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Abstract

In the present study, the doping effect of lead (Pb) atoms on the optoelectronic properties of
cadmium sulfide (CdS) colloidal quantum dots is investigated. The concept of quantum con-
finement has been explored, emphasizing the role of Quantum Mechanics and the effective
mass approximation in understanding confinement energy. Experimental synthesis of CdS
colloidal quantum dots was performed using a modified method of chemical bath deposition
technique. The resulting quantum dots exhibited a bright yellow vibrant color. UV-Vis and PL
studies revealed a redshift followed by a blueshift at increased Pb concentrations. Tauc plot
analysis determined the bandgap values to be 2.70eV, 2.67¢V, 2.72¢eV, 2.74eV and 2.77eV for
pure, 0.10%, 0.15%, 0.20% and 0.25% doped samples respectively. This increase in bandgap
was attributed to the Burstein-Moss effect. FTIR characterization showed shifts and intensity
changes in peaks of the fingerprint region, indicating variations in molecular vibrations and
stretching due to Pb doping. Optical analysis provided insights into the refractive index, di-
electric constant, and linear optical susceptibility, which decreased with increasing bandgap.
The electrical characterization showed decrease in resistivity and augmented conductivity
by upto 7 times from the undoped sample with higher Pb concentrations. Moreover, the
IV curve exhibited an ohmic nature, suggesting the samples resemble metallic conductor

properties.

Keywords: Quantum Dots, Doping, Bandgap, Quantum Confinement Effect, Burstein-Moss
Effect
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Chapter 1

Introduction

Semiconductors, the backbone of modern technology, have revolutionized the way we live,
work, and communicate. In the past century semiconductor devices have brought about an
abrupt advancement and growth in technology, providing human beings to design, integrate,
harvest energy and communicate easily. These remarkable materials, with their unique elec-
trical properties, form the foundation of electronic devices that power our digital age. From
smartphones and computers to solar cells and sensors, semiconductors have transformed
our world[1].

Nanotechnology is a leading interdisciplinary science that is emerging as a distinctive field of
research. Its advances and applications will result in technical capabilities that will allow the
development of novel nanomaterials with applications that will revolutionize the industry in
many areas[2]. Quantum dots, nanoscale semiconductor particles with extraordinary optical
and electronic properties, have emerged as a promising area of research with immense po-
tential for various applications. By harnessing the principles of Quantum Mechanics, these
tiny structures exhibit size-dependent behavior, enabling precise control over their optical
and electronic properties.

In this thesis introduction, we will explore the fascinating world of quantum dots, their
unique characteristics, the quantum confinement effect and the implications in lead doped

cadmium sulfide quantum dots.

1.1 Working on Nanoscale: From Bulk to QDs

The properties of bulk materials, defined as those materials with all dimensions greater than
100 nm in length, are constant, independent of their dimensions. However, as we move into
the nanoscale region, defined by at least one dimension of the material being in the region
of 1-100nm, the physical and electronic properties of the material vary depending on their
size. This is a consequence of both the greatly increased surface area to volume ratio of
nanomaterials and the quantum confinement of the electrons, which will be explained later,
leading to properties bridging bulk and molecular characteristics. The area of nanoscience
has received great interest since Richard Feynman gave his seminal speech, ‘There’s plenty of

room at the bottonm’ in 1959, outlining the great potential of working on the nanoscale[3]. More
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recent advancements in microscopy techniques, in particular electron microscopes, have
advanced the field greatly with the ability to image materials on the nanoscale allowing close
study of atoms and molecules on the nanolevel as shown in figure 1.1. These developments
have led to nanoscience being incorporated into many different applications today and is
expected to continue to be the basis for many technological advancements over the coming
decades.

The comparison between bulk systems and nanomaterials obviously arises from dimension

Nanoscale Biomolecules

Oligo-

DNA Antibody nucleotide

Water ; ? &}Lﬂ% Bacteria ~ Cancer cell Pencil tip Tennis ball

¥
— .

Glucose Protein  Virus

q& ‘w 3%};}:\ f%‘\

107 ( 1 10 10? 10* 10° 105 107 108
- | | | | | | |
Nanometer
wskﬁd\
Fe,0y (3ol
SR £ Gz
Fullerene  Dendrimer  Quantum Dot Gold Metal oxide  Liposome  Polymer

Nanostructures

Figure 1.1: The Nanoscale Diagram Source: Saallah, S; Lenggoro, W, 2018

differences, however, such difference in scaling also gives rise to other properties which are
crucial for distinction between the two systems. These properties are summarised in Table
1.1.

Table 1.1: Comparison between Bulk and Nanomaterials

Property Bulk Material Nanomaterials
Size Macroscopic dimensions, Microscopic dimensions,
typically in gm or mm typically ranging from 1 to 100nm
Structure 3 Degrees of Freedom (DF) and  Depending on the type of nanomaterial, can
Zero Degree of Confinement (DC) have 2 DF (1-DC), 1 DF (2-DC), 0 DF (3-DC)
Electronic Continuous Energy Bands Discrete and Quantized Energy Levels
Optical COl’ltil’ll%Ol.lS absorption and Size depe.n(%ent absorp.tion and
emission spectrum emission properties
Quantum Effects No quantum effect Quantum mechanics governs the properties

of the nanomaterial
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1.2 Quantum Dots "The Seeds of Nanoscience"

An element’s properties are determined by its electronic configuration, but Quantum phe-
nomena emerge when matter is reduced to nanoscale dimensions due to matter size[4], [5].
QDs were first discovered by Aleksey Yekimov in a glass matrix in 1980 and by R. Rossetti &
Louis Brus in colloidal solution in 1985. As such the Chemistry Nobel Prize for 2023 recog-
nizes the discovery and evolution of quantum dots (QDs) and is jointly awarded to Aleksey
Yekimov (created size-dependent quantum effects in coloured glass), Louis Brus (first to
demonstrate size-dependent particle quantum effects), and Moungi Bawendi (revolutionized
the chemical productions of QD)[6]. QDs are tiny nanoparticles with properties determined
by size. They constitute a new class of materials that are neither molecular nor bulk. The
Royal Swedish Academy of Sciences describes these intriguing semiconductors as materials
having the same structure and atomic composition as bulk materials, but their properties
can be tuned using a single parameter, the particle’s size.

Quantum dots are considered as particles with zero dimensions lying mostly in between
1-10 nm scale. Particles with zero dimension can be considered as 3D confined particle i.e.
particle bound to a system and thus have discrete energy levels. If a particle is 1D confined
the particle is termed as Quantum well, if the particle is 2D confined particle it is termed
as Quantum wire and if 3D confinement is there, the particle is termed as Quantum Dot.
Their electronic and optical properties vary from bulk particles[7]. Electronic properties
lie between bulk semiconductors and discrete molecules, and optical properties like band
gap can be tuned according to its size. Band gap of semiconducting material increases with
decrease in its size. As size of QDs decreases, color shift occurs from red to blue, resulting
QDs of same material exhibit different types of color as according to its size[8]. In 1996,
Alivisatos showed that basic physical phenomenon of quantum confinement arises because
of change in electronic states[9]. We can understand this confinement by considering the
relation between position and momentum in confined and free particles. Due to their small
size and discrete energy levels, they exhibit different optical and electronic properties from
bulk counterparts. For example, in UV-Vis absorption spectroscopy QDs show blue shift com-
pared to bulk particles[10]. Also while calculating the bandgap from UV-Vis absorption data,
increase in bandgap was observed showing that their bandgap can be tuned by varying their
size. The advent of reliable production of nano-structures has opened a frontier in material
science. As the size of these structures or devices approaches the nanometer scale the laws
of quantum mechanics come into play. Quantum dot structures are being considered for a

variety of technological applications ranging from semiconductor electronics to biological
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Figure 1.2: (a)Size-Dependent band gap Variation in QDs (b)Simulation Model of Spherical QD Source:
P Subhapriya, 2023

applications including optical devices, quantum communications and quantum computing
as listed in section 1.5. The understanding of the quantum structure’s electronic properties
and quantum confinement is of paramount importance. The basic concept of quantum
confinement comes from the interplay of two fundamental principles of quantum mechanics;
namely the electronic system must obey the Schrodinger equation and also follow the De
Broglie momentum-wavelength relationship. As such a quantum dot is a semiconductor
nano-structure that confines the motion of conduction band electrons, valence band holes,
or excitons (quasiparticle bound pairs of electrons and holes) in all three spatial directions
[11].

