic/inorganic dye as sensitizers. QDS 

are small crystals of semiconducting materials whose exciton undergoes quantum confinement in 

three spatial dimensions and is composed of about a hundred to a few thousand atoms [10]. They 

are made up of atoms of periodic groups of II-VI, III-VI, or IV-VI materials [11, 12 and 13]. As 

light absorbers QDs have drawn great interest as sensitizers in quantum dot sensitized solar cells 

(QDSSCs).  

 

QDs possess versatile optical and electrical properties including: 1) a tuneable band gap 

depending on QD size [34], 2) a larger extinction coefficient, 3) higher stability towards natural 

elements such as water and oxygen, and 4) multiple exciton generation (MEG) with single-photon 

absorption. Another important aspect of QDs is based on their molecular-like electronic levels. 

QDs could make it possible to slow down the thermalisation of excitons via phonon emission 

when energetic photons are absorbed by the QDs. This would allow implementation of the 

processes such as hot carrier extraction and multiple excitons generation and splitting [8].  

 

As the field of QDSSCs is relatively new, there is a limited amount of research gathered at this 

point. Because of this insufficiency, there are still many issues with QDSSCs that must be 
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addressed through further research. Issues such as those faced by the Schottky device are already 

beginning to be solved; however, there are many more ahead. The ACS Nano article states, “the 

optimal QDSSCs configuration has not been obtained yet, and issues as the optical absorption, 

charge recombination, hole scavenging, electrolyte, recombination, and series resistance (counter 

electrode effect) need to be improved”. Because these areas still must be improved, QDSSCs 

haven‟t yet reached their theoretical efficiency. Additionally, researching QDSSCs is logical 

because their development can positively impact society as a whole. If the energy of the sun can 

be harnessed efficiently and cost effectively, the issues of greenhouse gas emission, limited 

natural resources, and dangerous mining conditions can be significantly alleviated. This project 

therefore has the potential to enhance quality of life by providing electricity to an otherwise 

impoverished community. 

 

1.4 Quantum Dots Sensitised solar cells (QDSSCs) 

 

The working principle of a typical QDSSC is similar to that of a DSSC. Figure 1.3 shows the 

schematic diagram of a typical QDSSC solar cells. QDs are deposited onto a wide bandgap metal 

oxide semiconducting electrode like TiO2 and permeated by a liquid redox couple [35]. In a 

typical cycle, the QD is first excited by absorption of a photon from HOMO to the LUMO. In 

favourable conditions, the QD injects a photo-excited electron to the conduction band of TiO2 

resulting in the QD becoming oxidized. The injected electron is transported within TiO2 and then 

extracted through the external load to the counter electrode to reduce the redox mediator. The QD 

is regenerated by electron donation from the electrolyte, usually an organic solvent containing a 

redox system, such as the iodide/ triiodide couple. The iodide is regenerated, in turn, by the 

reduction of triiodide at the counter electrode, with the circuit being completed via electron 
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migration through the external load [27, 28]. Overall, the device generates electric power from 

light without suffering any permanent chemical transformation [27]. 

 

 

 

Figure 1.3: An illustration of the working principle of a QDSSC.  

 

Moreover, it has been suggested that QDSSCs might offer favourable features compared to their 

DSSC counterparts based on the simple synthesis and processing of QDs and the abundance and 

variety of different materials which can be used [36]. In principle, it is believed that the size-

dependant bandgap tuneability of QDs permits the harvesting of photons over the optimum 

spectral range and the design of multijunction cycle solar cells [33, 29]. Obviously, there are 

some areas that need to be improved in the field of QDSSCs, but the diversity of different 

possible device architectures such as liquid or solid state QDSSCs, extremely thin absorber (ETA) 

cells, Schottky-junction cells, fully inorganic/organic depleted or bulk heterojunction cells makes 

them very attractive for a wide range of applications. 
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1.5 Problem Statement 

 

The use of solar cells has attracted world-wide attention. Although the monocrystalline Silicon 

solar cell has achieved the highest photon conversion efficiency, their relatively high 

manufacturing cost has inhibited their commercialization [14]. Several new photovoltaic systems 

have been presented including dye-sensitized solar cells (which was invented by Michael Gratzel 

and Brian O‟Regan in 1991 [25]), multi-junction solar cells and organic solar cells. As a 

promising alternative to Si-based solar cells, DSSCs have played a promising role in the 

development of renewable energy. DSSCs are made from low-cost materials and do not require 

any elaborate or complicated machinery to operate. Also, they can be engineered into flexible 

sheets and are resilient.  

 

This project aims to address the inherent problem with the dye molecular sensitizer used in 

DSSCs, which is extremely inefficient at converting absorbed photons into free electrons in the 

TiO2 layer and at the same time the molecular dyes available to date absorbs a small section of the 

solar spectrum. 

 

DSSCs are limited by how many photons the dye can absorb. The photons that do not get 

absorbed are the ones that produce energy. The rate at which the photons are absorbed depends on 

the overlap between the absorption spectrum of the TiO2 and the entire flux spectrum. 

Additionally, the major problems associated with using expensive dyes to sensitise solar cells is 

still not worthwhile. Therefore, this study aims to replace these expensive molecular dyes by 

synthesizing CdSe QDs of various sizes to broaden the spectral response of QDSSC devices. The 

use of nano-sized narrow band gap semiconductor QDS as sensitizers instead of molecular dyes is 

preferred as an effective and favourable alternative due to a number of factors presented above. 
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1.6 Motivation of the Study 

 

The motivation behind this project stands on the fact that there is a constant rise in the prices of 

conventional energy resources (fossil fuels) and their associated negative environmental impact. 

Countries like South Africa are forced to look into alternative renewable energy solutions. As 

such, South Africa has unambiguously acknowledged the potential of solar energy that has gone 

unnoticed for so long. If, however, South Africa, with almost double the annual solar resource as 

Europe, wants to be a meaningful global role player in solar energy in general and photovoltaics 

in particular, it must dramatically improve its knowledge base in this field. In this regard, the 

South African government‟s primary objective of The Ten-Year Plan for Science and 

Technology, is to ensure that government investment in scientific research not only strengthens 

the effectiveness of our National System of Innovation, but also yields tangible socio-economic 

benefits and human capital development for our country. The plan necessitates funding of well-

structured and coordinated programmes. 

 

The PV Spoke is well aligned and situated to contribute significantly in achieving this objective. 

Furthermore, the main motivation behind solar energy lies in the sole purpose of this Ten-Year 

Innovation Plan that is to help drive South Africa‟s transformation towards a knowledge-based 

economy, in which the production and dissemination of knowledge leads to economic benefits 

and enriches all fields of human endeavour. The plan proceeds from government‟s broad 

socioeconomic mandate – particularly the need to accelerate and sustain economic growth – and 

is built on the foundation of the national system of innovation (NSI). It recognises that while the 

country‟s science and technology system has taken important strides forward, there is a 

tremendous gap between South Africa and those countries identified as knowledge-driven 

economies. To close this gap, the NSI must become more focused on long range objectives, 
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including urgently confronting South Africa‟s failure to adequately provide in both a qualitative 

and quantitative sense of knowledgeable human capital capable of building a globally competitive 

economy. Also the main motivation behind the study is therefore to address the grand challenges 

in Energy to provide safe, clean, affordable and reliable energy supply and South Africa must 

meet its medium-term energy supply requirements while innovating for the long term in 

renewable energy. 

 

The rationale behind the study is that renewables are well suited for meeting decentralized 

Southern Africa rural energy demand and create new jobs, increase access to clean energy and 

lower greenhouse emissions. Silicon solar cells have achieved significant electricity conversion 

efficiencies [17] However, the high fabrication cost and the usage of toxic chemicals in producing 

highly purified silicon during the manufacturing process has motivated this work to search for an 

environmentally friendly, low-cost solar cell QDSSC a derivative of the DSSC. DSSCs have 

received considerable attention since O‟Regan and Grätzel reported a remarkably high conversion 

efficiency of nearly 13 % using nanocrystalline mesoporous TiO2 film. Also a further motivation 

of this work is that the manufacturing cost of DSSCs, which are 3
rd

-generation solar cells, is 

approximately 1/3 to 1/5 times that of silicon solar cells [18]. However, the development of a 

single-molecule panchromatic sensitizer still remains a molecular engineering challenge in efforts 

to improve the overall power conversion efficiency of DSSC device beyond 13 %. In this regard 

the main motivation behind the study is that new initiatives are needed to harvest photons 

employing nano-structured semiconductor QDs and molecular assemblies. Narrow band gap 

semiconductors quantum dots such as CdSe, PbS, Bi2S3, CdS and lnP can serves as sensitizers 

because they can transfer electrons to large band gap semiconductors such as TiO2 [19] . These 

semiconductor quantum dots have tuneable band gap edge and can offer new opportunities to 

harvest light in the useful section of the solar spectrum. These narrow band gap semiconductor 
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nano-structures can harvest visible light if assembled on an electrode in an orderly fashion. The 

motivation of this study is to also address the shortcomings of the Grätzel type solar cell by 

synthesising and characterizing CdSe quantum dots for solar cell application. Quantum dots have 

a great potential to become efficient energy generators. The energy band gap of these 

semiconductor quantum dots can be adjusted by size to match the entire solar spectrum. Small 

band gap semiconductors like CdSe can act as a sensitizer because they can transfer electrons to 

large band gap semiconductors when illuminated in sunlight. 

 

1.7 Aims and Objectives 

 

Aims 

[1] Synthesize CdSe Quantum dots using the hot injection method. 

[2] Characterize the as synthesized CdSe QDs using FTIR, XRD, HRTEM, RS and UV-Vis 

spectroscopy. 

 

Objectives 

 

[1] To synthesize of CdSe QDs at different temperature using the hot injection  

[2] To investigate the effect of synthesis temperature on the Morphological, Structural and 

Optical properties of CdSe QDs synthesized by the hot injection method 

[3] To evaluate the structural properties of CdSe QDs using FTIR. 

[4] To determine the crystal structure of CdSe QDs by using XRD. 

[5] To evaluate the morphological evaluation of the CdSe QDs using HRTEM 

[6] To investigate the Raman modes of CdSe QDs synthesised by hot injection method using 

RS. 
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[7] To evaluate the optical properties and particle sizes of CdSe QDs using UV-Vis 

spectroscopy. 

 

1.8 Research Questions 

 

[1] Is it possible to synthesise high quality CdSe QDs with different particle sizes using the hot 

injection method? 

[2] Which way can precursor solutions of CdSe QDs be synthesized using the hot injection 

method? 

[3] What is the effect of varying synthesis temperature on the morphological, structural and 

optical properties of CdSe QDs synthesised by the hot injection method? 

[4] What is the effect of capping CdSe QDs on its crystal structure? 

 

1.9 Limitations and Delimitations of the study 
 

[1] This dissertation focuses on Fabrication and Characterization of CdSe QDs using the hot 

injection method. The application of the Fabricated CdSe QDs in QDSSC at this stage is 

beyond the scope of this MSc work.  

[2] This dissertation focuses on evaluating the structural, morphological and optical properties 

of the fabricated CdSe QDs. Evaluation of the electronic properties of the CdSe QDs at this 

stage is beyond the scope of this dissertation. 

[3] The characterization of a QDSSC is beyond the scope of this research at this level. 
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This dissertation is divided into five chapters. Chapter 1 provides an overview of the work done.  

Chapter 2 provides a detailed literature review on the synthesis methods available for preparing 

quantum dots. Chapter 2, also provide a review on the applications of QDs ranging from 

biological imaging, light emitting diodes (LEDs), to photovoltaic applications. Chapter 3 

presents experimental set up and research methodologies employed in the synthesis of CdSe QDs.  

 

Chapter 3 also presents the detailed experimental procedures used in the morphological, 

structural and optical characterization of the CdSe QDs. Chapter 4 presents the major research 

findings from this work. Chapter 4 presents and discusses in detail effect of synthesis 

temperature on the morphological, structural and optical properties of CdSe QDs. This work signs 

off by presenting the concluding remarks and future recommendations in Chapter 5. 
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Chapter 2 

Literature Review 
 

2.1 Overview 
 

Chapter 2 provides a detailed literature review of quantum dots. This chapter commences by 

providing a brief explanation about nanostructured materials, history of quantum dots and their 

properties. Moreover, chapter 2 talks about the current methods available for synthesising CdSe 

QDs specifically top down methods and bottom up approaches. Lastly, Chapter 2, also presents 

possible applications of QDs.  