1.3 Quantum Mechanical Treatment of Quantum Dots

A fundamental aspect of quantum mechanics is the particle-wave duality, as introduced
by De Broglie, according to which any particle can be associated with a matter wave, the
wavelength A of which is inversely proportional to the particle’s linear momentum p[1].

h

PO (1.1)
p m

<

where h is the Plank’s Constant
Whenever the size of a physical system becomes comparable to the wavelength of the parti-
cles, the behaviour of the particle is best described by the rules of quantum mechanics. The

electronic structure of bulk semiconductor crystals is described correctly by the band theory
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where the electron states are not distributed in discrete levels as in atoms and molecules,
rather form continuous bands, namely conduction and valence bands, which are separated
by an energy gap E¢[12]. In nanostructured semiconductors, the band structure model is
no longer sufficient to explain the electronic structure and other alternative models must
be considered. As a result, due to consequences of nano-dimenison quantum mechanical
concepts such as quantum confinement, quantization of energy, discrete energy levels and
uncertainity principle are used to describe the electronic structures and properties in such
semiconductors. An important phenomena called Quantum confinement occurs when the
De Broglie wavelengths of electrons A, and holes 1, and the Bohr radius ap are in the order
or greater than the spatial dimensions of the crystal. This situation can hold for one, two
or three directions in space. Therefore, one can have 1-, 2- and 3- dimensional quantum

confinement[13].

bulk
quantum well quantum wire
d;

quantum dot

y -
X X =t ’
E E E E
Ec —/ Ec j I — EcF
E\'—\\ Ev Evk EvE
N(E) N(E) T NG N(E)

Figure 1.3: Density of States of semiconducting material for bulk, 2D, 1D and 0D crystals.[14]

1.3.1 Density of States

The effects of low dimensionality are immediately visible in the density of states (DOS) of a
semiconductor nanoparticle. At the diminishing of the size, the continuous bands become
discrete i.e. they assume an atom-like aspect. QDs are composed of approximately 102 — 10*
atoms, as a result they exhibit distinct narrow optical line spectra. This is why, QDs are often
described as artificial atoms. When considering the DOS for 0D structure, no free motion is
possible. Since there is no k-space to be filled with electrons and all available states exist only

at discrete energies, the DOS is then described by the delta function as shown in figure 1.3[9].

D(E)=26(E - EF) (1.2)
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1.3.2 Nature of Carriers in QDs

Carriers in any condensed matter system define optoelectronic properties of such system.
Quantum dots provide confinement for carriers in all three spatial dimensions giving rise
to the atomic-like discrete spectrum. This can be very useful in optoelectronic applications
since semiconductor technology is already very well developed while discreteness of the
spectrum may provide very interesting features for possible optoelectronic applications. All
optoelectronic applications are physically based on interaction of external electromagnetic
field and charge carriers inside the considered system. The term “carrier” in quantum dots
may refer to electrons, holes, excitons and even polarons as a carriers of charge. Undoped QDs
has all the electrons in valence band in thermodynamical equilibrium. Only few electrons
from valence band can be thermally or optically excited providing electrons in conduction
band and leaving holes in valence band. Electrons and holes act as carriers, but they also
interact mutually by Coulomb forces forming excitons[15]. However, the binding energy
required to create one is much smaller than the thermal energy; therefore, excitons have a
very low probability of existing in a bulk semiconductor at room temperature. In quantum
confined systems, and particularly in QDs, the excited electron and hole are forced to exist
very close to each other, causing large Coulomb interactions between them. In this case, the
binding energy and oscillator strengths are increased, hence the excitons can exist at room

temperature[16].

1.3.3 Quantum Confinement Effect

Quantum confinement is the spatial confinement of electron-hole pairs (excitons) in one or
more dimensions within a material. For a free particle with effective mass m* confined in a
crystal by impenetrable barriers (i. e., infinite potential energy) in the z direction, the allowed
wavevectors k, of the Bloch waves are given by[12]:

- 2n _ nm (1.3)

n — A,n - L .

where n=1,2,3...
The ground state energy is increased by the amount AFE relative to the unconfined case:

hZ k2 hz 2

AE=——2 - (I, (1.4)
T o2m* 2m* L2 )

This increase in energy is referred to as the confinement energy of the particle. It is a conse-

quence of the uncertainty principle in quantum mechanics. When the particle is confined
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within a distance L in space (along the z direction in this case) the uncertainty in the z com-
ponent of its momentum increases by an amount of the order of 7i/L. The corresponding
increase in the particle’s kinetic energy is then given by (1.4). Hence, this effect is known
also as quantum confinement. In addition to increasing the minimum energy of the particle,
confinement also causes its excited state energies to become quantized. Depending on the
ratio of particle size D to the Bohr radius ap of the exciton, the degree of confinement can be

classified into three main categories[13]:

1. Strong Confinement: The size of the quantum dot is less than the Bohr radius for both

the electron and hole (D << ag)

2. Intermediate Confinement: The size of the quantum dot is less than the Bohr radius of

one of the electron or hole, but not the other (ag; < D < ag.)

3. Weak Confinement: The size of the quantum dot is greater than the Bohr radius of both

the electron and hole (D >> ag)

1.3.4 Effective Mass Approximation Model

This approach, based on the ‘Particle-in-Box Model’, is the most widely used model to predict
quantum confinement. It was first proposed by Efros and Efros in 1982 and later modified
by Brus. In this approximation model, an exciton is considered to be confined to a spherical
volume of the crystallite and the mass of electron and hole is replaced with effective masses

(m. and my,) to define the Hamiltonian H and the wave function[17].
1.3.4.1 Determination of Confinement Energy

An ideal spherical quantum dot is a spherical shaped semiconductor nanocrystal in which
excitons are confined in an infinite spherical well[18]. This corresponds to an impenetrable

hard spherical wall. The confining potential is given by[19]:

0, r<a
Vi(r)=
oo, otherwise

Where, r = radius of the confining potential and a = radius of the quantum dot
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Figure 1.4: Infinite Spherical Potential Well with radius a

Following Schrédinger’s time-independent wave equation (Davies, 2005):
Hy(r) = Ey(r) (1.5)

With the Hamiltonian operator H given as[20]:

n? n? e?
p V- ————— (1.6)
h €olre — 1yl

fi=-

e

2m; 2m

where the subscripts e and h represent electron and hole respectively. However, for ease
of calculation we can represent the effective masses of electron m; and hole m; with the
reduced mass p, giving the general form of the Hamiltonian of the QD in the Schrodinger

equation:
hZ
—@Vzw(r) + V@) = Ey(r) (1.7)

Since the potential depends on the radius from a fixed point of a spherical quantum dot, the

Laplacian V? of the spherical polar coordinate is independent of the angular part and is given
10 0

vi= S —(r?= 1.8

r2or (r 6r) (18

Putting (1.8) into (1.7) for V(r)=0 in the region r< a we have:

as:

i1 0(r26) (r) = By (r) (1.9)
2urzor\ or vl =2y ’
If we assume that the QD is spherical, decoupling of the Schrodinger equation into a radial

part (depending on r) and a spherical harmonic part (depending on the angles 6 and ¢ ) is
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possible. This decouplinng method is often quite good since most chemically synthesized
nanocrystals have aspect ratios (defined as the ratio between the longest and shortest axes)
smaller than 1. Hence, based on this assumption, y (r) = R(r)G(0) Q(¢); the radial part of (1.9)

by means of separation of variable yields:

1d|(,dR\ 2uEr?
Rdr (r dr)+ h? Hi+1) (1.10)

where [ = orbital angular momentum

The equation above is simplified and the result is stated as:

2
4R 2d_R+[k2—l(”D R(r)=0 (L.11)

dr?  rdr r2

V2UE

where k = 7

Equation (1.11) is reminiscent of spherical Bessel differential equation. The solutions are the
spherical Bessel function of order /, j;(kr) and the spherical Neumann function of order /,

n;(kr). The general solution is:
Rp,1(r) = Cyji(kr) + Dyny(kr) (1.12)

where C; & D; are constants.

The spherical Neumann function n;(kr) are discarded, since they are divergent at r=0[21].
Unlike the spherical Neumann function, the behavior of the Bessel function is such that it
is finite at the origin. The finite requirement of the wave function suggest that D must be
equal to zero. This reduces (1.12) to R, ;(r) = C;j;(kr). Applying boundary conditions, at
r=a, jj(ka) = 0. Let B,,; be the n'"* zero of the spherical Bessel function of order /, thus
kni = % Inserting this expression into (1.11), we get the allowed energy eigenvalues, which
also represents the confinement energy.

n

E,; B (1.13)

- 2ua?

For the ground state (n =1,/ =0), then ;¢ = 7[21], hence the final form of the confinement

energy of the quantum dots is:

B vl (e o S | 1 (1.14)
“T2ouaz " 242 \m: my '
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Equation (1.14) represents the confinement energy of the QD, which is one of the important

parameter to determine the band gap energy of the nanocrystal.
1.3.4.2 The Brus Equation

Brus gave the first theoretical calculation for semiconductor nanoparticles (using CdS and
CdSe as examples) based on “effective mass approximation” (EMA)[17].
242 2
n°h e
EJP =Ebk 4+ = — —1.786———— (1.15)
g 2uR? 4mepe, R

where €, is the relative permittivity
Kayanuma accounted for the electron-hole spatial correlation effect[22] and modified the
Brus Equation. Based on the modified equation, the size dependence on the band gap energy

of quantum dots can be quantified as follows:

QD _ pbutk, TN e?
Eg " =E U +——1.786——0.248E; (1.16)
g 2uR? 4mege, R y

The first term in the right hand side of Equation (1.16) represents the band gap energy of bulk
materials, which is characteristic of the material. The second additive term of the equation
represents the additional energy due to quantum confinement having a R~ dependence on
the band gap energy. It can indeed be thought of as the infinite spherical-well contribution to
the band gap. The third subtractive term stands for the columbic interaction energy exciton
having R™! dependence (often neglected due to high dielectric constant of semiconductor
material). The numerical factor in this term originates from calculations of wave function
overlap integrals and its value may vary slightly from material to material. The last subtractive
term, stands for spatial correlation effect (independent of radius) and significant only in case
of semiconductor materials with low dielectric constant[17]. In general, the band gap energy

of the QD is the contribution of the following parameters.