 

2.2 Nanostructured Materials 
 

The discipline of nanotechnology is built around the exploitation of materials, which show unique 

physical properties at nanometer size scales. By definition, nanostructured materials are materials 

with at least one dimension in the size range from approximately 1-100 nanometers [1], they can 

exist as individual particles or clusters of nanoparticles of various shapes and sizes [2]. In 

nanotechnology, a particle is defined as a small object that behaves as a whole unit with respect to 

its transport and properties [3]. Nanoparticles can be made from a wide variety of materials, 

including metals, semiconductors, organic materials or biomaterials. All these materials can be 

incorporated into nanomaterials. As previously defined, a nanomaterial is a material with at least 

one external dimension in the nanoscale (1–100 nm); whereas a nanoparticle is defined as a 

material with all three external dimensions in the nanoscale [4]. Research has revealed that 

nanostructured materials mostly exhibit geometries that reflect the atomistic bonding analogous to 

the bulk structure. The nanomaterials are of interest due to their ability to bridge the gap between 

the bulk and molecular levels and lead to entirely novel avenues for application. Nanostructured 

materials exhibit a high surface-to-volume ratio compared to their bulk counterparts. In this 
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regard, a large fraction of atoms is present on the surface, which makes them possess different 

thermodynamic properties. During the past two decades, huge attention has been focused on the 

optoelectronic properties of nanostructured semiconductors with an emphasis on fabrication of the 

smallest possible particles. Investigations have revealed that many fundamental properties are 

size-dependent in the nanometer range. For instance, the density of states (DOS), that is the 

number of quantum states per energy for periodic materials with three, two or one dimension, is 

shown in Fig. 2.1 [4]. If the extent of the material is on the order of one to ten nanometers in all 

three directions, the material is said to be a quantum dot (QD). A QD is zero-dimensional 

comparative to the bulk, and the DOS depends upon whether or not the QD have aggregated. The 

DOS for a molecule and an atom are also shown in Fig. 2.1. The electron density in a three-

dimensional bulk crystal is so great that the energy of the quantum states becomes nearly 

continuous. However, the limited number of electrons results in discrete quantized energies in the 

DOS for two, one and zero dimensional structures. The presence of one electronic charge in the 

QDs repels the addition of another charge and leads to a staircase-like I-V curve and DOS. The 

step size of the staircase is relative to the reciprocal of the radius of the QDs. The restrictions as to 

when a material has the properties of bulk, QD or atoms, are dependent on the composition and 

crystal structure of the compound or elemental solid. When a solid exhibits a distinct variation of 

optical and electronic properties with a variation of size, it can be called a nanostructure. And 

nanostructures are characterised as two-dimensional, e.g. thin films or quantum wells, one-

dimensional, e.g. quantum wires; or zero-dimensional, e.g. QDs. 

Even though each of these categories shows interesting optical properties, our discussion will be 

focused solely on QDs. 
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Figure 2.1: Schematic illustration of the changes of the density of quantum states (DOS) with 

changes in the number of atoms in materials. [4] 

  

Bulk Material

Atom

Molecule

QDs

Diameter Dimensions MO Theory Density of states (DOS)

1.2 A

1-3 nm

1-20nm

>20nm

zero

zero

zero

Three, two 

or one

AO

AO

AO
LUMO

HOMO

Few 

molecules

Single 

molecule

Series of QDs Few QDs Individual QDs

3D Crystal 2D Crystal 1D Crystal



 

23 

 

2.3 Quantum dots 
 

2.3.1. History of Quantum dots 
 

Ever since the early days of the 1960s, the concept of semiconductor crystallites has been 

suggested as a new structure of a semiconductor material. Ekimov and Brus developed the 

conceptual idea of QDs in solid and liquid state respectively [5], but the term "QDs" was created 

by Mark Reed and after then it became one of the most fascinating area of research [6]. Currently, 

QDs are known as the new generation of materials and technically defined as “small crystals 

containing a variable number of electrons that occupy well-defined, discrete quantum states and 

have electronic properties intermediate between bulk and discrete fundamental particle.  

 

Moreover, a procedure for synthesizing PbS QDs was first proposed more than two centuries ago 

using low-cost natural materials such as PbO, Ca(OH)2 and H2O [7]. Greeks and Romans used 

these materials as cosmetics to dye their hair. Recently it was discovered that controlling the size 

of QDs in silicate glasses is one of the oldest and most regularly used techniques to change the 

colour of glass. In the early twentieth century, CdS and CdSe were combined to obtain red-yellow 

colours into silicate glasses. In 1932, Rocksby [8] used X-ray diffraction to determine the 

precipitates of CdS and CdSe in generating colours. Semiconductor doped glasses were used as 

filters in optics. Ekinov and Onushchenko [9] reported a blue shift of the optical spectrum for 

nanometre sized CuCl in silicate glass. In 1982, Efros and Efros [10] advanced that quantum size 

effects (the change of optical and optoelectronic properties with size) could be used to control the 

colour of glass by either varying the size or stoichiometry of CdSxSe1−x. In 1991, Rosetti et al. 

[11] discussed the change in colour of colloidal solutions of semiconductor. Over the last two 

decades, experimental and theoretical research on nanoparticles has significantly increased.  
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Quantum dots are very small crystals of semiconductor materials. Their size ranges from about a 

hundred to a few thousand atoms. The diameter of a quantum dot is approximately between one 

and ten nanometres, which puts them in a special size range that retains some properties of bulk 

materials, as well as some properties of individual atoms and molecules. As semiconductors, 

quantum dots have certain associated electronic and optical properties [12]. Their high 

fluorescence and narrow spectrum shape makes them an excellent tagging alternative to 

conventional fluorescent dyes.  

 

During the past three decades, extensive research has been performed on the properties and uses 

of quantum dots. For bulk semiconductors, the band gap of the material is a set energy barrier 

between the valence and conduction bands, dictated by the composition of the material [13]. 

Unlike bulk semiconductors, the bandgap of a quantum dot is also influenced by its size. Small 

QDs produce light with short wavelength and large QDs produce light of longer wavelength. 

When interpreted in terms of the colour in the visible spectrum, this implies that small QDs emit 

blue light and larger ones, red light which makes the wavelength of light emitted by the particles 

tunable (Fig. 2.2). 
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Figure 2.2: Energy and size correlation in a QD confined system 

 

There are many advantages of using QDs. It has already been mentioned that they are notable for 

their high fluorescent intensity. The fluorescent spectrums of quantum dots have a narrower full 

width half maximum (FWHM, the width of the spectrum at half of the peak intensity) than 

fluorescent dyes, this makes the dots more precise. Quantum dots have a much longer shelf life 

when compared to organic fluorescent dyes. They can be stored for months with no deterioration 

of their fluorescent properties. [16]. Quantum dots have also proved to be stable semiconductors 

[15]. Due to their properties, different sizes of QDs can be used at once with the same excitation 

wavelength and can clearly be distinguished from each other, to both the naked eye and using 

spectrometers [14]. 

 

Additionally, QDs exhibit solid-solid phase transition like bulk semiconductors, and these 

transitions have a substantial influence on the optical properties of QDs. Phase transitions in bulk 
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materials can be induced by varying pressure, temperature and composition [17,18]. Bulk CdSe 

may exhibit either a hexagonal wurtzite or a rock salt cubic structure with a direct or indirect 

band-gap, respectively. Above a certain pressure, bulk CdSe QD can be converted reversibly from 

low pressure wurtzite to the high pressure rock salt structures [19]. The low intensity optical 

emission from the rock salt form of CdSe is in the near infrared (NIR) spectral region at 0.67 eV 

(1.8 μm). Using high pressure XRD and optical absorption, Alivisatos and co-workers showed 

that the wurtzite to rock salt structural transformation also occurred in CdSe QDs [17, 18]. The 

ratio of oscillator strength between direct and indirect structures did not vary with size of QDs. 

 

2.3.2. Properties of Quantum dots 
 

The most significant property that makes QDs applicable to solar cell and other applications 

comes from a property known as quantum confinement, which arises due to change in density of 

states and was first reported by Ekimov and Onushchenko [9]. Since then, a lot of research has 

been conducted in the field of quantum confinement effect in semiconductors and in low 

dimensional nanostructures [21, 22]. The quantum confinement effect is the widening of the 

band-gap (gap between the valence and conduction band) with a reduction in the size of the 

quantum dot. It is because of this effect that the quantum dots prepared using the same material 

but with different sizes display several colours (Fig.2.2) [26]. QDs exhibit exclusive electronic 

and optical properties due to this effect. 

 

Moreover, CdSe QDs have received extensive attention owing to their unusual electronic and 

optical properties and are of great use in various applications. These properties can be 

transformed by simply manipulating the number of atoms in the QDs while maintaining the same 

chemical composition. The optical and electronic properties of semiconductor nanoclusters come 

up from interactions between electrons, holes, and their local environments [23]. QDs undergo 
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photoexcitation on absorption of photons when the excitation energy exceeds their band gap and 

electrons get promoted from the valence band to the conduction band. 

 

The electron in an excited state is a high energy electron. The excited electron and hole form an 

exciton. The electron and hole may recombine and relax to a lower energy state, ultimately 

reaching the ground state. The excess energy resulting from recombination and relaxation may be 

either radiative (emits photon) or nonradiative (emits phonons). The luminescence of QDs is due 

to radiative relaxation. Measurements of UV-visible spectra show a great number of energy states 

in QDs. A remarkable peak is observed as the first observable peak from the lowest excited 

energy state. Excitations at shorter wavelengths are also likely due to multiple electronic states 

present at higher energy levels. The size of CdSe QDs is used to tune the optical gap across a 

major portion of the visible spectrum [24, 27]. In the case of CdSe QDs, the optical gap can be 

tuned by reducing the QD size from red (approximately 1.7 eV) to green (approximately 2.4 eV). 

Therefore, tuning their size allows for modification of their optical properties [25]. 

 

2.4. Synthesis Methods 
 

High quality QDs have been synthesised either on a substrate or dispersed in an organic/inorganic 

solution. Several techniques have been employed in the synthesis of CdSe QDs. These techniques 

are categorised as either top-down (carving large piece of a material to the desired nanostructures) 

or bottom-up (assembling atoms to form the desired nanostructures) methods. Generally, some of 

these techniques are practical in solar cells applications. Below both approaches are discussed 

briefly. 
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2.4.1. Top-Down Approach 
 

In the top-down approaches, a bulk semiconductor is thinned to form the QDs. Electron beam 

lithography, reactive-ion etching and/or wet chemical etching are examples of top down 

techniques. Electron beam lithography has been widely used to synthesise QDs by the 

combination of high resolution electron beam lithography and subsequent etching. However, it 

was found the spatial resolution required for acquiring the best size regime, where significant 

quantization effects can be expected tends to be larger than the desirable level. Moreover, 

lithographic processes and subsequent processing often produce contamination, formation of 

defects, size non-uniformity, poor interface quality, and even damage to the bulk of the crystal 

itself [28]. Lastly, it was found that traditional top–down patterning methods like 

photolithography and beam lithography are time-consuming and expensive processes [29]. 

 

Alternatively, focused ion or laser beams have also been used to fabricate QDs. The shortfalls of 

this process include incorporation of impurities into the QDs and structural imperfections by 

patterning. Etching, known for more than 20 years, plays a very important role in these 

nanofabrication processes. In dry etching, a reactive gas species is inserted into an etching 

chamber and a radio frequency voltage is applied to create a plasma which breaks down the gas 

molecules to more reactive fragments. These high kinetic energy species strike the surface and 

form a volatile reaction product to etch a patterned sample. When the energetic species are ions, 

this etching process is called reactive ion etching (RIE). With a masking pattern, selective etching 

of the substrate is achieved. Fabrication of GaAs/AlGaAs quantum structures as small as 40 nm 

has been reported using RIE with a mixture of boron trichloride and argon [30]. This RIE process 

has been used to produce close-packed arrays for testing of lasing in QD semiconductors. Close 

packed arrays of ZnTe QDs with interdot distance of 180 nm to 360 nm were produced by RIE 

using CH4 and H2 [31]. 
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Focused ion beam (FIB) techniques also offer the possibility of fabricating QDs with extremely 

high lateral precision. Highly focused beams from a molten metal source (e.g., Ga, Au/Si, 

Au/Si/Be, or Pd/As/B) may be used directly to sputter the surface of the semiconductor substrate. 

The shape, size and inter-particle distance of the QDs depend on the size of the ion beam but a 

minimum beam diameter of 8–20 nm has been reported for both lab and commercial systems, 

allowing etching of QDs to dimensions of <100 nm. The FIB technique can also be used to 

selectively deposit material from a precursor gas with a resolution of ~100 nm. Scanning ion 

beam images (analogous to scanning electron microscope images) can be developed by ion beam 

nanofabrication at the desired, predetermined locations with high resolution [32]. However, this is 

a slow, low throughput process which requires the use of expensive equipment that leaves 

residual surface damage, therefore there is a demand for new more sophisticated techniques for 

the fabrication of QDs. 

 

2.4.2. Bottom- up Approach 
 

In the bottom up method, QDs are assembled from basic building blocks such as molecules or 

nanoclusters. Unlike the top down methods, whereby high power techniques are used to 

physically decrease the size of the particle, the bottom up approach employs a much gentler 

approach. Bottom up approaches are subdivided into two categories, wet chemical methods and 

vapour phase methods. 

 

Vapour phase methods 

 

In vapour-phase methods layers of quantum dots are grown in an atom-by-atom process without 

any patterning instead by hetero-epitaxial growth of highly strained material. Vapour phase 

methods are widely used with optoelectronics such as lasers, infrared photodetectors and 
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nanotechnologies. Vapour phase methods can be classified according to their reaction types. They 

are classified into physical vapour deposition (PVD) and chemical vapour deposition (CVD). 