QD _ pbulk
Eg = Eg + Econfinement + Eexciton + ERydberg

10



Pb-Doped CdS Colloidal Quantum Dots

1.4 Colloidal Quantum Dots

The distinction between atoms, molecules, quantum dots and bulk materials lie in their size
and the number of atoms bound. QDs usually contain about 100-10000 atoms. It is clear that
by binding more and more atoms together, the discrete energy levels of the atomic orbitals
merge into continuous energy bands as it is apparent in the figure below([1].

energy
A

bulk solid-
state body

»

number of connected atoms

Figure 1.5: Electronic energy levels depending on the number of bound atoms[1]

Colloidal QDs differ remarkably from other QD systems such as self-assembled QDs and
litographically defined QDs, as they are chemically synthesized using wet chemistry and
are free-standing nanoparticles/nanocrystals grown in solution. In fabrication of CQDs, the
reaction chamber contains a liquid mixture of the precursors and capping or complexing
agent that control the nucleation and growth. The key parameter in the controlled growth of
these nanocrystals is the presence of growth controlling agent as the nanoparticles have the
tendency to aggregate and form large clumps, hence, a so called capping agent or complexing
agent is required. Some commonly used inexpensive complexing agents include tartaric acid,
trisodium citrate and ethanolamine can be utilised for synthesis of CQDs.

In this paper, trisodium citrate (NasCgH507) was used to synthesize CdS CQDs using a

modified version of chemical bath deposition technique illustrated by Fekadu et al[23].

1.5 Applications of Quantum Dots

Colloidal semiconductor quantum dots exhibit size-dependent optoelectronic properties,
making them promising materials for many applications, such as solution processed solar
cells [24]-[26], luminescent solar concentrators [24], photodetectors[27], light emitting de-

vices[24], [28], optoelectronic devices[24], [29] and biomedical imaging[30]-[32].
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The quantum cofinement effect in QDs has enabled the tunability property of the band
gap of the semiconductor allowing easy manupilation of essential characteristics such as
absorption, emission and conductivity of the material[33]. As a consequence, QDs have been

incorporated as active elements in a wide variety of devices and applications.

Photoconductors
Photovoltaics and

Photodetectors

QUANTUM
DOTS

Catalysis &
Others

Figure 1.6: QD-based applications

Many of these applications are now commercially available and are incorporated into our
daily life,such as the case of QD-based displays[34]. Despite now being part of mature tech-
nologies, QD synthesis, characterization, and applications still constitute a highly active field
of investigations. While original QD research was heavily centered in group IV and III-V com-
pounds,progress in the synthesis over the years has expanded the elemental composition[35].
Currently, QDs are also based on II-VI and I-1II-VI compounds, as well as transition-metal
dichalcogenides, perovskites, and carbon, among others. QD applications are mostly based
on their exquisite optical properties and their role in light emission, conversion, and detec-
tion. As such, QDs encompass a large number of areas of application, as depicted in the
figure above.

One of the most important areas of application of QDs is in photovoltaics due to the high
renewable energy demand prevailing in the world. Devices for photovoltaics have long incor-
porated nanomaterials in order to boost the energy conversion efficiency[36]. Nevertheless,
new strategies to accomplish that goal have been reported, including those involving CdS
QDs[37] and CdSe and CdSe/CdS core-shell QDs[38]. Also, new methods for capping PbS QDs
with atomic ligands[39] and improving passivation of CdSe/CdS/ZnS core-shell-shell QDs
thin films have been described[40]. Ligand and solvent engineering were also applied in PbS
QD films[41]; the latter were also studied in conjunction with ZnO films[42]. Homogeneous

dispersion of core-shell CdS/ZnS QDs in copolymers was achieved using super critical carbon
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dioxide synthesis[43]. Furthermore, theoretical studies by DFT calculations helped design

CdSe and CdS QD-based materials for energy conversion applications.

1.6 Statement of the Problem

It has been reported in numerous literature that the optical and electrical properties of
CdS thin films can be altered by doping it with metallic ions such as Mg?*[44], Zn?*[45],
Cu?*[46], Fe*"[47], Co?*[48] etc. having ionic radii smaller than that of the host ion Cd?*.
These dopant ions due to their smaller ionic radii diffuse well into the host CdS lattice enhanc-
ing its conductivity due to lattice unit cell compression. However, the effect of incorporation
of dopant ions of greater ionic radii than that of Cd?* on the optical, electrical and structural
properties of CdS is still under investigation. Pb** is a heavy metal ion having ionic radius of
1.20A, which is slightly higher than that of Cd?* (0.97A), and hence it is supposed that the
lead ions can alter the properties of pure CdS.

Despite the promising potential of Pb-doped CdS CQDs, there is a noticeable gap in the exist-
ing literature regarding their comprehensive characterization and understanding. Limited
work has been conducted to investigate the optical and electrical properties of Pb-doped CdS
CQDs, specifically focusing on the Burstein-Moss effect. The Burstein-Moss effect, which in-
volves the bandgap widening in heavily doped semiconductors, has been extensively studied
in bulk and thin-film materials. However, its manifestation and implications in Pb-doped CdS
CQDs have received scant attention. The lack of in-depth investigations on this particular
system hinders the development of a comprehensive understanding of the Burstein-Moss
effect in doped QDs and restricts their potential applications. Thus, this scientific work aims
to shed light on the interplay between dopant concentration, bandgap widening, and the

resulting changes in the optical and electrical behavior of the doped CQDs.

1.7 Research Objectives

The direct determination of the carrier concentration value in the conduction and valence
band of doped QDs requires either theoretical model or computational study due to the
quantum confinement effect present in these nanocrystals. However, by studying the optical
and electrical properties of the doped samples obtained experimentally, we can infer whether
there is an agreeing correlation showing that indeed an increase in dopant concentration can
result in the Burstein-Moss effect or widening of bandgap. The general and specific objectives

of this research are listed below:
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1.7.1 General Objectives

The general objectives of this work is to investigate the doping effect of Pb atoms on the
optical and electrical properties of CdS CQDs and bridge the research gap by conducting a
systematic study on Pb-doped CdS CQDs. By thoroughly investigating the absorption spectra,
photoluminescence properties, and electrical conductivity of the samples; the Burstein-Moss
effect is examined. Additionally, the correlation between optical and electrical properties is

investigated.
1.7.2 Specific Objectives
The specific objectives of this study are:

(i). To synthesize Pb-doped CdS CQDs using a modified chemical bath deposition tech-

nique.

(ii). To characterize the optical properties of Pb-doped CdS CQDs using UV-Vis, PL, and
FTIR spectroscopies.

(iii). To explore the influence of Pb doping on the optical bandgap E; and estimated particle

size D of CdS CQDs in context to the Quantum Confinement and Burstein-Moss Effect.

(iv). To investigate the electrical properties of Pb-doped CdS CQDs, including resistivity and

conductivity, in thin film form.

1.8 Significance of the Study

The significance of this study lies in its contribution to the limited body of knowledge on
Pb-doped CdS CQDs, specifically in relation to the Burstein-Moss effect. The findings will
not only enhance our understanding of the fundamental properties of doped QDs but also
provide valuable insights for the development of novel optoelectronic devices. By addressing
this research gap, this master’s thesis aims to pave the way for future advancements and

applications of Pb-doped CdS CQDs in various technological fields.

1.9 Structure of the Thesis

The thesis is structured as follows:
Chapter 1: Introduction; In this chapter, the background and significance of the study are

presented, highlighting the research motivation and the objectives of the research. The
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research questions to be addressed are identified, and important concepts in the study are
outlined. Finally, the organization of the thesis is described.

Chapter 2: Literature Review; This chapter provides a comprehensive review of the relevant
literature on the topic of interest. It covers the theoretical and conceptual foundations related
to Pb-doped CdS CQDs, including their synthesis, characterization, and optical and electronic
properties. The quantum confinement effect in QDs is explored, and previous studies on the
effects of dopant concentration are critically analyzed. The chapter concludes by identifying
the research gap that the current study aims to address.

Chapter 3: Methodology of the Study; In this chapter, the experimental methodology em-
ployed in the research is detailed. It includes a description of the materials and reagents
used, the synthesis and doping procedures, and the characterization techniques employed to
evaluate the optical and electrical properties of the Pb-doped CdS CQDs. The experimental
setup, data analysis methods and parameters are also discussed.

Chapter 4: Results and Discussion; The results obtained from the experimental study are
presented and analyzed in this chapter. The optical and electrical characterization data
are discussed in relation to the dopant concentration variations. The observed trends and
phenomena are interpreted, and their implications for the optical and electronic properties
of the QDs are discussed. The findings are compared with the existing literature, and any
discrepancies or novel insights are highlighted.

Chapter 5: Conclusion; The final chapter summarizes the main findings of the study and
addresses the research questions posed in the introduction. The implications and significance
of the results are discussed, and suggestions for future research directions are provided. The
chapter concludes by highlighting the limitations of the current work and mentioning future

prospective studies relevant to this research.
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Chapter 2

Literature Review

2.1 Dopingin Colloidal Quantum Dots

Colloidal quantum dots (CQDs) have emerged as a promising class of nanomaterials with
unique size-dependent electronic and optical properties. These semiconductor nanoparti-
cles exhibit quantum confinement effects, where the electronic structure and bandgap energy
can be tuned by controlling their size[4]. However, to further enhance their performance and
expand their applications, researchers have turned their attention to the process of doping.
Doping involves introducing impurity atoms or molecules into the crystal lattice of QDs,
altering their structural, electrical and optical properties. This deliberate incorporation of
dopants allows for tailoring and fine-tuning of the QD properties, opening up new avenues
for engineering their photophysical characteristics, charge transport behavior, and energy
levels[5]. In this context, doping in CQDs has gained significant attention as a means to
overcome limitations and unlock their full potential for various applications, including opto-
electronics, photovoltaics, catalysis, and sensing.

Doping of CQDs like PbS, PbSe, and CdSe has been extensively studied for various appli-
cations. Researchers have explored different doping techniques to manipulate the optical,
electric, and magnetic properties of CQDs. Methods such as photochemical doping have
been used to introduce extra charge carriers into these nanoparticles, leading to improved
functionalities[49]. Surface ligand engineering has emerged as an effective way to alter free
carrier concentrations and doping types in CQDs, with halide-atomic ligands being popular
for producing PbS QDs[50]. Additionally, the synergistic effect of PbS CQDs and bismuth
telluride (Bi» Tes) has been leveraged to develop photodetectors capable of detecting mid-
wave infrared bands, showcasing excellent performance and sensitivity[51]. Furthermore,
the doping of CQDs is crucial for applications in photovoltaics, where alternative doping
methods have been developed to promote efficient charge extraction in solar cells[52]. These
studies collectively highlight the significance of doping in enhancing the properties and

functionalities of CQDs for a wide range of applications.
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2.2 Cadmium Sulfide Quantum Dots

Cadmium Sulfide (CdS) Quantum Dots are inorganic semiconductor nanocrystals belonging
to cadmium chalcogenide (group II-IV) family which have size typically upto 5.8nm since
the Bohr radius for CdS particles is around 5.8 nm([53]. CdS QDs have discrete energy levels
hence show a 3D quantum confinement. While for bulk CdS there is continuous energy band,
the CdS QDs have discrete energy levels. Band gap for bulk CdS is around 2.42eV while for
CdS QD may be tuned varying from 2.42eV to 4.5eV[9]. Experimental investigations show
that peak observed in UV-Vis absorption spectroscopy for bulk CdS is around 525-550 nm
while for CdS QD may be observed around 375-425nm.

CdS QDs are synthesized in three different crystallite structures- face centered cell (fcc),
hexagonal centered cell (hcp)[10] and cubic closed packing (ccp). CdS QDs can be synthesized
by various different techniques like reverse micelle synthesis[54], microwave synthesis[55],
chemical bath deposition[56], sol gel spin coating method[57] and wet chemical method[58].
There are myraids of applications of using CdS QDs such as in selective ion probes[59],
nanotube array photoelectrodes[60], photocatalysis[61], bioapplications[62], quantum dot

sensitized solar cells[63], light emitting diodes|[64] etc...

2.3 Doping of CdS Quantum Dots

Doping of CdS quantum dots with various elements is an intriguing area of research that aims
to modify and enhance the properties of these nanoscale semiconductors. As mentioned
before, doping involves intentionally introducing impurities or foreign atoms into the crystal
lattice of CdS QDs, which can profoundly influence their electronic, optical, and chemical
characteristics. By carefully selecting the dopant elements, researchers can tailor the quan-
tum dot’s behavior to meet specific application requirements. Doping can lead to improved
conductivity, enhanced emission properties, increased stability, and expanded functionality,
opening up new avenues for applications in optoelectronics, solar cells, sensors, and more.
The exploration of different dopants in CdS QDs offers exciting opportunities to push the
boundaries of nanoscale engineering and create advanced materials with exceptional proper-
ties and performance.

Doping in CdS QDs involves the substitution of some of the Cd or S atoms within the crystal
structure with dopant atoms, which can be elements from the periodic table. The choice of
dopant elements is crucial, as it determines the resulting modifications in the quantum dot’s
electronic, optical, and chemical properties. By judiciously selecting dopants, researchers

can control the band structure, energy levels, carrier dynamics, and surface chemistry of CdS

17



Pb-Doped CdS Colloidal Quantum Dots

QDs.

One of the primary objectives of doping in CdS QDs is to enhance their electrical conduc-
tivity. Intrinsic CdS QDs are known for their limited conductivity due to the presence of
surface traps and defects. However, by introducing suitable dopants, such as transition
metals (e.g.,Zn, Mn, Fe, Ni) or rare earth metals (e.g., Eu, Gd), it is possible to improve the
charge transport properties by creating additional energy levels within the bandgap of the
QDs. These dopants act as shallow donors or acceptors, facilitating the movement of charge
carriers and enhancing the overall conductivity of the nanomaterials.

Furthermore, doping can significantly influence the optical properties of CdS QDs, partic-
ularly their luminescence behavior. The emission properties of pristine CdS QDs can be
tailored by incorporating dopants that introduce defect states or alter the surface chemistry.
For example, rare-earth elements such as Eu or Tb can be doped into CdS QDs to achieve effi-
cient and tunable luminescence in the visible or near-infrared regions of the electromagnetic
spectrum. This ability to engineer the emission wavelength and intensity of QDs through
doping has tremendous potential for applications in lighting, displays, biological imaging,
and sensing.

Overall, the doping of CdS QDs with various elements holds great promise for the develop-
ment of advanced nanomaterials with tailored properties and functionalities. By harnessing
the unique characteristics of dopant elements, researchers can push the boundaries of
CdS quantum dot applications, enabling advancements in fields such as optoelectronics,
photovoltaics, chemical sensing, and biomedical imaging. Continued exploration and un-
derstanding of the doping process in CdS QDs will undoubtedly contribute to the design
and synthesis of novel materials with enhanced performance and expanded technological
applications.

The following papers are related to doping of CdS QDs using various transition metals and
rare earth metals. This section highlights the versatility of CdS QDs as a host for different
dopant species.

Poornaprakash et al (2019), have doped CdS QDs with a rare earth metal ions, Gadolinium
(111) to study the influence on the structural, optical, magnetic and photocatalytic properties of
the seniconductor nanocrystals. They have fabricated CdS, Cdy.9g3Gdy02S and Cdy 96Gdp.04S
by solvothermal method. The resulting QDs had spheroid shapes with sizes ranging from
3.8-6.2nm. The magnetic property analysis of the doped samples exhibited superparam-
agnetism. Moreover, the photocatalytic activity of all the three samples was studied on
malachite green oxalate dye under artificial solar irradiation. After careful inspection, it was
found that Cdj 96 Gdp. 04 S had better photocatalytic properties[65].
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Ganguly and Nath (2020) have investigated effects of doping Manganese (Mn?") ions
on CdS QDs to be used as sensitizers in solar cell. They prepared different concentrations
of Mn?* doped CdS QDs with poly-vinyl alcohol (PVA) capping layer via simple chemical
method. The XRD showed that the prepared pure CdS and Mn doped CdS samples had
similar crystal structure. The size of synthesized QDs were estimated to be around 6 nm from
both XRD as well as UV-Vis absorption study. The presence of prominent peak of Mn?* in
the EDX pattern of CdS indicated successful doping of Mn in CdS QDs. Furthermore, the
synthesized QDs were introduced as sensitizer in a ZnO thin film solar cell and the solar cell
parameters were obtained for white light illuminated condition. The 2% Mn?* doped CdS
QDs on ZnO thin films exhibited the highest short-circuit current density (Jsc) of 5.2mA/cm?,
an open-circuit voltage (Voc) of 0.6V, a fill factor (FF) of 0.67 and a highest power conversion
efficiency () of 2.09%. For higher doping concentrations it was revealed that the photo
conversion efficiency decreased|[66].

While the synthesised nanocrystals are not QDs, Shkir et al (2020), have done a research
on the facile and cost-effective fabrication of CdS thin films with diverse contents of Zn
carried out on substrates of glass maintained at 300°C. The grown CdS films were observed
to have monophasic hexagonal system at all Zn contents through structural and vibrational
inspections. The values of crystallites size were determined in range of 16 to 31 nm. The
existence of Zn and its homogeneity were confirmed by EDX and e-mapping. SEM study
displayed the modification in surface topography of CdS films by Zn content. UV-Vis-near
IR spectroscopy study revealed that the grown films were of good optical transparency. The
indices of refraction values were estimated to be in range of 1 to 2.8 owing to Zn. The PL
study proposed the applications of grown films in green LEDs as the emission peak has been
observed at 513 + 17nm . Enhancement in optical limiting behaviour of CdS was also noticed
when doped with Zn[67].