 

Physical Vapour Deposition 

 

PVD refers to a variety of thin film deposition techniques where solid metal is vaporized in a high 

vacuum environment and deposited on electrically conductive materials as a pure metal or alloy 

coating. Layer growth by physical vapour deposition (PVD) results from condensation of a solid 

from vapours produced by thermal evaporation or by sputtering [33]. As a process that transfers 

the coating material on a single atom or molecule level, it can provide extremely pure and high 

performance coatings which for many applications are much preferable to electroplating. PVD 

coating processes are environmentally friendly processes that can greatly reduce the amount of 

toxic substances that must be disposed of with more conventional types of coating that involve 

fluid precursors and chemical reactions. Different techniques have been used to cause 

evaporation, such as electron beam heating, resistive or Joule heating, arc-discharge and pulsed 

laser ablation. In any case, strain and surface energies control the formation of QDs from the 

deposited thin films.  
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Figure 2.3: Diagram showing an example of PVD technique, sputtering 

 

Chemical vapour deposition 

 

CVD is the formation of non-volatile solid film on a substrate by the reaction of vapour phase 

chemicals (reactants) that contain the required constituents. In CVD, precursors are introduced in 

a chamber at a particular pressure and temperature and they diffuse to the heated substrate, react 

to form a film, followed by gas-phase by-products desorbing from the substrate and being 

removed from the chamber [34]. The substrate temperature is critical and can influence what 

reactions will take place. The problem with both PVD and CVD is that they are line of sight 

techniques meaning that it is extremely difficult to coat undercuts and similar surface features. 

Both techniques require high capital costs, some processes operate at high vacuums and 
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temperatures requiring skilled operators. Processes that require large amounts of heat also require 

an appropriate cooling systems, which is costly. And lastly, the rate of coating deposition is 

usually quite slow. 

 

 

 

Figure 2.4: Schematic diagram showing an example of a CVD technique 

 

Wet chemical methods 

 

Wet-chemical methods mainly follow the conventional precipitation methods with careful control 

of parameters for a single solution or mixture of solutions. The precipitation process invariably 

involves both nucleation and limited growth of nanoparticles. Nucleation may be categorized as 

homogeneous, heterogeneous or secondary nucleation [33]. Homogeneous nucleation occurs 

when solute atoms or molecules combine and reach a critical size without the assistance of a pre-

existing solid interface. By varying factors, such as temperature, electrostatic double layer 

thickness, stabilizers or micelle formation, concentrations of precursors, ratios of anionic to 
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cationic species and solvent, QDs of the desired size, shape and composition can be achieved. 

Some of the common synthesis processes are briefly discussed below. 

 

Sol-gel method 

 

The sol-gel technique has been used for many years to synthesize nanoparticles including II-VI & 

IV-VI QDs like CdS [35] and PbS [36]. The three significant steps in this process are hydrolysis, 

condensation (sol formation) and growth (gel formation). In a typical technique, an inorganic 

network of colloidal suspension (sol) is formed, followed by the gelation of the sol solution to 

form a continuous liquid phase (gel). The formed gel can be used to fabricate different 

nanomaterials and nanostructures such as powders, aerogels, xerogels, etc. [37]. There are number 

of precursors that can serve as sol forming constituents such as, metal alkoxides, metal organic 

compounds, salts of inorganic acids, salts of organic acids, etc. However, the most commonly 

used precursors are metal alkoxides; these are compounds in which a metal is bonded to one or 

more alkyl groups through an intermediate oxygen atom. 

 

In a typical process, precursor solution is dissolved in a solvent or a mixture of organic solvents. 

An acid or base catalyst may be added to increase the rate of the reaction. Inspite of the range of 

the precursors that can serve the function of precursor materials, they will undergo hydrolysis of 

and polycondensation processes to form M-O-M bonds. In the hydrolysis process, precursor will 

hydrolyse in the medium and gets a hydroxyl group typically through the reaction with water. 

Polycondensation is the process in which the hydrolysed species combines to make an inorganic 

polymer like chains through elimination of a water molecule. Depending on the process 

conditions and the chemical constituents in the sol-gel bath, sol properties can be tuned. 

Typically, the process conditions are designed in such a way as to obtain short or long polymeric 
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chains or colloidal particles. These differences in sol properties can be advantageous for specific 

applications such as thin film coating, powder preparation and spray pyrolysis. The sol can be 

transformed in to a gel state through continuous polycondensation and solvent evaporation. The 

resulting gel is a system consisting of a solid and three dimensional network of sol and the 

solvent. The gel can be further processed to remove the solvent residue and other chemical traces. 

Once the residue is removed, the sol system collapses in to an amorphous solid structure, which is 

known as xerogel [38]. This material can be sintered in a furnace to transform the xerogel to a 

solid crystalline material.  

Additionally, the sol gel process can be of help in obtaining materials with a wide range of 

oxygen and some metallic compositions. The main shortfalls of the sol gel technique include a 

broad size distribution and a high concentration of defects [36]. 

 

 

 

Figure 2.5: Schematic diagram showing the process of the sol gel technique. [77] 
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Hot Injection Method 

 

The decomposition of molecular precursors at high temperatures in a coordinating solvent is one 

of the most successful and popular routes to prepare high-quality QDs [69] This approach was 

first developed by Bawendi et al. in 1993 [70]. In a typical synthesis process, they prepared CdE 

QDs (E = Se, S, and Te) through distinct, rapid injections of a solution of cadmium dimethyl 

(CdMe2) and selenium powder (Se) dissolved in trioctylphosphine (TOP) and Trioctylphosphine 

oxide (TOPO) and heated up to high temperatures in an oxygen free environment [70]. CdSe 

nanocrystallites immediately begin to nucleate and grow. The desired size of CdSe quantum dots 

can be achieved by adjusting the amount of injected precursors and the reaction time. The capping 

agent allowed particle stability in organic solvents, prevented particle aggregation, and 

electronically passivated the semiconductor surface. Although this method has been successful at 

producing high-quality QDs, it is hindered by the toxicity of the starting materials. Particularly, 

the alkyl metal (CdMe2) is pyrophoric, explosive at high temperatures, and emits highly toxic 

gases of metal oxide. It was later discovered that cadmium oxide (CdO) and cadmium salts such 

as cadmium acetate (Cd(Ac)2) and cadmium carbonate (CdCO3), proved to be adequate 

substitutes of cadmium dimethyl (CdMe2). Compared to the highly unstable CdMe2, the cadmium 

salt substitutes offer several advantages which include: [1] the injection temperature can be much 

lower (220 °C to 300 °C), [2] both nucleation and growth are almost independent of injection 

therefore ensuring great reproducibility, and [3] the slow nucleation suggests that the injection 

can be complete within a longer time, therefore allowing large amounts of stock solutions to be 

added to the reaction vessel, making the process more feasible for scale-up productions.[69] 

Today, a typical reaction involves the dissolution of the cadmium salt in a mixture of a 

coordinating and non-coordinating solvents at 300°C or below, followed by the addition of a 

solution of the chalcogenide (Se, S, or Te) in a cation precursor [69,72]. The chalcogenide and 
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cadmium precursor combine to form stable nuclei that subsequently grow as the reaction proceeds 

[72]. At the growth temperature, surfactant molecules adsorb and desorb rapidly from the QD 

surface, enabling the addition (as well as removal) of atoms from the nanocrystal, while 

aggregation is suppressed by the presence of one monolayer of surfactant at the nanocrystal 

surface [73] The QDs resulting from this method are typically monodisperse, with sizes ranging 

from 1 nm to 10 nm [69]. The hot injection synthesis method was developed to produce superior 

crystallinity and to provide better size control and surface passivation than other synthesis 

methods [74, 75]. At these higher temperatures, there is more thermal energy to assist each added-

atom find more energetically favourable bonding positions in the crystal lattice, therefore 

reducing defects by annealing during growth, leading to increased overall quantum efficiency 

[77]. Another advantage associated with the hot injection synthesis method is that a narrower size 

distribution of QDs may be attained compared to other synthesis techniques because effective 

separation of the two synthesis stages (nucleation and growth) is achieved by the „hot injection 

technique. It is estimated that the fluorescence peak of CdSe QDs immediately after nucleation is 

around 500. The subsequent growth of the QD, however, results in the red shift of the 

fluorescence peak to green, yellow, and red as the size of the QD continues to increase [76]. The 

„hot injection technique‟ was utilized in this thesis. 
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Figure 2.6: A schematic diagram of the hot injection synthesis method 

 

2.5. Surface Passivation  
 

Capping or passivation of the surface of the QDs is very crucial for their development. High 

performing QDs rely on the presence of surfactants for the passivation and stabilisation of QDs 

upon synthesis. The word passivation literally means to make a material less attractive to its 

surroundings. The surfaces of nanoparticles can be very unstable due to strains, uncontrolled 

reconstruction, or unbalanced charges. These unstable sites are ready to bond with pretty much 

anything so as to relax to a lower surface energy state. The most common contaminants are oxides 

coming from oxygen or moisture in air. These species have the potential to be detrimental on the 
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properties of the particles by adding new surface states to the overall crystal energy structure. 

Surface passivation involves introducing ligand molecules to coordinate with unstable sites by 

inducing minimum change in the energy state distribution, while preventing other opportunistic 

contaminants from being adsorbed [39]. In this regard, surface passivation of QDs is very crucial 

in the development of photostable QDs and is generally carried out by depositing an organic or 

inorganic capping layer on the QDs surface [40].  

 

Usually, CdSe QDs have a diameter between 1 nm to 10 nm, with roughly 100 to 1600 CdSe ion 

pairs, and approximately 40 to 250 capping agents on the QDs surface [49]. Ligands play at least 

four different roles in the overall electronic function of the QDs. First, they are present during the 

nucleation process and determine the reactivity and availability of the crystal precursors and 

ligands [50]. Secondly, they control the growth rate and size distribution of the QDs [50] by 

keeping the particles sequestered and facilitating homogenous growth during synthesis [41]. 

Thirdly, capping agents provide colloidal stability, which helps in the prevention of aggregation 

and growth [42, 50, and 43]. Finally, surfactants interact electronically with surface sites and may 

passivate defects on the surface of QDs [41] Defects exist on the surface of QDs due to the large 

surface-to-volume ratio of QDs [45,44,46] which results in the formation of dangling bonds from 

some of the surface atoms [16]. Capping agents serve to donate electrons to, or accept electrons 

from, these dangling bonds of incompletely coordinated metal ions (Cd
2+

 sites are electron 

acceptors, and Se
2-

 are electron donors) in order to preserve the original structure of the QD 

[46,47]. Surface defects usually act as nonradiative recombination sites for electron-hole pairs 

produced by incident excitation light, thereby reducing the quantum efficiency of the QDs [51, 

48]. In CdSe QDs, these nonradiative traps are located above the valence band [45]. Capping 

agents then passivate different amounts of these surface defects to influence the quantum 

efficiency of the QDs. If the capping agent provides good passivation of surface defects, high 
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quantum efficiency is expected. The nature and density of the surface trapping sites depends 

strongly on the surface structure and shape of the QD, along with the nature of the defect sites on 

the QD surface [51, 42].  

 

Because ligands play such a pivotal role on the overall quality of QDs, many efforts have been 

made to synthesise high quality QDs using different capping agents. Recently, several workers 

reported that replacing oleate molecules with short ionic dithiol ligands such as 1.2 ethanedithiol 

(EDT) revealed promising results for PbS QD films [52]. Other groups reported that EDT showed 

a poor resistance to ambient atmospheric conditions [53], while 3-Mercaptopropionic acid (MPA) 

resulted in better stable conditions and improved mobility [54]. Furthermore, Jeong et al [55] 

proposed that the great chemical diversity of MPA (thiol and carboxylic group) in comparison to 

EDT could passivate a broader distribution of surface states.  

 

Even though, there are several different types of capping agents, we have chosen to use 2-

mercaptoethanol (   ) as a capping agent for this work simply because it is an environmentally 

friendly, cheap, and safer capping agent. Additionally, research has shown that     can yield 

much more stable QDs than other capping agents.  
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2.6. Applications 
 

The ability to tune the size of quantum dots allows for their potential application in a number of 

photonic devices [56], laser technology [57], life sciences [58] and photovoltaics [59]. Because of 

their small size and photostability, QDs can be used in cells for longer times than organic dyes 

and can enter into live cells to interact with DNA and proteins. There has been interest in 

detection of cancer cells by means of QDs binding to altered DNA sequences or proteins that are 

present in certain types of cancer. Moreover, QDs have found application in multiple-colour 

imaging of live cells without any effect on normal growth and development due to the narrow and 

tunable emission spectra. 

 

QDs show exceptional optoelectronic properties that have found application in solar cells, while 

the narrow emission spectra have given rise to the idea that quantum dots can be made into light 

emitting diodes (LEDs), with the colour of the LEDs being tuneable through controlling the QD 

size. Lately, there has been interest in the development of white light emitting diodes made of 

semiconductor nanocrystals which has the probability to replace conventional lighting. At the 

early stages of LED technology development, LEDs were used in illuminated signs or traffic 

lights and they are now widely used in television backlight units. The major challenge for the 

energy saving devices is the high cost of fabrication. This could be improved by designing LED 

structures that are less complex and by improving the emitting materials. Compared with 

phosphor-converting LEDs based on GaN, one of the earlier LED technologies, organic light 

emitting devices (OLEDs) can be flexible and fabricated into large areas with low-cost fabrication 

techniques such as evaporation and spin-casting due to the solution-based emitting materials [68]. 

Colloidal CdSe/ZnS core-shell QDs have been the most widely investigated materials for these 

applications due to their high quantum yield and high photostability at room temperature. 
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Advances in nanomaterial synthesis have led to the development of solar cells that can potentially 

combine high efficiency with lower production costs than conventional cells. Quantum dot 

sensitized solar cells (QDSSCs) are a modified version of a DSSCs design with more efficiency in 

which QDs replace the organic dye [60]. The main property that makes QDs better 

photoabsorbers is their band gap that can be size-tuned to optimize exploitation of the entire solar 

spectrum. They exhibit multiple exciton generation with high photostability and highly absorbing 

nature [61]. QDs can also be used to replace the electrolyte as the hole-transporting medium [62]. 

A wide variety of QDs have been investigated as sensitizers for QDSSCs, because of their tunable 

band gap energy, high extinction coefficients and large dipole moment. The most commonly used 

are CdSe, PbS and CdTe. Usually these materials are coupled with metal oxide entities to improve 

the efficiency of the solar cells [63]. Reports have suggested that coupled QDSSCs systems are 

advantageous over single QDs-sensitized cells due to their enhanced photocurrent generation 

[64]. 

 

Many scientists and engineers are now focusing on co-sensitized solar cells with CdS/CdSe QDs 

due to their strong visible light harvesting ability and high carrier migrating speed [65]. CdSe 

QDs have wider absorption scope (approximately 730 nm) [66], and CdS QDs are stronger 

oxidizers to gain electrons from the electrolyte. Combined together, theory predicts that 

CdS/CdSe QDs can ensure high photoelectric conversion efficiency at full visible light spectrum 

[67]. 
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Chapter 3 

Methodology 

3.1. Overview 
 

Chapter 3 presents, the detailed experimental procedures used in the synthesis of CdSe QDs by 

the hot injection method as a method of choice. Here we report on an easy and low cost method to 

synthesise high quality CdSe QDs. The chapter starts off by providing the reagents and material 

used for the preparation of CdSe QDs. Moreover, this chapter presents the experimental set up of 

the system used in fabrication of CdSe quantum dots using the hot injection method. Chapter 3 

closes off by presenting the detailed experimental procedures used in the morphological, 

structural and optical characterization of CdSe QDs synthesized by the hot injection method.  

 

3.2. Hot Injection Method 
 

The hot-injection method is arguably the most versatile and well-studied approach. The hot 

injection method was first reported in the early 90s by Murray and his co-workers [1]. In a typical 

synthesis procedure, trioctylphosphine oxide (TOPO), which is a coordinating solvent, was 

degassed in a three-neck round bottomed round flask. Afterwards, a mixture of methyl-Cd and tri-

n-octyl-phosphine (TOP) selenide prepared separately was injected with vigorous stirring into the 

flask at a certain temperature. Simultaneous injection of precursors solutions into the flask, along 

with TOPO, results in homogeneous nucleation and formation of the desired quantum dots. This 

method has been extensively used over the years to synthesize II-VI and III-V quantum dots [2]. 

The hot injection method has been widely adopted as a method of choice for fabricating II-VI and 

III-V quantum dots mainly due to the numerous advantages it presents as compared to other 

methods discussed in Chapter 2.  The hot injection method has been adopted due to the fact that it 

provides sufficient thermal energy to facilitate fast controlled growth of quantum dots which are 

defect free and monodispersed as compared to other methods presented in Chapter 2. Moreover, 
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the ability to fabricate QDs with tuneable dimensions and shapes translates into direct 

experimental control over the energy gap of the QD. Size-tuneable energy band gaps are arguably 

the most attractive features of semiconductor QDs and have been demonstrated in a broad range 

of material systems. Owing to the advantages indicated above, the hot injection method was 

adopted to fabricate CdSe QDs in this work. Fig. 3.1 presents a flow chart diagram that shows the 

main stages of involved in the synthesis of CdSe QDs by the hot injection method. 

 

 

 

Figure 3.1: Flow chart illustrating the main stages of QD synthesis by the hot injection method. 
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3.2.1. Reagents and Raw Materials 
 

The materials considered in this work are of the high quality and used as received. 

 

[1] Cadmium acetate dihydrate [Cd(CH3COO)2∙2H2O] ( 99%) from Merck 

[2] Selenium powder -100 mesh,99%,Sigma-Aldrich 

[3] 2-mercaptoethanol(HS(CH2)2OH),99.0%,Sigma-Aldrich 

[4] Dimethyl formamide(DMF) of analytical grade, 99%, Merck 

[5] Octadecene (ODE), ( 99%) from Merck 

[6] Ethanol, Sigma Aldrich, 99.5% 

[7] Toluene, CP, Merck 
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3.2.2. Experimental Setup 
 

Fig. 3.2 presents the actual photograph of the hot injection method system used in preparation of 

CdSe QDs in this work. 

 

 

 

Figure 3.2: Image of the experimental setup of the hot injection method used in this study in a 

fume cupboard. 
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3.2.3. Heating mantle  
 

An Electromantle Heating Mantle (Model EM 0250) was the heat source of choice for this study. 

EM 0250 are designed with flexibility and ease of use in mind, the EM heating mantle is a 

reliable workhorse for heating applications in the laboratory. The EM heating mantle has the 

following features: [1] They have a chemically resistant polypropylene outer casing, [2] Use with 

round bottom flasks from 50ml to 5 litres, [3] unique ventilation system which allows outer 

casing to remain safe to touch, [4] Maximum element temperature 450°C, [5] Built-in energy 

regulator and [6] Indicator lamps for power and heater operation, just to name a few. The 

significance of this instrument in this study was to provide maximum mixing of the quantum dots 

and to achieve the desired quantum dots at different temperatures. 

 

3.2.4. Thermometer 
 

In this study, an economy Glass thermometer with a glass ring top was used. The thermometer 

was used to monitor the temperature changes during the synthesis of CdSe QDs.  

 

3.2.5. Glass Syringe 
 

A 51 mm gas and liquid tight Hamilton syringe (Model 1005 RN Syr) was used for this work. Its 

main purpose was to inject the precursor solution into the reaction flask. It was also used to 

extract aliquots of the CdSe QDs from the reaction flask into the collection glass bottles. 
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3.3. Synthesis procedures 
 

3.3.1. Synthesis of CdSe QDs 
 

In a typical synthesis, selenium solution was prepared by reacting Se powder (0.036 g) and 

Octadecene (10 ml) in a two neck round bottom flask. The prepared selenium solution was 

subsequently heated at 150℃ until the colour of the solution changed from black to bright yellow. 

The solution was then cooled down and stored at room temperature for future use. In a 250 ml 

three neck bottom flask, a cadmium solution was prepared by dissolving 1.62 g of cadmium 

acetate dihydrate (                  ) into a solution containing 20 ml of 

Dimethylformadide (DMF) and 0.54 ml 2-mercaptoethanol.  

 

Afterwards, the Cd precursor solution was then heated to 150℃ for 30 minutes and subsequently 

degassed with nitrogen to flush out any oxygen in the reaction flask. For the synthesis of CdSe 

QDs, the bright yellow selenium solution was then injected to the 250 ml three-neck round 

bottom flask containing Cd solution. After the injection of the Se precursor, aliquots of CdSe QDs 

were withdrawn at different temperatures of 150℃, 175℃, 200℃, 225℃, 250℃, 275℃ and 300℃. 

Moreover, the colour of the solution changed almost immediately indicating fast nucleation and 

growth. The prepared CdSe QDs were then suspended in toluene to prevent any further reactions.  

 

Prior sample analysis, the prepared and suspended CdSe QDs were separated from the toluene 

solution by centrifugation. The collected centrifuged CdSe QDs samples were further centrifuged 

in ethanol at 5560 rpm for about 10 minutes. Using multiple washing steps enabled the removal of 

any starting materials that may be bound to the CdSe QDs surface, so we could achieve highly 

stable solutions of CdSe QDs. Fig. 3.3 presents the schematic diagram illustrating the sequence of 

events taken during the synthesis of CdSe QDs. 
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Figure 3.3: A schematic diagram of the fabrication of CdSe QDs with different particle sizes 

using the hot injection method. 

 

3.4. Characterizations 
 

Characterisation of nanocrystals is a fundamental process whereby a material's structure and 

properties are investigated and measured. It is a process in the field of science, without which no 

scientific understanding of engineering materials could be ascertained. Various properties of 

nanocrystals such as morphological, optical, and structural properties depend on the size and 

shape of the fabricated materials [4]. The size and crystal nature of CdSe QDs are their most 

important properties. In this study, a variety of techniques were used to evaluate the structural, 

morphological and optical properties of CdSe QDs. Thus, this section of Chapter 3 gives a more 

detailed report on the characterisation techniques that were used to characterise CdSe QDs. 
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3.4.1  Fourier Transform Infrared Spectroscopy 
 

Fourier Transform-Infrared Spectroscopy (FTIR) is a non-destructive technique that provides a 

precise measurement method that requires no external calibration [5]. It is an analytical technique 

used to identify vibrational properties of organic and inorganic materials. FTIR measures the 

absorption of infrared radiation by the sample material versus wavelength. The infrared 

absorption bands identify molecular components and structures. 

 

When a material is irradiated with infrared radiation, absorbed IR radiation usually excites 

molecules into a higher vibrational state. The wavelength of light absorbed by a particular 

molecule is a function of the energy difference between the at-rest and excited vibrational states. 

The wavelengths that are absorbed by the sample are characteristic of its molecular structure [6]. 

The efficacy of infrared spectroscopy arises when different chemical structures (molecules) 

produce a molecular fingerprint of the sample. Like a fingerprint, no two unique molecular 

structures produce the same infrared spectrum. This makes it useful for several types of analysis 

[7]. 

 

The FTIR spectrometer uses an interferometer to control the wavelength from a broadband 

infrared source. A detector measures the intensity of transmitted or reflected light as a function of 

its wavelength. The signal attained from the detector is an interferogram, which must be analysed 

with a computer using Fourier transforms in order to obtain a single-beam infrared spectrum. The 

FTIR spectra are usually presented as plots of intensity versus wavenumber (in cm-1). 

Wavenumber is the reciprocal of the wavelength. The intensity can be plotted as the percentage of 

light transmittance or absorbance at each wavenumber [6]. Figure 3.4 shows the spectrum two 

FTIR spectrometer used in this study from Perkin Elmer. The spectrometer is a compact 

instrument equipped with a standard high-performance, room temperature LiTaO5 (Lithium 
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tantalite), mid-infrared (MIR) detector for enhanced signal-to-noise detection and a temperature 

stabilized detector [8]. FTIR spectrum of CdSe QDs is considerably different from that of the 

bulk. This is mostly due to changes in surface area, quantum confinement, particle size decrease, 

etc. [9]. In this regard, FTIR was employed to identify the bond between two or more atoms and 

identify functional groups of the synthesized CdSe QDs samples. The spectrum two FTIR 

spectrometer used in this study did not require any sample preparation.  

 

In this study, FTIR spectra was obtained by placing crystalline samples on a flat top plate sample 

holder equipped with a 25 reflection, 45°, 50 mm ZnSe crystal, with a single reflection diamond 

that uses a pressure arm for contact between the sample and diamond. CdSe QDs were scanned in 

wavenumber range of 4000-350 cm
-1

. 

 

 

 

Figure 3.4: Spectrum two FTIR (Perkin-Elmer) 
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3.4.2. X-Ray Diffraction (XRD) 
 

X-ray powder diffraction is a rapid analytical technique primarily used for phase identification of 

a crystalline material and can provide information on unit cell dimensions. The material being 

analysed is finely ground, homogenized, and average bulk composition is determined. 

This technique was discovered by Max von Laue, in 1912 [10], and he found that crystalline 

substances act as three-dimensional diffraction gratings for X-ray wavelengths similar to the 

spacing of planes in a crystal lattice. X-ray diffraction is now the most used technique for the 

study of crystal structures and atomic spacing. 

 

Moreover, X-ray diffraction is based on constructive interference of monochromatic X-rays and a 

crystalline sample. These X-rays are created by a cathode ray tube, filtered to produce 

monochromatic radiation, collimated to concentrate, and directed toward the sample. The 

interaction of the incident rays with the sample yields constructive interference (and a diffracted 

ray) when conditions satisfy Bragg's Law (nλ=2d sin θ) [11]. This law relates the wavelength of 

electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline sample. 

These diffracted X-rays are then detected, processed and counted. In this regard, by scanning the 

sample through a range of 2θ angles, all possible diffraction directions of the lattice should be 

achieved due to the random orientation of the powdered material. Conversion of the diffraction 

peaks to d-spacings allows identification of the material because each material has a set of unique 

d-spacings. Typically, this is achieved by comparison of d-spacings with standard reference 

patterns. 

 

In conventional XRD, only crystalline materials can be visualized, as it is necessary to have a 

periodicity in the structure in the long-range, which nanomaterials lack (owing to their size). The 

method can be used to image powders in the dry state or suspended in a medium. The method can 
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also be used to measure the nanoparticle size. Moreover, the degree of atomic order can be 

studied using XRD.  