Muthusamy and Muthukumaran (2015) have inspected on undoped and Cu doped CdS
thin films (Cd,-Cu,S,x =0, 0.02, 0.04, 0.06 and 0.08) deposited on glass substrate by chemi-
cal bath deposition (CBD) method at 80°C from aqueous solution. of the [Cd;_,Cu,S] films
was studied by EDX analysis. The optical absorption and transmission studies revealed that
[Cdy-xCuyS] films had direct allowed transition with band gap energy increasing from 2.18
to 2.34 eV. The average crystalline size was calculated from X-ray line broadening and it had
decreased from 3.09nm (CdS) to 2.81nm (Cdy 96Cup.04S). The substitution of Cu concentra-
tions into the Cd-S lattice was confirmed by the change in lattice parameters using FTIR
and PL studies. The observed lower crystal size (2.81nm) and higher energy gap (2.28eV) of

Cdy.96Cup.04S thin film was useful to design a suitable window material in fabrication for
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solar cells[68].

Thambidurai et al (2011), have investigated on Ni-doped CdS QDs prepared by chemical
precipitation technique. The XRD results indicated that the particle size of Ni-doped CdS
QDs was smaller than that of undoped CdS and no secondary phase was observed. The
average grain size of the QDs was found to lie in the range of 2.7-4nm. The compositional
analysis results showed that Cd, Ni, and S were present in the samples. HRTEM studies
revealed that the average particle size of undoped and Ni-doped CdS QDs was 2 and 3nm,
respectively. The absorption edge of Ni-doped CdS nanoparticles was found to shift towards
the higher-wavelength (red shift) side when compared to that of undoped CdS and the band
gap was observed to lie in the range of 3.79-3.95 eV. They have attributed such increase
in band gap than that of the bulk CdS to the quantum confinement effect present in CdS
QDs[69].

Heiba et al (2019), have examined the effect of Vanadium (V) and Yttrium (Y) doping on
the structural, optical and electronic properties of CdS. The Nano [Cd;—, Y, S] and [Cd;—, V,S]
(0 = x =0.2) systems were formed by thermolysis procedure in the air at 220°C. Rietveld
refinement of XRD data revealed that Cd;_,V,S had two phases (cubic and hexagonal) and
its cubic phase ratio increased with increasing the amount of V doping in the matrix. In case
of Y-doped CdS, the system also had two phases but the cubic phase disappeared totally
when the amount of doping was above 10%. UV-Vis spectroscopy revealed that the energy
gap of CdS QDs (2.66 eV) had a blue shift and larger than bulk one (2.42 eV). Doped CdS
with either V- or Y-doped CdS, decreased the energy gaps to 2.28 and 2.01 eV for Cdy g Y2 S
and Cdp V)2 S, respectively. Their analysis suggested that the doping ion plays an important
role in tuning emission of CdS which can be used in several applications such as biological
sensors and photodetectors[70].

Thambidurai et al (2010), have done studies on optical absorption and structural proper-
ties of Fe doped CdS QDs. The samples were prepared by chemical precipitation technique.

Two main peaks of Raman spectra were present at 300 and 601cm ™!

, which were respectively,
specified as the fundamental modes. The LO peaks of the Raman spectra of the CdS QDs
show red shift on Fe doping. The HRTEM image revealed that undoped and Fe doped CdS
QDs had particle size lying in the range of 2-3 nm. The optical absorption spectra of the
samples showed that the absorption edge was located at around 330-380 nm, which is blue
shifted when compared to that of bulk CdS (512 nm). They have pointed out that such blue
shifting was due to the quantum size confinement effect. Lastly, they have concluded that
the optical band gap of nanocrystalline CdS was observed to decrease on Fe doping[71].

Maity et al (2021), have investigated the role of Cobalt doping in CdS QDs for potential ap-
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plication in thin film optoelectronic devices. The synthesized Cd;_Co,S (where 0 < x < 0.08)
QDs, showed the cubic zinc blende structure with no impurity phase. The crystallite size
estimated by XRD and TEM measurements was around 2 nm. The XPS spectra revealed the
electronic structure of the CdS and 6% Co-doped CdS QDs. From the XANES analysis, it was
estimated that the oxidation state of Cd atoms was +2 in all the samples. EXAFS measure-
ments showed that there was no change in the crystal structure with increasing Co-doping
concentration. The Raman intensity was found to decrease and the FWHM increased with
the Co concentration due to local structural disorder as a result of doping. The band gaps
estimated by Tauc’s plot showed the linear decrease with the doping concentration. The
photocurrent obtained from thin film heterojunction with 8% Co-doped CdS QDs was 0.811
mA at -10 V applied voltage[72].

Firdous et al (2013), have explored effect of Ni-doped CdS synthesized through chemical
precipitation method using a high-boiling solvent. The mean crystal size obtained by FWHM
analysis was 3.33 nm for CdS, 3.37 nm for CdS:Ni (2 mM) and 3.39 nm for CdS:Ni (4 mM).
Furthermore, the electrical conductivity data revealed the semiconducting behaviour of both
pure CdS and Ni-doped CdS QDs. The optical absorption analysis conducted in UV-vis range
200-900 nm revealed the transparency of these QDs in the entire visible range but not in UV
range. The results based on optical analysis yielded band gap values of 2.65 eV for CdS, 2.59
eV for CdS:Ni (2 mM) and 2.53 eV for CdS:Ni (4 mM) QDs. As a result they have surmised
that the pure CdS and Ni-doped CdS were blue shifted with respect to the bulk CdS (2.42 eV)
due to the quantum confinement effect; however, Ni-doped CdS QDs were red shifted with
respect to pure CdS nanocrystals[73].

Tan et al (2020), have worked on Eu-doped CdS QDs with Eu3* concentration in the range
of 0.5-10%. The samples were successfully synthesized by wet chemical method. Doping
Eu®" ions did not change the zinc blende crystal structure of CdS QDs but its lattice constant
decreased slightly with increasing dopant concentration. For the dopant concentration of
about 7.0 mol%, CdS: Eu** QDs yielded the maximum efficiency of red emission. They have
showed that energy transfer from CdS lattice to Eu3* ions takes place via the exchange inter-
action mechanism. In this process, the energy transfer efficiency increases with an increase
of Eu®" concentration. By using the Inokuti-Hirayama model, the dominant interaction

mechanism between Eu3+ ions was found to be dipole-dipole interaction[74].
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2.4 Lead (Pb)-doped CdS Quantum dots

Pb (lead) doping of CdS QDs has emerged as a fascinating area of research with significant
potential to enhance the properties and expand the applications of these nanomaterials.
CdS QDs are semiconductor nanoparticles that exhibit unique size-dependent properties,
including tunable bandgap, high PL quantum yield, and efficient charge carrier dynamics.
The incorporation of Pb dopants into CdS QDs offers opportunities to further manipulate
and optimize their optical, electrical, and structural characteristics, leading to advancements
in fields such as optoelectronics, photovoltaics, sensing, and more.

Bhanu er al (2021), have investigated the photocatalytic activity of heavy metal (Pb, Ag
and Sn) doped CdS QDs synthesized using Ocimum Sanctum leaf extract used as capping and
reducing agent. They have mainly highlighted the implementation of green co-precipitation
synthesis mechanism in fabrication of QDs. They have mentioned that the CdS nanocrystals
are very promising in photocatalysis due to their unique optical and photocatalytic properties.
A wide forbidden band of 2.42 eV of CdS nanocrystals is very desirable for photocatalysis
driven by visible light. Added to this, high specific surface area to volume ratio, high crys-
tallinity, short bulk to surface diffusion, and exciton stability are some of the advantages of
CdS QDs in visible light-driven photocatalysis. Among the three implemented dopants (Pb*",
Ag* and Sn?"), Pb doped CdS QDs with band gap of 2.03 eV showed superior photocatalytic
efficacy with degradation efficiency of 98.01% which further strengthens the use of lead atoms
as dopants in CdS QDs|[75].

Veerathangam et al (2018) have researched the photovoltaic performance of Pb-doped
CdS QDs for solar cell application. They have employed the successive ionic layer adsorption
and reaction (SILAR) method to deposit the undoped CdS and Pb-doped CdS QDs with dif-
ferent doping concentrations over the T7'i O, nanostructures. The systematic investigations of
photoanode were carried out and the observed results revealed that the deposited sensitized
layer had a spherical morphology. Polycrystalline nature of the deposited film was observed,
but the characteristic peaks for Pb or PbS were not present. However, the presence of lead
was confirmed through EDX and elemental mapping study. The superior optical absorption
and photovoltaic performance were observed in the 2% Pb-doped CdS QDs sensitized cell.
The corresponding cell parameter values such as n, /., V, and FF were 1.19%, 3.76 mA/ cm?,
0.61 V and 51.5% respectively[76].