 

In this work, X-ray measurements were carried out using the Bruker D8 Advance X-Ray 

diffractometer (XRD) with Cu anode generating Kα radiation of wavelength 1.544 Å and 

operating at 40 kV and 40 mΑ. For each measurement, a complete scan was made at (2θ) range of 

10°-70° with scan rate of 3°/216s. The samples for the XRD measurements were prepared by 

casting the CdSe QDs dissolved in toluene on a glass substrate and subsequent drying under 

ambient conditions. The crystallite size   (nm) can be estimated using Debye Scherer‟s equation:  

 

    
     ⁄           [3.1] 

 

where   is the crystallite size,   is the wavelength of the X-ray (      .       ,   is the 

diffraction angle of the dominant peak,   is the full width at half maximum (FWHM) in radians, 

and   is the shape factor with a value of 0.89. Fig. 3.5 shows an image of a XRD instrument 
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Figure 3.5: Image of an XRD instrument- A Bruker D8 Advanced diffractometer 
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3.4.3. High Resolution Transmission Electron Microscopy (HR-TEM) 
 

In order to monitor the size of the as prepared CdSe QDs, HRTEM was employed. High-

resolution transmission electron microscopy (HRTEM) is an imaging mode of the transmission 

electron microscope (TEM) that allows for direct imaging of the atomic structure of the sample 

[12, 13]. The image is then magnified and focused onto an imaging device, such as a fluorescent 

screen, on a layer of photographic film, where the final image is formed [14]. In conventional 

HRTEM, image interpretation is performed by comparing numerically simulated images with 

images acquired at the electron microscope. The computer-simulated images are based on atomic 

model structures, including all imaging parameters that need to be known as precisely as possible. 

The resolution limit of the structure analysis is determined by the point resolution of the 

microscope which is the optical resolution of the objective lens. 

 

For a few years HRTEM structure analysis has now been performed more reliably and with better 

resolution by object wave reconstruction. There are different methods to retrieve the object wave, 

and we use the reconstruction from focus series [15, 16, and 17]. A series of 10 to 30 images with 

defined focus increment is acquired from the region of interest. On the basis of the recorded 

image intensities, a first approximation of the exit wave is calculated by the so-called paraboloid 

method [18]. The object wave is then refined with a maximum-likelihood approach [19], and for 

that iterative procedure the comparison is made at the level of experimentally observed and 

calculated image intensities. In that method the imaging process in the electron microscope is 

virtually inverted. The final result is the retrieved object or exit wave. The exit wave can be 

reconstructed from the focus series and, compared to single exposures, be interpreted up to a 

higher resolution that corresponds to the so-called information limit (CM3000FEG: approx. 0.12 

nm). The big advantage of the object wave is that the imaging procedure in the electron 

microscope with its entire imperfect imaging properties is eliminated, and thereby highly resolved 
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information directly from the electron exit surface of the specimen is recovered. Furthermore, 

HRTEM information is obtained in the form of two images, the phase and the amplitude contrast, 

and these contain much less noise than the original images of the electron microscope [20]. 

HRTEM has been extensively and successfully used for analysing crystal structures and lattice 

imperfections in various kinds of advanced materials on an atomic resolution scale. It can be used 

for the characterization of point defects, stacking faults, dislocations, precipitates grain 

boundaries, and surface structures [21] HRTEM yields information about particle size, size 

distribution and morphology of the QDs. This technique can also be used to find whether particles 

are uniformly dispersed and whether agglomeration is present in the sample. 

 

In this study, the High resolution Transmission Electron Microscopy (HRTEM) coupled with FFT 

and SAED of CdSe QDs were performed on JEOL- JEM 2100 HRTEM. The HRTEM samples 

were prepared by dispersing purified CdSe QDs in toluene, followed by placing a small portion of 

the solution onto a carbon coated copper grid. The grids were then dried in a desiccator before 

images were taken. Fig. 3.6 shows a diagram of an HRTEM system. 
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Figure 3.6: Image showing the HRTEM used in this study.  
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3.4.4. Raman Spectroscopy 
 

Raman spectroscopy is a technique that is useful in observing rotational, vibrational and other 

frequency modes in a system [27]. It is mostly used in chemistry to provide a structural 

fingerprint by which molecules can be identified. Raman spectroscopy represents a powerful non-

destructive characterization technique to study structural properties of complex materials at a 

local level. The effect of Raman is based on inelastic scattering of laser light [23, 24], mostly in 

the visible range, by dynamic inhomogeneity of the system, e.g. phonons. In actual fact, Raman 

scattering by phonons is largely determined by electrons that mediate the scattering event. 

Scattering occurs when a monochromatic light beam passes through a crystal, involving Rayleigh 

scattering and Raman scattering. If there is an elastic collision between the incidents photons with 

the phonons in the material, a light with the same vibration frequency will be generated and 

noticed by Rayleigh scattering. However, if there is an inelastic collision between the incident 

photons with the phonons of the material, Raman scattering will be generated [23]. Therefore, 

Raman spectra contain information not only related to phonons, but also to electrons and electron-

phonon interactions. Generally, all materials produce Raman spectra, with the exception of pure 

metals. Photons with smaller energy (or frequency) are perceived if compared to the incoming 

photon. This perceived energy is denoted as a Raman wavenumber if the reference energy (or 

frequency) is set as that of the incident radiation [25]. The Raman wavenumber is strongly 

influenced by impurities, microscopic structural changes and residual strains. These 

characteristics of materials cause changes on the phonon vibration. Due to this, one can observe 

the Raman peaks broadening and correlate with the breakdown of Raman selection rules [26]. 

There are three possible mechanisms for the phonon peak shifts in Raman spectra of 

nanostructures. The first one is spatial confinement within the quantum dot nanocrystal 

boundaries. The second one is related to the phonon localization by defects. Nanocrystals or 

quantum dots, produced by chemical methods or by the molecular-beam epitaxy, normally have 
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more defects than corresponding bulk crystals. The spatial confinement of optical phonons was 

studied by Richter et al. [27] who showed that the Raman spectra of nanocrystalline 

semiconductors are red-shifted and broadened due to the relaxation of the q-vector selection rule 

in the finite size nanocrystals. Optical-phonon confinement in wurtzite nanocrystals leads to 

somewhat different changes in Raman spectra due to the optical anisotropy of wurtzite lattice. 

Recently, Fonoberov and Balandin [28, 29] derived analytically an expression for the interface 

and confined polar optical phonon modes in spheroidal QDs with wurtzite crystal structure. 

Confined optical phonons in wurtzite nanocrystals were shown to have a discrete spectrum of 

frequencies different from those of bulk phonons. 

 

We use Raman Spectroscopy in this study to examine the vibrations in Raman active vibrational 

modes of CdSe QDs. This was carried out by using Confocal Raman Imaging System (WITec) 

alpha 300RS. A fibre coupled DPSS laser 532 nm with 74 maximum output power after single 

mode fibre coupling of 44 mW was used as the excitation source. Data was then collected using a 

multimode fibre into a high throughput lens based spectrograph (UHTS 300) with 300 mm focal 

length and two gratings 600 g/mm & 1800 g/mm, both blazed at 550 nm. The UHTS 300 

spectrograph was connected to a peltier cooled back illuminated CCD camera with better than 

90% QE in the visible excitation. Each spectrum was acquired at an integration time of 1.09667s 

and about 200 accumulations were collected per each spectrum in the scan range 200-2400 cm
-1

. 

Fig. 3.7 shows a Raman spectrometer used in this study. 
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Figure 3.7: Shows the picture of alpha300 Raman Confocal Microscope used in this study 

 

3.4.5. UV-Visible Spectroscopy 
 

Ultraviolet and Visible absorption spectroscopy is the measurement of the attenuation of a beam 

of light after it passes through a sample or after it passes through a sample‟s surface. Absorption 

measurements can be at a single wavelength or even an extended spectrum.  

 

It can also be described as an analytical technique that is widely employed for the quantitative 

analysis of a variety of analytes. Analysis using spectroscopic methods are commonly done with 

liquid samples, however solids and gases can also be analysed using this technique. Common 

analysed samples include transition metal ions, highly conjugated organic compounds and 

biological macromolecules. A UV-Vis spectrophotometer measures transmittance (%T) which is 

the ratio of the intensity of light that passes through a sample ( ) and the intensity of the light 

before it passes through a sample (  ) at a given wavelength. Since absorbance is based on 
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transmittance, the Beer-Lambert law can be applied to determine concentration of species in 

solution:  

 

                    .            [3.2] 

 

where A is the measured absorbance,            ,   is the path length through the sample, and 

  is the concentration of the absorbing species. And   is the molar absorptivity constant which 

differs from one element to the next. In this study, analysis of optical properties of CdSe QDs 

were carried out at room temperature using the Perkin Elmer Lambda 365 Spectrometer and 10 

mm quartz cuvettes in wavelength range of 400 - 750 nm. Fig. 3.8 (a and b) shows the schematic 

diagram of a double beam UV-Vis Spectrometer and image of a 365 Perkin Elmar Lambda 365 

Spectrometer used in this study. 

 

 

Figure 3.8: (a) Shows schematic of a UV-Vis Spectrometer and (b) image of UV-Vis spec used in 

this study - Perkin Elmar Lambda 365 Spectrometer 

  

‘White‟

Source

Diffraction

Grating
Narrow slit

Sample cell

Reference cell
Mirror Detector

Chart

Recorder

Mirror

a) b)



 

69 

 

3.5. Conclusions  
 

In conclusion, chapter 3 has presented a detailed experimental procedures used in the fabrication 

of CdSe QDs using the hot injection method. In a typical synthesis procedure, a selenium 

precursor solution was prepared and injected into the cadmium precursor containing reaction 

flask, nucleation occurred and CdSe QDs were formed. Additionally, Chapter 3, has presented 

actual photograph of the experimental set up of the system used in synthesis of CdSe Quantum 

dots. Additionally, Chapter 3 has presented the theoretical framework and the detailed 

experimental techniques used in the morphological, structural and optical characterization of 

CdSe quantum dots. 
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Chapter 4 

Results and Discussion 
 

4.1. Background 
 

Quantum dots (QDs) are currently a subject of intense research activity targeting a wide range of 

potential applications, including light-emitting diodes (LEDs), fluorescent tags for biological 

imaging, single-electron transistors, and solar cells. The utility of nanocrystals lies in their unique 

size-dependent optical, structural, morphological and electronic properties, chiefly a size-tunable 

optical absorption and emission spectra. Chapter 4 presents and discusses the experimental 

findings of CdSe QDs synthesised by the hot injection method. It presents the morphological, 

structural and optical properties of the as synthesised CdSe QDs. Chapter 4 kicks off by 

presenting the structural properties of CdSe QDs obtained through XRD, FTIR and Raman 

spectroscopy. The effect of annealing temperature on the Raman vibrational modes of CdSe QDs 

is also presented and scrutinized here in detail. Lastly the Optical properties of CdSe QDs 

obtained through UV-Vis spectroscopy, the method devised by Yu et al [28] was adopted to 

confirm the crystallite size of CdSe synthesized by the hot injection method.  
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4.2. Structural Characterization 

 

This section of Chapter 4 present the techniques used in this study to structural scrutinize the 

properties of CdSe QDs.  

 

4.2.1. Fourier Transform Infrared Spectroscopy  
 

Flourier Transform Infrared spectroscopy (FTIR) gives sufficient information about the surface 

chemical structure of nanomaterials [1]. Transmittance of infrared radiation results in oscillatory 

change in bond geometry as its dipole moment changes. The bond geometry changes are observed 

as bond stretching, bending or scissoring movement. [2]. Fig. 4.1 shows FTIR spectra of CdSe 

QDs synthesized using the hot injection method. In all the FTIR spectra, the QDs show 

characteristic vibrations at 738-733 cm
-1 

which is associated with Cd-Se bond. This observation 

confirms that the synthesised QDs consist of Cd  Se single bond. Moreover, it has been reported 

that in bulk CdSe, the Cd-Se characteristic vibration is observed at 730 cm
-1 

[3]. Therefore the 

presence of the peaks at 738, 738, 738, 738, 735, 735 and 733 cm-1 for 150, 175, 200, 225, 250, 

275, and 300℃, respectively, further confirms that the fabricated samples in this work are CdSe 

QDs. This observation is in mutual agreement with literature. 
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Figure 4.1: shows FTIR spectra of CdSe–QDs synthesised by the hot-injection method. 

 

Additionally, the FTIR spectra in Fig 4.1 also reveal peaks at 3279, 3274, 3270, 3270, 3261, 3248 

and 3234 cm
-1

 for the CdSe QDs synthesized at 150, 175, 200, 225, 250, 275 and 300℃, 

respectively. These peaks are due to the O-H stretching from the hydroxyl group stretching 

originating from absorbed water molecules on the surface of the CdSe QDs. Moreover, the 

presence of this peak might be due to the OH that is found at the other end of the capping agent, 

2-mercaptoethanol. The presence of this peak also confirmed that the QDs are functionalized with 

hydroxyl group from the capping agent 2-mercaptoethanol. 

 

Furthermore, Fig 4.1 has revealed two sharp peaks observed at around 1648-1404 cm
-1 

due to the 

stretching vibrations of the thiol capping. This indicates that the capping agent was over coated on 

the surface of the CdSe. The absence of S-H vibration at 2556-2654 cm
-1

 shows that on the CdSe 
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QD surface, thiolates are attached to the Cd
2+ 

sites via the sulphur atom of the 2-mercaptoethanol 

to form a Se–Cd–S bonded structure [4]. This means that the capping of 2-mercaptoethanol had 

taken place through covalent bonding of thiols to the QD surface. Additionally, the peaks which 

appeared at 2924, 2922, 2921, 2921, 2921, 2920 and 2919 cm
-1 

for 150, 175, 200, 225, 250, 275 

and 300℃, respectively were assigned to the overtone band vibrations of C-H from the methyl 

group coming from the structure of 2-mercaptoethanol. 

 

Moreover, we extend the FTIR spectra in 900-350 cm
-1

 in order to observe the Cd-Se peak which 

confirms the synthesis of CdSe QDs. 

 

 

Figure 4.2: Extended FTIR spectra of CdSe QDs 

 

Fig. 4.2 represents the extended FTIR spectrum of CdSe QDs. The extended region lies in the 

range of 900-360 cm
-1

. The extended spectra of CdSe QDs samples reveal peaks at 738, 738, 738, 
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738, 735, 735 and 733 cm
-1 

for 150, 175, 200, 225, 250, 275, and 300℃, respectively. The Cd-Se 

vibration is slightly red shifted to higher wavenumber as temperature was increased. The red shift 

might be due to change in crystallite size. Furthermore, the intensity of the Cd-Se vibrations 

increased as the temperature was increased. The change in intensity of Cd-Se vibrations might 

also be due to change in crystallite size. 

 

Table 4.1: Summarises the results obtained from FTIR technique. It can be seen that the Cd-Se 

bonds have shifted to higher wavenumber when compared to the bulk.  

 

Bond 

CdSe Bulk 

(cm-1) 

QD1 

(cm-1) 

QD2 

(cm-1) 

QD3 

(cm-1) 

QD4 

(cm-1) 

QD5 

(cm-1) 

QD6 

(cm-1) 

QD7 

(cm-1) 

OH 3600-3200 3279 3274 3270 3270 3261 3248 3234 

Cd-Se 730 738 738 738 738 735 735 733 

C-H 2950-2750 2924 2922 2921 2921 2921 2920 2919 

 

4.2.2. X-Ray Diffraction  
 

XRD is a primary characteristic tool used for obtaining critical features such as crystal structure 

and crystallite size [5]. In this study, XRD technique was used to investigate the effect of 

temperature on the crystalline structure and size of CdSe QDs synthesised using the hot injection 

method. Figure 4.3 presents the X-ray diffraction pattern of the as synthesised CdSe QDs at 

150ºC, 175ºC, 200ºC, 225ºC, 250ºC, 275ºC and 300ºC. The XRD patterns of CdSe QDs were 

recorded in the 2  range of 10  – 80  at room temperature. The diffraction patterns were 

compared with reference to JCPDS database. The XRD diffractograms of CdSe samples exhibited 

peaks at scattering angles (2 ) of 16.66 , 25.20 , 34.77 , 40.9 , 45.39  and 49.1   for 150     



 

78 

 

17.4  , 25.22 , 34.85 , 41.7 , 44.45  and 47.5  for 175     17.07 , 25.19 , 34.85 , 41.34 , 44.41  

and 48.86  for 200  ; 16.34 , 25.20 , 34.76 , 40.6 , 44.74  and 49.48  for 225  ; 17.44 , 25.17 , 

34.19 , 41.7  , 44.45 , 49.24  for 250  ; 16.70 , 25.16 , 34.85 , 40.32 , 45.1   and 49.1 7 for 

275  ;and 17.35 , 25.18 , 35.13 , 41.63 , 45.7  , 49.48  for 300  . According to JCPDS No 08-

0456, the XRD peaks correspond to crystal planes of (100), (002), (102), (220), (103) and (112). 

Earlier studies obtained comparable results as well [7]. All peaks belong to the hexagonal 

Wurtzite CdSe structure. The presence of these peaks in CdSe QDs samples confirms that the 

synthesised CdSe QDs have a hexagonal Wurtzite structure. 

 

Figure 4.3: X-Ray diffractogram of CdSe QDs synthesised using the hot injection method. 

 

Fig 4.3 presents the XRD of the as fabricated CdSe QDs with different growth temperatures.  
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As already mentioned above, the XRD of CdSe presents peaks at (2 ) angles for crystal planes 

(100), (002), (102), (220), (103) and (112). The presences of the peaks at crystallographic planes 

(102) and (103) confirm the Wurtzite crystal structure of CdSe QDs [10, 11], which is good 

agreement with FTIR results which revealed peaks at 738, 738, 738, 738, 735, 735 and 733 cm
-1

 

for 150ºC, 175ºC, 200ºC, 225ºC, 250ºC, 275ºC and 300ºC, respectively, for Cd-Se bond. 

Moreover, the XRD analysis confirmed peak shift in the (2θ) angles as presented in Fig 4.3. This 

observation is in close agreement with the calculated crystallite size from equation [1] which 

show an increase in size as temperature is increased. Furthermore, the increase in temperature 

highlighted the sharpness and narrowness of the XRD peaks with great intensity. This 

phenomenon can also be attributed to particle size expansion. The size of CdSe QDs can be 

estimated by using the peak broadening of the peaks in the XRD pattern. This has been done by 

employing the Debye-Sherrer method [12], which is considered as a standard method. Equation 3 

presents the Debye-Sherrer method and is depicted below as: 

 

    
     ⁄           [4.1] 

 

where   is the mean size of the QD, K is a shape factor,   is the wavelength of the X-rays,   is the 

full width at half maximum in radians, and   is the angle between the X-ray source and the 

detector. The value of K depends on the shape of the particles and here the value 0.94, which is a 

customary value for spherical QDs has been used [5]. The average particle size calculated from 

equation [1] was 1.77, 1.82, 1.91, 1.96, 1.97, 3.11 and 3.14 nm at temperatures 150, 175, 200, 

225, 250, 275 and 300℃, respectively.  

 

The particle size calculated from the Debye-Scherrer equation according to the full width at half 

maximum (102) peak is in close agreement with the average sizes estimated from the HRTEM 
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images. The diffraction patterns of all the samples match with hexagonal Wurtzite phase of CdSe 

QDs, but the intensities of (002) and (103) are significantly weak when compared to (100), (102) 

and (112). This might possibly be caused by surface reconstruction occurring during synthesis of 

the QDs. When compared to bulk CdSe, the central positions of XRD peaks exhibit slight shifts to 

higher scattering angles. Since it was indicated by the HRTEM images of our QDs that these 

CdSe QDs are spherical in shape, Murray and his co-workers [1] proposed that the spherical 

shape can induce some shifts in XRD peaks of CdSe QDs. It is believed that the shifts measured 

in these samples are not due to the spherical shape, but from the lattice contractions. The lattice 

contraction effect was first observed in the experiment on CdSe QDs in glass matrices [12, 13]. 

Since these CdSe QDs are free standing, the presence of the lattice contraction must be induced 

from surface tension due to surface reconstruction [14].  

 

Additionally, broadening of the XRD peaks was also observed. It is well known that under stress 

or strain effects, the diffraction peaks get displaced and broadened [8]. Fig. 4.3 has revealed that 

the diffraction peaks become broader with a decrease in QD size. This means that broadening of 

the XRD pattern of CdSe QDs is observed due to the small dimensions of CdSe QDs. Broadening 

and small shifts to higher 2  angles is the characteristic feature to the formation and growth of 

CdSe QDs.  
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Table 4.2 summarises the XRD patterns of the as synthesised CdSe QDs for temperatures 150
º
C, 

175
º
C, 200

º
C, 225

º
C, 250

º
C, 275

º
C and 300

º
C. ` 

 

Table 4.2 Position of the main diffraction peaks from XRD patterns of CdSe QDs 

 

Temp ℃  

 

Peak Angles (   and Crystallographic plane 

(100) (002) (102) (103) (311) 

150 16.66 25.20 34.77 45.39 49.1 

175 17.4 25.22 34.85 44.45 47.5 

200 17.07 25.19 34.85 44.41 48.86 

225 16.34 25.20 34.76 44.74 49.48 

250 17.44 25.17 34.19 44.45 49.24 

275 16.70 25.16 34.85 45.1 49.17 

300 17.35 25.18 35.13 45.7 49.48 

 

In order to closely monitor the effect of temperature on the XRD pattern of CdSe QDs 

synthesised by the hot injection method, the dominant peak of CdSe QDs which is at 34.77, 

34.85, 34.85, 34.76, 34.19, 34.85 and 35.13 for 150ºC, 175ºC, 200ºC, 225ºC, 250ºC, 275ºC and 

300ºC, respectively, belonging to crystal plane (102) was examined. Fig. 4.4 shows the XRD peak 

shift dependence on temperature. It has been reported elsewhere that an increase in synthesis 

temperature results in peak shift to higher 2  values. In CdSe QDs samples, a general increase in 

2  values was observed which indicates the formation and growth of CdSe QDs. 
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Figure 4.4: XRD peak shift versus temperature. 

 

4.2.3. High Resolution Transmission Electron Microscopy 

 

For morphological analysis, HRTEM was used. HRTEM reveals information about the particle 

size, size distribution and shape of CdSe QDs. Typical HRTEM images of CdSe QDs synthesised 

using the hot injection method are shown in Fig. 4.5 to 4.11 inclusive. The HRTEM images show 

that the as synthesised CdSe QDs are spherical in shape and are agglomerated, an observation that 

is common in QDs synthesized by colloidal routes employing thiols as capping agents [7]. 

Additionally, Image J was used to estimate the particle sizes of CdSe QDs from their HRTEM 

images. HRTEM analysis revealed that the modal particle sizes of CdSe QDs synthesised using 

the hot injection method were 1.79 nm, 1.81 nm, 2.06 nm, 2.08 nm, 2.11 nm, 3.10 nm and 3.12 

nm for the QDs synthesized at 150ºC, 175ºC, 200ºC, 225ºC, 250ºC, 275ºC and 300ºC, 

respectively. The estimated crystallite sizes are in close agreement with the calculated particle 

sizes from XRD analysis that has revealed QDs sizes of 1.77, 1.82, 1.91, 1.96, 1.97, 3.11 and 3.14 

nm at temperatures 150, 175, 200, 225, 250, 275 and 300℃, respectively. This observation is 

further summarised in Table 4.3. 
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Table 4.3: Comparison between the particle sizes estimated from HRTEM and the particle size 

calculated from XRD. 

QDs sample 

Temp (℃) 

HRTEM QDs 

size nm 

XRD QDs 

size nm 

150 1.79 1.77 

175 1.81 1.82 

200 2.06 1.91 

225 2.08 1.96 

250 2.11 1.97 

275 3.10 3.11 

300 3.12 3.14 

 

 

 

Figure 4.6: a) HRTEM images with b) IFFT insert and c) histogram of CdSe QDs at 150℃. 

5 nm5 nm

0.33nm

a) b)

c)
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Fig. 4.6 (a) and (b) shows the crystalline structure of CdSe QDs at 150℃ with the spacing 

between (100) adjacent lattice planes of 0.33 nm. The lattice spacing of 0.33 is in good agreement 

with the d-spacing of (100) planes of hexagonal Wurtzite CdSe structure. The HRTEM analysis is 

consistent with the XRD results. The corresponding histogram in Fig 4.6 (c) revealed that CdSe 

QDs have a uniform size distribution. Among 100 particles measured for CdSe QDs at 150℃ a 

size of 1.79 nm was the most commonly witnessed. 

 

Figure 4.7: a) HRTEM image with b) IFFT insert, c) SAED image and d) histogram of 

CdSe QDs at 175℃ 

5 nm5 nm

b)a)

c) d)

0.3415 nm
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Fig. 4.7 shows the HRTEM image of CdSe QDs synthesized by the hot injection method at 175℃. 

HRTEM image analysis revealed lattice fringes of 0.345 nm corresponding to lattice plane of 

(002) of hexagonal Wurtzite CdSe structure. The HRTEM analysis is consistent with the XRD 

results, which further confirms the crystalline structure of hexagonal Wurtzite CdSe. Moreover, 

the histogram revealed that CdSe QDs at this temperature has an average particle size of 1.81 nm. 

 

 

 

Figure 4.8: a) and b) HRTEM images, c) SAED image and d) histogram of CdSe QDs at 200℃ 
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Fig. 4.8 shows the HRTEM images coupled with SAED image and histogram of CdSe QDs 

synthesised at 200℃ by the hot injection method. The histogram revealed that CdSe QDs at this 

temperature has an average particle size of 2.06 nm. In addition, the selected area electron 

diffraction (SAED) showed concentrated electron diffraction rings which confirm that the as 

synthesised CdSe QDs have a Wurtzite structure.  
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Figure 4.9: a) HRTEM images with b) IFFT insert, c) SAED image and d) histogram of CdSe 

QDs at 225℃ 

 

Furthermore, the clear lattice fringes in the HRTEM image of fig. 4.9 indicate that CdSe QDs 

have a high degree of crystallinity. The interplanar distance estimated from the Fast Fourier 

Transform (FFT) image (insert b) was measured to be approximately 0.3456 nm, which agrees 
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well with the spacing of the (002) plane of the wurtzite CdSe. These results are in mutual 

agreement with the XRD results. 