Yuan et al (2016), have worked on improving the photocurrent in QDSSCs by employing
ternary alloy Pb,Cd,_,S QDs as photosensitizers. Their work was motivated by the fact

that, while PbS quantum dots (QDs) have been successfully applied in heterojunction so-
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lar cells, showing remarkable conversion efficiency, corresponding PbS QDSSC:s still have
shown low device performance. Therefore, one way to improve such QDSSCs and utilize
the high underlying quantum efficiency was alloying other metals to give a higher quality
QDs. The ternary alloy was synthesised using SILAR mechanism. Firstly, they found that the
three-SILAR-cycle (Pbg 54Cdp.46S) presented a much higher photocurrent compared to PbS
and CdS. Then, by investigation of the absorption spectrum, cyclic voltammogram (CV), and
dark I-V current of five-SILAR-cycle QDs, it was suggested that Pb,Cd;_,S QDs had a wider
absorption range compared to the CdS QDs and a higher conduction band edge and reduced
trap density compared to the PbS QDs. This indicated that the ternary alloy has the potential
to overcome the shortcomings of CdS and PbS for QDSSC applications. Furthermore, by com-
paring the (Pby54Cd46S), (Pbo.31Cdog9S), and (Pby24Cdy76S) QDSSCs, they found that the
(Pbo54Cdy.46S) solar cell presented a significant J., up to 20 mA/ cm?, by the optimization of
the SILAR cycles. Finally, a coating layer of CdS deposited onto (Pb,Cd;—S) photoelectrode
gave enhancements in the photocurrent to 22.6 mA/cm? and in the efficiency to 3.2%[77].

Guglielmi et al (1998), have studied the optical and structural properties of Hg:CdS and
Pb:CdS nanocrystals. They have mentioned that undoped CdS QDs were not the best choice
for devices intended for telecommunication purposes, as it has its bulk absorption band at
510 nm. Hence, they have chosen Hg and Pb as prime candidates as dopant species due to
their smaller band gaps and absorption bands located in the near-infrared, at about 2500 and
3350 nm, respectively. Furthermore, both these sulfides have a Bohr radius which is larger
than that of CdS and should have enhanced non-linearity effects. In principle, they have
fabricated so called binary system of Hg,Cd;-,S and Pb,Cd; S to adjust the absorption
wavelength by varying the composition of the components with 0 < x < 1. Finally, they have
prepared thin glass-like films with a mixture of the colloidal sol and an alkoxide solution to
study the non-linear optical effects. The Pb,Cd, -, S binary system showed non-linear prop-
erties at 1.064pum while the Hg,Cd, — S lacked thermal stability. They have summarised that
further investigation is required to derive clear cut conclusion for the study of the non-linear
properties in such binary systems[78].

While the field of doping CdS QDs with various elements has seen substantial research
activity, comparatively little investigation has been conducted specifically on Pb-doped CdS
QDs especially with respect to Burstein-Moss Effect. Despite the significant potential offered
by Pb as a dopant element, its utilization in CdS QDs remains relatively unexplored. The
limited research on Pb-doped CdS QDs implies a gap in knowledge and understanding re-
garding the effects and applications of this specific doping combination. Therefore, there is

an opportunity for researchers to delve deeper into this uncharted territory, unraveling the
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unique properties and unlocking the untapped potential of Pb-doped CdS QDs.
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Chapter 3

Methodology and Characterizations

3.1 Chemical Bath Deposition

Chemical bath deposition (CBD) is a widely used method for synthesizing metal oxide nanos-
tructures and thin films due to its simplicity, cost-effectiveness, and versatility[79]-[81]. CBD
involves the deposition of films using sparingly soluble metal salts and desired solutes, lead-
ing to the growth of well-aligned crystallites with enhanced grain structure. This method has
been applied to various substrates such as glass, metal foams, and conductive oxides like FTO
and ITO forming thin films[82], [83]. CBD has significantly contributed to the fabrication of
semiconducting thin films for applications in sensors, optical devices, solar cells, photovoltaic
modules, supercapacitors, transistors, and gas sensors[80], [84]-[86]. The technique’s success
lies in its ease of implementation, chemical processes control, and the ability to achieve
high material deposition control. Additionally, advancements in CBD methods have led to
innovations like protection layers to prevent unwanted depositions and improve production

efficiency [87].

n
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Figure 3.1: Typical CBD Setup

In this work, a modified version of the CBD technique based on Fekadu et al[23] was im-
plemented for the synthesis of CdS CQDs and the Pb-doped samples. The CBD method is

a widely used and cost-effective approach for the fabrication of CQDs. However, to incor-
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porate Pb dopants into the host crystal lattice and achieve precise control over the doping
concentration, modifications were made to the traditional synthesis procedure. The mod-
ified technique allowed for the successful incorporation of Pb dopants into the CdS QDs,
enabling the investigation of the quantum confinement effects induced by Pb doping. The
synthesis process was carefully optimized to ensure the reproducibility and quality of the
Pb-doped CdS QDs, laying the foundation for subsequent characterization and analysis of
their electronic and optical properties. In this modification, the glass substrate was removed
since the final product is in colloidal form. Hence, no deposition was made onto a glass
substrate, however, the principles behind the traditional CBD methods were used to prepare

the colloidal samples.

Principles of CBD

The basic working principle behind the CBD process is similar to those for all precipitation
reactions and it is based on relative solubility of the product. At a given temperature when
the ionic product (IP) of reactants exceeds the solubility product (Ksp), precipitation occurs.
Whereas if the ionic product is less than the solubility product, then the solid phase produced
will dissolve back to the solution resulting in no net precipitation[88]. A central concept
necessary to understanding the mechanisms of CBD is that of the solubility product (Kgp)[23].
Given the chemical reaction:

My Xp = aM™ +bX™ 3.1)

The solubility product (Kgp) is determined as:
Ksp=[M™]4[x™1P (3.2)

[M"*14[X™"]? is called the ionic product. The solubility product (Ksp) highly depends up on
temperature since almost all CBD reactions are carried out in aqueous solutions, the pH of
the deposition solution will give the concentration of OH™ ions in the solution. When the
solution is saturated, the ionic product is equal to the solubility product. But when the ionic
product exceeds the solubility product the solution is supersaturated hence, precipitation
occurs and ions combine on the substrate and in the solution to form nuclei. The more
soluble the salt is, the greater the ion product and the greater is (Ksp) . However, (Kgp) also

depends on the number of ions involved[79].
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3.2 Parameters Affecting CBD

In the process of CBD, various parameters play crucial roles in determining the properties and
characteristics of the deposited materials. Understanding and controlling these parameters is
essential for achieving desired film quality, thickness, composition, and morphology. Factors
such as reaction temperature, complexing agent, precursor concentration, deposition time,
pH of the bath solution, and the presence of additives/dopants can significantly influence the
growth kinetics, crystallinity, surface morphology, and optical and electrical properties of the
deposited films. By carefully manipulating and optimizing these parameters, researchers can

tailor the properties of CBD-deposited materials to meet specific application requirements.

Complexing Agent

Most CBD reactions are carried out in alkaline solution. To prevent precipitation of metal
hydroxides, a complexing agent (often called a ligand) is added. The complexant also can
reduce the concentration of free metal ions, which helps to prevent rapid bulk precipitation
of the desired product. Therefore, such chemicals can act as both complexing and reducing
agents. Ammonia is common complexing agent and pH controller, by adding some amount of
ammonia in the alkaline solution we can control the rate of precipitation of metal hydroxide.
The amount of ammonia to be added can be determined by calculating the stability constant
between ammonia and soluble material. In this paper, trisodium citrate (INasCg H5 O7) was
used as a complexing agent preventing the spontaneous aggregation and clumping of the
CdS nanoparticles thus promoting stability, on the otherhand, aqueous ammonia was used

as pH controlling agent.

Temperature, pH and Deposition Time

The parameters temperature, pH, and deposition time play critical roles in determining the
properties and characteristics of the deposited material. In the CBD process, temperature
affects the reaction kinetics and crystal growth rate. Higher temperatures generally lead
to faster deposition rates and larger crystal sizes, while lower temperatures may result in
slower growth and smaller crystals. The choice of pH in the deposition solution influences
the solubility of the precursor compounds and the formation of desired products. Varying
the pH can alter the reaction rates, control the morphology, and affect the composition of the
deposited material. Additionally, the deposition time determines the thickness and coverage
of the film or nanostructure. Longer deposition times typically lead to thicker layers, but there

is a limit beyond which further growth may not significantly impact the properties. All three
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parameters have effect on the optical, structural, electrical and morphological properties of
the synthesized film[89].

3.3 Optical Study Parameters

The demand for optical characterization methods for material analysis and real-time mon-
itoring or control applications has grown due to rapid advancements in semiconductor
manufacturing and related technologies[90]. The optical characteristics of semiconductors
encompass a range of properties related to the interaction between the semiconductor and
electromagnetic radiation, such as absorption, diffraction, polarization, reflection, refraction,
and scattering effects. By examining the electromagnetic spectrum, we can gain insights into
the types of measurements and physical processes associated with different areas of interest
regarding the optical properties of semiconductors (Bass, 1995). The optical properties of
semiconductor nanoparticles are found to be extremely sensitive to the presence of excess
charges. These charges can be generated by means of photo-excitation, chemically, i.e. by the
direct reaction with strong reduction agents, by means of electrochemical charge transfer via
an electrode or through doping. The induced changes in the optics can therefore be probed
by means of various spectroscopy and the results obtained often provide detailed insights

into the electronic structure of the investigated system[91].