  



 

89 

 

 

Figure 4.10: a) HRTEM images with b) IFFT insert, c) SAED image and d) histogram of CdSe 

QDs at 250℃ 

 

The HRTEM image, lattice fringes (insert b) and histogram of CdSe QDs synthesised at 250℃ are 

shown in fig. 4.10. The existence of well resolved lattice planes demonstrates the highly crystal 

structure of CdSe QDs. The HRTEM image shows a detailed view of the HRTEM contrast and 

the lattice distance was found to be 0.35 nm which is in good agreement with (002) planes of 

CdSe present in hexagonal phase, which verifies the XRD results. Additionally, the SAED shows 

bright circular rings which confirm the crystallinity of the as synthesised CdSe QDs. 
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Figure 4.11: a) and b) HRTEM image with b) IFFT insert and c) histogram of CdSe QDs at 275℃ 

 

Moreover, the HRTEM images of CdSe QDs synthesised at 275℃ is shown in fig. 4.11. The 

images have revealed lattice fringes of 0.334 nm which corresponds to (101) crystal plane for 

hexagonal wurtzite CdSe. These results are in agreement with XRD. Fig. 4.11 (c) shows the 

histogram of CdSe QDs fabricated at 275℃. The estimated particle size was found to be 3.10 nm, 

which agrees with the particle size calculated by the Debye Scherrer method, this means that these 

results agree with the XRD results.  
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Figure 4.12: a) HRTEM image with b) IFFT insert, c) SAED image and d) histogram of CdSe 

QDs at 300℃ synthesised using the hot injection method. 

 

Fig. 4.12 shows the HRTEM images of CdSe QDs synthesised using the hot injection method at 

300℃. The images revealed that the synthesised QDs have lattice fringes of 0.334 nm which 

corresponds to the (101) planes of wurtzite hexagonal CdSe structure. These results are consistent 

with the XRD results. Furthermore, the SAED of CdSe at 300℃ disclosed bright circular rings, in 

actual fact all CdSe QDs samples displayed bright concentrated rings confirming that the as 

synthesised CdSe QDs are of high crystallinity and have a wurtzite structure.  
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In addition, it was also observed from the histograms that an increase in temperature equals to an 

increase in particle size. These findings were in agreement with the XRD observations. In all the 

HRTEM images it was witnessed that the synthesized CdSe QDs synthesised by the hot injection 

method have a similar crystal structure which is hexagonal wurtzite but differ in particle sizes. 

This difference in particles size is due to the fact that the QDs were synthesised at different 

temperatures.  

 

4.2.4. Raman Spectroscopy 

 

Raman spectroscopy is a non-destructive characterization method of choice for many recent 

studies of the vibrational properties [15, 16 and 17] of CdSe QDs. In order For us to understand 

the effect of synthesis temperature variation in the structural properties of CdSe QDs we used 

Raman spectroscopy to investigate the change in the vibrational modes of CdSe QDs. Several 

workers have already reported on the sensitivity of the Raman spectroscopy of CdSe QDs, 

showing shift in the bulk phonon frequencies [18]. It is well recognised experimentally that 

Raman spectra of low-dimensional crystals of semiconductors (QDs) are modified when 

compared to the corresponding bulk crystal spectra. One modification is the asymmetric 

broadening of the Raman peaks, the other is that their positions are shifted. Three possible 

mechanisms have been reported for the phonon peak shifts in Raman spectra of QDs. The first 

one is spatial confinement within the QD nanocrystal boundaries. The second one is linked to the 

phonon localization caused by defects. Furthermore, it has been reported that QDs produced by 

chemical methods or by the molecular-beam epitaxy, normally exhibit more defects than 

corresponding bulk crystals. Therefore, Raman spectroscopy was used in order to investigate the 

vibrational properties [19] of CdSe QDs, .and also to study the effects of changing temperature 

during the synthesis on the structure, phase and other parameters of CdSe QDs. 
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CdSe QD is a semiconductor that belongs to the space group        [21] and crystallizes either 

in hexagonal wurtzite (WZ) or in cubic zinc blend (ZB) structure [20]. When the temperature used 

in the synthesis method of CdSe QDs is greater than 95     it only exists in the wurtzite phase. 

Moreover, theory also predicts a minor change in the peak positions and broadening of CdSe QDs 

when the same ensemble of QDs are excited with photons of different energies. Therefore, the 

asymmetric broadening of the Raman peaks should be strongly increased in very small QDs 

because of phonon confinement effect [17]. The observable shift in Raman peaks and asymmetric 

broadening of the Raman peak, confirm phonon confinement effect. Bulk CdSe QDs has two 

characteristic Raman active modes, longitudinal optical (LO), and its second order (2LO) weaker 

mode which are located at 212 cm
-1

 and 415 cm
-1

, respectively. In addition, the LO phonon peak 

possesses in many cases a notable high frequency shoulder (HFS) which most probably originates 

from the QD vibrations of selenium on CdSe QDs surface or coupled optical acoustical phonon 

modes [21].  
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Figure 4.13: Raman spectra of the phonon mode region of CdSe QDs 

 

Fig 4.13 presents the Raman spectra of CdSe QDs synthesised by the hot injection method at 

temperatures 150, 175, 200, 225, 250, 275 and 300℃. The strongest peaks at 287, 295, 290, 290, 

293 and 294 cm
-1 

for samples taken at 150, 175, 200, 225, 250, 275 and 300℃, respectively, 

corresponds to the LO phonons in the CdSe core. The blue shift and broadening of the Raman 

peaks observed in CdSe QDs from the bulk (       -1
) are attributed to either phonon 

confinement [22], the size dependant changes that occur in the electronic structure of the QD and 

the significant amount of compressive strain present in the lattice. The strain and relative 

frequency shift varies between samples due to a difference in the synthesis temperature and 

particle size. The LO is characteristically the prominent feature observed in the Raman spectra of 

II-VI semiconductor nanocrystals. The peaks at 581.36, 588.08, 593.20, 590.65, 588.30, 592.68, 

and 590.80 cm
-1 

corresponds to the weaker mode of CdSe QDs arising from second order 2LO. 
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As the QDs decrease in their size more broadening of the peak width is observed in their Raman 

spectra. The blue shift of the 2LO phonon Raman peak from its position in the bulk CdSe crystal 

2LO       cm-1
) is related to the phonon confinement effect in small QDs [22]. Such red shift 

of LO frequency is caused by the negative dispersion curve. The broad weak feature above the 

LO peaks, denoted as HFS (high-frequency shoulder), was previously reported for spherical QDs 

and presumably assigned either to the surface-induced phonon density of states or to higher-order 

scattering process involving optical and acoustical vibrations. Recent studies of CdSe QDs and 

other spherical nanocrystals (NCs) by means of surface enhanced Raman scattering additionally 

suggest a contribution of surface Se to this spectral feature. 

 

The data in Fig. 4.13 shows the Raman Spectra of CdSe QDs synthesised at different reaction 

temperatures using the hot injection method. There is little noticeable shift of the peaks but the 

broadening is observed between the spectra obtained with different temperatures. It is quite clear 

that as you increase the synthesis temperature of CdSe QDs, the Raman shift, FWHM, and peak 

intensity changes. Our Raman spectra showed peaks at 288.16, 292.56, 295, 296.75, 292.35, 

294.66 and 294.13 cm-1 for LO and 581.36, 588.08, 593.20, 590.65, 588.30, 592.68, and 590.80
 

for 2LO for synthesis temperatures 150, 175, 200, 225, 250, 275 and 300℃, respectively. It is 

evident that particle size influenced the Raman spectra of CdSe QDs as there was more blue shift 

as the particles increased in size. Furthermore, theory has reported the LO is the characteristic 

peak for CdSe QDs. We can therefore conclude that the decrease in phonon frequency is caused 

by a decrease in synthesis temperature. Due to the above observations, we conclude that CdSe 

QDs of different particle sizes were observed due to the evidence presented by the Raman spectra. 
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Theoretically, asymmetric broadening of the Raman peak should be strongly increased in very 

small QDs because phonon confinement. Hence we further extend our Raman Spectroscopy using 

the Lorentzian symmetry to show broadening between peak samples. 

 

 

Figure 4.14: Raman Peak shift of CdSe QDs for (a) Peak of LO phonon (b) Peak Shift of LO 

phonon (c) Full Width at Half Maximum (FHWM) LO phonon and (d) Peak intensity 

of LO phonon for CdSe QDs synthesised by the hot injection method 

 

Fig.4.14 (a) and (b) shows the peak broadening of CdSe QDs synthesised using the hot injection 

method. Our Raman spectra showed peaks at 288.16, 292.56, 295, 296.75, 292.35, 294.66 and 

294.13 cm
-1 

for synthesis temperatures                               and      . It can be 

observed that as QDs decrease in their size or for lower synthesis temperatures, more broadening 
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of the peak width is observed. This is due to the negative dispersion curve [9]. Additionally, Fig. 

4.14 also shows the dependence on temperature of the FWHM and peak intensity of the LO 

phonon mode of CdSe QDs synthesised by the hot injection method. It is quite evident that the 

vibrational frequencies of these parameters also depend on increasing temperature. In Fig 4.14(c), 

we observe the effect of variation of temperature on the FWHM. It can be seen that the FWHM 

decreases with an increase in temperature. It has also been reported by other workers that an 

increase in FWHM causes weakening of the crystalline structure CdSe structure, which according 

to our XRD is wurtzite. This therefore implies that a decrease in FWHM with increasing 

temperature does not weaken or distort CdSe structure. Our Raman analysis which has shown a 

decrease in the FWHM with increasing temperature did not show any weakening of the CdSe 

QDs structure. Fig. 4.14 (d) shows that there is an increase in peak intensity with an increase in 

temperature. Moreover, it has been reported that the observed red shift could be attributed to the 

intrinsic impurity or defects in the sample. The other reason for causing this red shift is intense 

heating during synthesis [23].  
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4.3. Optical Characterization 

 

4.3.1. UV-Vis Spectroscopy 
 

UV-Vis absorption spectroscopy is an analytical technique used to characterise CdSe QDs. Its 

first exciton peak can yield information about the band gap, particle size and size distribution of 

CdSe QDs [6].In this work, UV-Visible Spectroscopy is used to explains the formation of 

different sizes of CdSe QDs according to variation of temperature. UV-Vis was also used in this 

study to observe the absorbance of CdSe QDs synthesised at different temperatures. Analysis was 

carried out at the University of Fort Hare, Alice Campus using the Perkin Elmer Lambda 365 

Spectrometer and 10 mm quartz cuvettes in wavelength range of 400-750 nm. The optical 

absorption spectra of CdSe QDs that are in toluene give information on the size of the 

nanocrystal. The data presented in this table shows that the absorption maximum (peak values) for 

7 samples varies from 406 nm to 514 nm  

 

 

Figure 4.15: UV-Vis spectra of CdSe QDs at 150
0
C 
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Figure 4.16: UV-Vis spectra of CdSe QDs at 175
0
C 

 

 

Fig 4.17: UV-Vis spectra of CdSe QDs at 200
0
C 

 

Figure 4.18: UV-Vis spectra of CdSe QDs at 225
0
C 
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Fig 4.19: UV-Vis spectra of CdSe QDs at 250
0
C 

 

Figure 4.20: UV-Vis spectra of CdSe QDs at 275
0
C 
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Figure 4.21: UV-Vis spectra of CdSe QDs at 300
0
C 

 

Fig. 4.15, 4.16, 4.17, 4.18, 4.19, 4.20 and 4.21 shows the absorption spectra of CdSe QDs 

synthesised at temperatures 150ºC, 175ºC, 200ºC, 225ºC, 250ºC, 275ºC and 300ºC. The data was 

taken for all CdSe samples. These peaks are arising from the absorption of near band excitons. It 

was found that with an increase in temperature, there‟s a gradual shift towards the longer 

wavelength (red-shift), indicating an increase in the particle size. The reason behind the formation 

of larger CdSe QDs at higher temperatures can be understood by the mechanism of QD 

formation. The range of absorption edge lies in the region between 514 nm and 406 nm which is a 

pronounced blue shift from 712 nm of bulk CdSe. The absorption edge is determined as the 

wavelength with the greatest change in slope, i.e., the wavelength where the absorption curve 

starts to deviate from the longer wavelength background absorption [24]. 

 

Consequently, the samples were administered for further evaluation to obtain the diameter and the 

band gap energies of the QDs. The wavelengths of each QD were taken from the peak absorbance 

amplitude and substituted into the band gap and particle size formula to obtain the bandgap 

energies and the particle sizes of the as synthesised CdSe QDs.  
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Table 4.4 Extrapolated wavelengths of each CdSe QD at different absorbance peaks. 

Sample number Synthesis Temperature 

of QDs (℃  

Absorption peak (nm) 

1 150 406 

2 175 409 

3 200 411 

4 225 412 

5 250 413 

6 275 511 

7 300 514 

 

Thus, using the energy band gap formula  

      
  

 
          [4.2] 

where the parameter   , is the energy band gap of the QD,   is Planck‟s constant 

(6.626070040 10
-34 

J.s), and   is the speed of light (3 10
8 

m.s
-1

). 