Absorption and Emission

Optical studies involving absorption and emission in QDs are essential for understanding
their unique electronic and photophysical properties. The two most common characteriza-
tion methods are the UV-Vis and PL spectroscopy. UV-Vis spectroscopy reveals the energy lev-
els at which QDs can absorb photons, providing insights into their size-dependent bandgap
and quantum confinement effects. PL emission spectroscopy investigates the light emitted
by QDs following excitation, offering valuable information about their electronic structure,
emission wavelength, and radiative efficiency.

More specifically, UV-Vis spectroscopy measures the absorption of light in the ultraviolet
(UV) and visible (Vis) regions of the electromagnetic spectrum. By analyzing the absorption
spectrum, researchers can determine the energy levels at which a material absorbs photons,
providing insights into its electronic structure and bandgap. In the context of QDs, UV-Vis
spectroscopy helps to understand the size-dependent absorption properties and quantum
confinement effects. As the size of QDs decreases, their bandgap increases, resulting in a

blue-shift in the absorption spectrum.
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Figure 3.2: Absorption and Emission Processes in Semiconductors

PL spectroscopy, on the other hand, focuses on the emission of light from a material upon
excitation. In this characterization method, a material is excited with photons of a specific
energy, and the resulting emitted light is measured. In the case of QDs, when they absorb
photons with energy greater than the bandgap, the electron is excited to the conduction band
leaving the hole at the valence band. This results in the formation of an electrically neutral
quasi-particle called exciton. These two opposite charges held by coulombic attraction
can undergo radiative recombination, emitting photons of a specific wavelength. The PL
spectrum reveals the energy distribution of the emitted photons and provides insights into the
electronic structure, energy levels, and radiative properties of QDs. When a semiconductor is
doped with donor impurities for n-type conductivity, the introduced impurity atoms have
extra valence electrons compared to the host semiconductor atoms. These extra electrons
become free or mobile within the material, increasing the concentration of negatively charged
carriers.

In terms of PL study, n-type doping can have several effects on the emission properties of the
material such as changes in absorption where the presence of donor impurities introduces
energy levels within the bandgap of the semiconductor. These energy levels are typically
closer to the conduction band. As a result, the doped material can efficiently absorb photons
with energies corresponding to the bandgap. Secondly, augmented radiative recombination
where excess electrons in CB can recombine with holes in VB and emit photon resulting
in more intense PL signal. Thirdly, shifted emission wavelength, where the introduction of
donor impurities can create additional energy levels within the bandgap of the semiconductor.
These energy levels, known as donor levels, can influence the energy at which the electrons

recombine with holes and emit photons
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Figure 3.3: DS5 Dual Beam UV-Vis Spectrophotometer

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy or FTIR is a widely used technique for analyzing
the infrared absorption or transmission of a material. In FTIR spectroscopy, a broad range of
infrared wavelengths is used to probe the molecular vibrations of a sample. The resulting
spectrum provides information about the functional groups and chemical bonds present in
the material. The FTIR spectrum is typically divided into three main regions:

The functional group region of the FTIR spectrum which corresponds to the higher wavenum-
ber range, typically from 4000 to 1500 cm L. In this region, the infrared absorption bands are
primarily associated with the vibrations of functional groups, such as hydroxyl groups (O-H),
carbonyl groups (C=0), amines (N-H), and others. Secondly, the finger print region, also
known as the mid-infrared region, which ranges from approximately 1500 to 500 cm~!. This
region contains a complex set of absorption bands that are highly specific to the molecular
structure of the sample. It provides a unique "fingerprint" or characteristic pattern for the
identification and differentiation of different compounds. Lastly, the region of low energy,
also referred to as the far-infrared region or the "Reststrahlen" region, extends from approxi-
mately 500 to 10 ¢!, In this region, the absorption bands are associated with collective
vibrations of the crystal lattice, such as lattice vibrations, phonons, and other solid-state
effects. This region is often used in the study of materials with specific crystal structures,

such as minerals, polymers, and inorganic compounds[92].
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Figure 3.4: The PerkinElmer Spectrum 65 FT-IR Spectrometer

In this study of the colloidal samples, the Spectrum 65 FT-IR, PerkinElmer was used, in the

1

range 4000-400 cm ™!, resolution: 4 cm ™!, number of scans:4 in ATR mode.

Bandgap Determination

The results from the UV-Vis spectroscopy measured by the DS5 Dual Beam UV-Vis Spec-
trophotometer (Fig. 3.3), provide the amount of absorbed light as a function of the wavelength.
By applying Beer-Lambert Law we can determine the absorption coefficient corresponding

to given absorption.

I
Transmitted Light

Figure 3.5: Light passing through a sample in cuvette
The relation for Beer-Lambert Law when light passes through the cuvette in Fig 3.5 is:
I=Ie ™ (3.3)

where [ is the intensity of transmitted light, Ij is the intensity of incident light and « is the
absorption coefficient
After a bit of algebraic manipulation we have the following relation between a and Ab-
sorbance:

a= 2.303? =2.303Acm™ (3.4)

Where the standard dimensions of a cuvetteis [ = 1cm
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Moreover, from Planck’s Quantum Theory of light we have E = hv, further expanding this
equation using the fact that c = vA, we can determine a relation between the energy E and

wavelength A.
he  6.625x 107> ]5x 2.998 x 10°m/ s

E=hv=— 3.5
YT A(m) 55
Since 1eV =1.602x 107197
_1.986x10™%eV.m 1240 x 10 %eV.m 3.6
~ A(m) x 1.602 x 10719 A(m) '
_ 1240(eV.nm) 3.7)
T Anm) '
Finally, the bandgap energy of the CQDs is calculated using the Tauc’s relation:
(ahv)" = K(hv - Eg) (3.8)

where K is a constant, and the exponent n assumes the values 2, 1/2,2/3 and 1/3 for direct
allowed, indirect allowed, direct forbidden and indirect forbidden transitions, respectively.
Since CdS is a direct bandgap semiconductor, the energy bandgap can be obtained by extrap-

olating the linear portion of (ahv)? versus hv to the energy axis at (ahv)? = 0.

Particle Size Estimation using EMA

The particle size R of the CQDs can be estimated using eq. 1.16 by first determining the
bandgap of the QDs Eg b using eq. 3.8. Since the dielectric constant of CdS nanoparticles
is high (e, = 8.9), the third subtractive term in eq. 1.16 can be neglected(P. Ghosh, 2015).
Additionally, Egygperg can also be omitted since it is only significant in case of semiconduc-
tor materials with low dielectric constant[17]. Following these, the estimation of particle
size is affected by the the bandgap of the bulk semiconductor, the bandgap of the QD and

confinement energy, Econfinement-

232
QD _ pbulk | TN
Eg = Eg + W (3.9)
Rearranging this to determine R, we have:
) 7.[2 hZ
R°= (3.10)

2u(EP — Ebuik)
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0.211x0.8
0.211+0.8

where p = mo = 0.167myg, my is the electron mass

Refractive Index, Dielectric Constant and Linear Optical Susceptibility

Refractive index (n) is one of the important optical parameters of semiconductor materials.
In the present work it was estimated from the well known empirical relations given in Eqs
3.11-3.14. These mathematical approaches are broadly used for different groups of semi-
conductors for a wide range of optical band gaps. A suitable design of optoelectronic device
needs a precise information of refractive indices of the materials. Refractive index is closely
related to the electronic properties and band structure of the material. The following relations
were used to estimate the refractive indices of the Pb-doped CdS CQDs[93].

* Herve’ and Vandamme Relation[94]:

2 _ A Y
n=1+ ( ) 3.11)
Eg+B
where A=13.6eV and B=3.4eV
xRavindra Relation[95]:
n:4.084+(pEg (3.12)
where ¢ = —0.62eV !
*Tripathy Relation[96]:
n=nq [1 4 ae‘ﬁEg] 3.13)

where 1y = 1.73, @ = 1.9017, and = 0.539eV !
*Moss Relation[97]:
n*Eg =95eV (3.14)

Following the determination of the refractive indices of the doped samples using the above
relations, the dielectric constant (¢,) and the linear optical susceptibility (y) can be deter-

mined using the following expressions:

€, = n? (3.15) y=€-1 (3.16)

These optical parameters were employed to study the Pb doping effect on CdS QDs due to
their convenient relation with the optical bandgap and particle size. Moreover, the optical pa-
rameters can provide indirect information about the particle size of the QDs. The absorption

and emission properties are influenced by the confinement of charge carriers within the QDs,
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which is highly dependent on the QD size. Therefore, by analyzing the optical parameters, the
influence of Pb doping on the particle size distribution of the CdS QDs can be investigated.
Overall, these parameters provide a convenient and informative means to assess changes in

the optical properties, band structure, and particle size distribution of the doped QDs.