The bandgap of each QD as a function of wavelength is shown in Table 4.5 below 
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Table 4.5: Shows values of the calculated band gap 

Sample number Temperature of 

QDs (℃  

Absorption 

peak(nm) 

Band gap (eV) 

1 150 406 3.11 

2 175 409 3.03 

3 200 411 3.01 

4 225 412 3.01 

5 250 413 3.0 

6 275 511 2.42 

7 300 514 2.41 

 

The stokes of the band edge emission increase with a decrease in particle size due to the larger 

coupling of the electron and hole pair in the emitting state to phonons LO in the polar CdSe lattice 

for the smaller QDs.  

Additionally, the particle size of CdSe QDs was calculated using the relation given by Yu et al 

2003 [28]: 

 

    .               .              .               .          .     

            [4.3] 

where D is the size of a given sample and λ (nm) is the first exciton peak of CdSe spectrum. The 

data presented in this table shows that the absorption maximum (peak values) for 7 samples varies 

from 406 nm to 514 nm. 
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Table 4.6: Calculated values of the different sizes of CdSe QDs obtained from UV-Vis analysis.  

Sample Synthesis 

Temperature℃ 

First peak 

of 

Wavelength 

(nm) 

Size of CdSe 

QDs (nm) 

Energy band gap 

(eV) 

1 150 406 1.79 3.11 

2 175 409 1.91 3.03 

3 200 411 1.93 3.01 

4 225 412 1.94 3.01 

5 250 413 1.95 3.0 

6 275 511 3.13 2.42 

7 300 514 3.17 2.41 

 

These results clearly show quantum confinement effect in CdSe QDs. The UV absorbance spectra 

presented reveal that as the size of the QD increases, the maximum peak shifted to a longer 

wavelength leading to a corresponding decrease in the confinement energies because the 

conduction band moves downwards thus shortening the band gap of the semiconductor 

nanocrystals. The overall effect is that the band gap decreases resulting in a red shift of the band-

band excitation energy of the semiconductor. 

  



 

105 

 

4.3.2. Effect of temperature on the CdSe QD growth 
 

Since the growth kinetics of CdSe QDs are dependent on temperature, the influence on changes of 

this condition on the final properties of CdSe QD were investigated. From the findings, it was 

observed that changing the growth temperature during synthesis has the ability of changing the 

average particle size. Figure 4.20 shows diameter distribution of QDs grown with different 

temperatures. 

 

 

 

Figure 4.22: Effect of synthesis temperature on size of CdSe QDs 

 

From fig. 4.22, it was observed that as the temperature is increased, the particle size of CdSe QDs 

also increases. These results are in agreement with the study of Battacharjee et al. [9] because the 

growth of these QDs is the predominant process over nucleation, which increases the average 
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particle size under the same experimental conditions. The increase in QD size is also responsible 

for the red shift in absorption spectra of CdSe QDs. 

 

Additionally, from the results of Table 4.5, a graph of band gap against particle size was plotted 

for the CdSe QDs.  

 

 

 

Figure 4.23: Effect of synthesis temperature on band gap energy of CdSe QDs 
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Figure 4.24: shows the effect of particle size on the band gap of CdSe QDs 

 

Fig. 4.22 and 4.23 shows the effect of synthesis temperature on band gap and effect of particle 

size on the band gap energy of CdSe QDs, respectively. The band gap Eg decreased with 

increasing synthesis temperature (Fig. 4.24). In summary, these two graphs explain why the band 

gap reduces with increasing particle size as the synthesis temperature is increased.  
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4.3.3. Optical Study 
 

An immediate observable optical feature of QDs synthesised is their colour. Even though the 

CdSe QDs were synthesised using the same materials, their different sizes results into emission of 

light of different colours. Larger QDs emit red fluorescence, and smaller ones emit blue light 

[25]. CdSe quantum dots of increasing size from left to right are shown in Fig.4.13. 

 

 

 

Figure 4.25: Images of CdSe QDs, top; under normal light, bottom; under UV light (366 nm) 
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Samples were illuminated with UV light and there was an observed fluorescent from the samples. 

The colour of the samples viewed varied from blue, green, orange and red. Under normal light, 

the synthesized CdSe QDs appear colourless, to yellow, to reddish orange. The prepared CdSe 

QDs were irradiated with a short-wavelength ultraviolet lamp; the colourless samples glow blue 

to green and the colours of the yellow, orange, and red QDs become more pronounced, as shown 

in fig. 4.25. A very clear distinction is seen between the colours of QDs observed in normal light 

and under UV light indicating the formation of QDs and their variation in particle size with rise in 

synthesis temperature. The colours of luminescence change with reaction times. These changes in 

colour are consistent with observations noted by [26] and [27] they attributed these changes to 

increasing size of the QDs. In quantitative terms, the band gap energy determines the energy of 

the light being emitted, which is inversely proportional to the size of the QD. The QD properties 

intensely change because the quantum size effect arises from the confinement of the electrons and 

holes in the QD structure. The increased surface area/volume ratio and the increase in oscillator 

strength as a result of downsizing bulk CdSe to nanometre range is responsible for the 

unprecedented increase in the band gap of the synthesised CdSe QDs over the bulk CdSe QDs.  
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4.4. Conclusions 

 

From this study, 2-mercaptoethanol capped CdSe QDs with different particle sizes were 

synthesised using the hot injection method. FTIR revealed a peaks at 738, 738, 738, 738, 735, 735 

and 733 cm-1 for 150, 175, 200, 225, 250, 275, and 300℃, respectively which confirmed the 

presence of the Cd-Se bond and subsequently confirms the successful fabrication of CdSe QDs. 

XRD analysis has revealed characteristic peaks of hexagonal wurtzite CdSe QDs at 2θ angles of 

34.77 – 35.13° and 45.39 – 45.70° for (102) and (103) crystal planes. HRTEM showed that the as 

synthesised CdSe QDs have a spherical shape and were agglomerated. Additionally, HRTEM and 

XRD analysis has revealed that the modal particle size increases with an increase in synthesis 

temperature. Raman spectroscopy analysis has revealed the presence of peaks corresponding to 

vibrational modes LO and 2LO, which are characteristic peaks for CdSe QDs. Additionally, RS 

and XRD, revealed that the as synthesised CdSe QDs have a wurtzite structure. From the 

absorption spectra, peaks moved towards the longer wavelength with increasing synthesis 

temperature. This was due to particle size increase. The calculated particle sizes from UV-Vis are 

in mutual agreement with XRD and HRTEM, thus confirming that controlling reaction 

temperature has a significant influence on the growth size of CdSe QDs. 
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Chapter 5 

Conclusions and Recommendations 
 

5.1. Synthesis of CdSe QDs using the hot injection method 
 

The hot injection method is a very facile and useful method to prepare CdSe QDs with high 

luminescence. There were three main stages during synthesis. First, a Se precursor was prepared 

by dissolving Se powder in DMF. Secondly, a Cd precursor was prepared at an elevated 

temperature. Lastly, the prepared Se was injected into the hot Cd precursor under vigorous 

stirring. Growth of the QDs was controlled by varying the reaction temperature. By utilising this 

technique CdSe QDs with different sizes and optical properties were fabricated in this work.  

 

5.2. Fourier Transform Infrared Spectroscopy (FTIR)  
 

The FTIR spectra of CdSe QDs synthesised using the hot injection method revealed peaks at 738, 

738, 738, 738, 735, 735 and 733 cm
-1

 for 150℃, 175℃, 200℃, 225℃, 250℃, 275℃, and 300℃ 

synthesis temperature, respectively which were the characteristic peaks for Cd-Se bond. The 

presence of these peaks confirmed the successful fabrication of CdSe QDs. Additionally, the 

absence of the S-H peaks at 2654-2556 cm
-1 

indicated that the capping agent, 2-mercaptoethanol, 

was attached to the QD surface. In conclusion FTIR analysis confirmed the synthesis of 

successful fabrication of high quality CdSe QDs.  
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5.3. X-Ray Diffraction (XRD) 
 

The XRD analysis of the as prepared CdSe QDs showed diffraction peaks at 2  angles of 16.66 , 

25.20 , 34.77 , 40.9 , 45.39  and 49.1   for the QDs synthesized at  150     17.4  , 25.22 , 

34.85 , 41.7 , 44.45  and 47.5  for 175     17.07 , 25.19 , 34.85 , 41.34 , 44.41  and 48.86  for 

200  ; 16.34 , 25.20 , 34.76 , 40.6 , 44.74  and 49.48  for 225  ; 17.44 , 25.17 , 34.19 , 41.7  , 

44.45 , 49.24  for 250  ; 16.70 , 25.16 , 34.85 , 40.32 , 45.1   and 49.1 7 for 275  ;and 17.35 , 

25.18 , 35.13 , 41.63 , 45.7  , 49.48  for 300   indexed to crystal planes (100), (002), (102), 

(220), (103) and (112), belonging to hexagonal Wurtzite CdSe crystal structure. Additionally, 

XRD analysis revealed that the synthesized CdSe QDs had crystallite sizes of 1.77, 1.82, 1.91, 

1.96, 1.97, 3.11 and 3.14 nm for synthesis temperatures 150, 175, 200, 225, 250, 275 and 300℃, 

respectively, which increased with increasing synthesis temperature. Furthermore, XRD analysis 

has revealed a shift to higher 2  values as synthesis temperature was increase indicating growth 

in QD size. 

 

5.4. High Resolution Transmission Electron Microscopy 
 

The HRTEM of CdSe QDs synthesised by the hot injection method revealed that the as 

synthesized CdSe are spherical in shape and well dispersed. The analysis also revealed that CdSe 

QDs have lattice fringes which correspond to crystal planes of Miller indices (100), (002) and 

(101) for hexagonal Wurtzite structure. These results are in mutual agreement with the XRD 

results. Additionally, the selected area electron diffraction (SAED) of all the synthesized CdSe 

QDs samples showed concentrated electron diffraction patterns which confirmed that the as 

synthesised CdSe QDs have a Wurtzite crystal structure. The QDs size estimated using HRTEM 

was 1.79 nm, 1.81 nm, 2.06 nm, 2.08 nm, 2.11 nm, 3.10 nm and 3.12 nm for the QDs synthesized 

at 150 ºC, 175 ºC, 200 ºC, 225 ºC, 250 ºC, 275 ºC and 300 ºC, respectively. These results are in 
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close agreement from the QDs sizes calculated from XRD. In conclusion HRTEM and XRD 

confirmed that CdSe QDs synthesised by the hot injection method have a hexagonal Wurtzite 

structure and that QD size can be controlled by varying the reaction temperature.  

 

5.5. Raman Spectroscopy 
 

Raman spectroscopy of CdSe QDs showed characteristic peaks of CdSe at 288.16, 292.56, 295, 

296.75, 292.35, 294.66 and 294.13 cm
-1

, corresponding to the LO phonons, and 581.36, 588.08, 

593.20, 590.65, 588.30, 592.68, and 590.80 cm
-1

, corresponding to the 2LO phonons
 
for samples 

taken at 150℃ , 175 ℃, 200 ℃, 225 ℃, 250 ℃, 275 ℃ and 300 ℃, respectively. The LO and 2LO 

phonon modes were blue shifted as compared to the bulk because of phonon confinement. 

Additionally, peak broadening was observed whereby as the QDs decreased in their size more 

broadening of the peak width was observed in their Raman spectra. Furthermore, RS and FTIR 

confirmed the fabrication of CdSe QDs.  

 

5.6. Optical Properties 
 

The UV-Vis spectroscopy showed that the peaks of CdSe QDs synthesised by the hot injection 

method shifted towards the high wavelengths as reaction temperature was increased. This 

indicated QD size growth. In addition, the QD size calculated from UV-Vis using the Yu et al 

equation was 1.79, 1.91, 1.93, 1.94, 1.95, 3.13 and 3.17 nm for 150, 175, 200, 225, 250, 275 and 

300℃, respectively. These results agree with the estimated QD size from HRTEM and the 

calculated QD sizes using the Debye Scherrer equation in XRD. It was also observed that the 

energy band gap decreases with increasing QD size confirming the notion that QD size and band 

gap can be tuned by controlling the reaction temperature. Moreover, we also observed colour 
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changes in QDs synthesised at different temperatures, indicating the difference in QD size as 

temperature was increased.  

 

5.7. Recommendations 
 

Even though high quality CdSe QDs have been synthesised since the early 90s by the hot 

injection method, the use of extremely toxic materials during the synthesis process and difficulty 

in achieving precise reaction conditions motivates for exploring more user friendly approaches to 

make QDs. Generally, CdSe QDs have already proven to have numerous applications in many 

different fields. Still, many aspects of this material need to be explored in order to make them 

more suitable for more specific applications like solar cells. Some of these explorations include 

investigating its purity, tuning the core thickness of the QD in order to make them emit in certain 

wavelengths. Some of the aspects in this work that can be further explored is capping the QD with 

another semiconductor which will influence the overall optical and structural properties of the 

final QD. Thus, investigating the effect of using a semiconductor to coat CdSe QDs on the overall 

properties of the QD is recommended. Additionally, it was found from the HRTEM and XRD 

analysis that CdSe QDs size can be tuned and from UV-Vis results that CdSe QDs absorb in the 

useful region of the solar spectrum. For future work, the fabrication and characterisation of a 

quantum dot solar cell (QDSSC) using CdSe QDs as the absorber is recommended so we can 

evaluate the electrical properties of the solar cell device.  
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