3.4 Electrical Study

The electrical properties of the synthesized Pb-doped CdS CQDs were investigated by first
preparing a thin film on an indium tin oxide (ITO) etched glass substrate. The colloidal
samples were drop-casted then annealed at 130°C for 60min on a hot plate. Then aluminum
was then deposited onto the substrate using Edwards Auto 306 vacuum pump/thermal
evaporator. Following the deposition of Al, the IV charateristics of the samples were measured
using the Keithley Source meter. (Fig. 3.6).

The conductivity of the thin
films was determined by using the

following relation:

L
oc=G— (3.17)
A

where G is the conductance, which
can be calculated from the slopes Figure 3.6: Keithley 2400 SourceMeter
of dark J-V curves, L and A are the
film thickness (40 nm) and area

(0.04cm?) of the thin films respectively.

The Burstein-Moss Effect

The Burstein-Moss effect is the observable widening of the optical band gap of a semicon-
ductor caused by increasing the dopant concentration within the semiconducting material.
The effect was initially described by Tanenbaum and Briggs for InSb and later independently
explained by Burstein and Moss[91].

As aresult of the very large increase in the doping density the semiconductor is driven into
degeneracy. This results in the Fermi level Er, which is usually located within the band gap,
being shifted into the majority carrier band. At moderate doping densities the dopant atoms
contribute a moderate number of charge carriers to the respective bands and therefore the
Fermi level is located somewhat below the conduction band edge for an n-type semiconduc-

tor and somewhat above the valence band edge for a p-type semiconductor. As more dopants
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Figure 3.7: Schematic of the absorption edge shift in the energy-momentum diagram for the case of
degenerate n-type and p-type semiconductors with the relevant energy levels marked[91]

contribute charge carriers to the bands the states in the proximity of the respective band edge
become progressively populated. The amount by which the optical band gap increases is the
so called Burstein-Moss shift (BM shift)[91].
The parabolic band approximation model is commonly used to describe the electronic struc-
ture of bulk semiconductors, where the dispersion of energy bands near the band edges is
assumed to be parabolic. In the range where the widening of the optical band gap occurs due
to the Burstein-Moss effect the measured optical band gap, E,;, is the sum of the optical gap
of the as-synthesized material, Ey, plus that due to the filling of the conduction band caused
by donors, AEp;:

E,,=Ey+AEpym (3.18)

In semiconductor where a parabolic band is assumed, the band gap energy shift (AEg)
due to the Burstein-Moss effect is related to the carrier concentration, n, according to the

following:
2

AEgy = 2}#(37[2 n)23 (3.19)
where 7 is reduced Planck’s constant and m™ is the effective mass of the electron.
The increase in the optical band gap with increasing carrier concentration is related to the rise
of the Fermi level in the conduction band of a degenerate semiconductor[98]. However, this
model is not directly applicable to QDs due to their nanoscale size and quantum confinement
effects resulting in a non-parabolic density of states. Nonetheless, we can still apply the
concepts of BM sihft to doped QDs.
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3.5 Experimental Procedure

One of the objectives of this paper is to utilise low cost and environmentally friendly mecha-
nism of synthesizing QDs. As such, chemical bath deposition was found to be an effective and
easily applicable method for obtaining good quality colloidal nanoparticles. Additionally, the
use of trisodium citrate as a complexing agent promotes green synthesis since it is employed
as food preservative and flavour enhancer in food engineering. As mentioned previously,
CdS CQDs were prepared using modified chemical bath deposition. The experimental route

began by preparing respective stock solutions of the precursors as follows:
* 100mL of 0.25M Cadmium Acetate dihydrate [Cd(C H3COO), -2 H, O]
e 100mL of 0.25M Thiourea [CS(N H»)-]
¢ 50mL of 1M TriSodium Citrate (TSC) [NasCgHs0O7]
* 20mL of 0.25M Lead Acetate trihydrate [Pb(CH3COO), - 3H, O]

Following the preparation of the stock solutions, the reaction vessels, beakers, pipettes and
stir bar were dipped into hydrochloric acid (HCl) to avoid contamination. 250mL water used
as a bath was poured in 1000mL beaker. The beaker was placed onto the hotplate set at
70°C. A thermometer was placed inside the water bath to monitor its temperature. Another
magnetic stirrer at room temperature was set to 400rpm for the preparation of the CdS CQDs.
In a 100mL beaker with a stir bar placed at the stirrer, 10mL cadmium precursor was poured
in from the stock solution followed by 10mL of distilled water (DW), then 5mL of trisodium
citrate was slowly added into the beaker resulting in a white milky solution. However, this
white cloudy solution turned clear in a few seconds. The complexing agent was followed
by addition of 5mL of DW. Afterwards, 2mL of 30% aqueous ammonia (N H3) was added
drop-wise into the solution for setting the pH to around 9.5. Again 10mL of DW was added.
Subsequently, 10mL of the sulfur precursor was poured in slowly and finally 8mL of DW
was added and then the beaker was placed into the water bath @70 + 1°C and 400rpm. The

solution kept on stirring for 60min resulting in the formation of the CdS CQDs.

Preparation of the Pb-Doped CdS CQDs Samples

For the doped CQDs, similar procedure was applied except the Pb precursor was added into
the solution. 0.10%, 0.15%, 0.20% and 0.25% of 10mL volume percentages were added to have
the respective doping amounts. The doped samples hence contained a total sum of 10mL

of Cd and Pb precursor. For instance, to prepare the 0.10% Pb-doped CdS sample, 9.99mL
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(b)

Figure 3.8: (a)CBD process for the synthesis of CdS Colloidal Quantum Dots [The black wire is a
thermocouple connected to digital thermometer] (b)As-prepared Pure CdS Colloidal Quantum Dots

of Cd precursor was added into a 100mL beaker followed by 5mL DW then 10uL of the Pb
precurosor was poured in followed by 5mL of DW. Consequently, the rest of the procedure
follows the one described above. For each scenario, the Pb precursor was added using a

pipette.

Reaction Mechanism

The reaction process for the formation of the CdS CQDs may be described by the following
steps:

Cd(CH3C00),-2H,0(aq) + TSC — [Cd/TSC]** complex +2CH3CO0O™ +2H,0
[Cd/TriSodiumCitrate]* complex Dydrolysis, Cd** + TriSodiumCitrate

Cd** +ANH; — Cd(NH3)3*

NH3;+ H,O — NHA;r +OH™

CS(NH,)2+20H™ — §*~ + C(NH), +2H,0

Cd(NH3)3* + 8%~ — CdS+4NH;

Trisodium citrate was used to limit the hydrolysis of the metal ion and impart some stability
to the QDs and prevent aggregation or precipitation. Upon hydrolysis of the cation complex
(step 2), the white milky solution turns colorless. As we can see in the last step of the chemical
reaction, ammonia appears as a by-product in the reaction, however, due to the high volatile

nature of ammonia it evaporates and the solution is left with as prepared CdS CQDs with
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bright yellow color.
For the doped samples, the reaction mechanism remains the same with only addition of the

following reaction at step 2.
Pb(CH3C00);-3H,0(aq) — Pb** + 2CH3CO0™ +2H,0

It can be understood that both Cd?* and Pb?" ions are present before the addition of the
$2~ precursor, now the question is which cation while have the higher tendency to react
first with the anion? This question can be answered by considering the electropositivity and
reactivity of both species. Generally, cadmium has a higher tendency to lose electrons and
form positive ions compared to lead, hence, Cd?" is expected to readily form ionic bonds
with $2~ due to its higher reactivity than Pb?*.
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Chapter 4

Results and Discussion

This section presents a comprehensive analysis of the experimental findings obtained from
the synthesis and characterization of Pb-doped CdS colloidal quantum dots. This section
includes the outcomes of the optical and electrical characterization studies mentioned in
the previous section. The subsequent discussion delves into the interpretation and analysis
of the results, focusing on the observed changes in absorption spectra, photoluminescence
behavior, and electrical conductivity. The significance of these findings is explored, consider-
ing the implications for the Burstein-Moss effect and the potential applications of the doped

quantum dots.

4.1 Experimental Synthesis Results

Following the procedure stated in chapter 3 for the preparation of the pure and doped col-
loidal samples, the as-prepared CQDs had a bright yellow, luminescent color typical of CdS
compound. However, as the doping amount of Pb increased the samples showed a fading of

this bright yellow color as seen in the figure below.

A/Pure &4s 01 ' 0157 o.R} 02571

|

Figure 4.1: Pb-doped CdS Colloidal Quantum Dots

The synthesized Pb-doped CdS CQDs exhibited a vibrant bright yellow color. The incorpora-
tion of Pb dopant atoms into the CdS QDs resulted in a noticeable color shift compared to
the undoped CdS QDs. The bright yellow hue indicates the successful formation of Pb-doped
CdS QDs with a controlled dopant concentration. The color intensity and saturation may
vary depending on the dopant concentration and the size of the QDs. The yellow coloration
is attributed to the quantum confinement effect, where the size-dependent bandgap of
the Pb-doped CdS QDs allows for the absorption and emission of light in the visible spec-

trum, particularly in the yellow region. This visually striking yellow coloration makes the
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Pb-doped CdS CQDs highly desirable for various applications, including optoelectronics,

display technologies, and colorimetric sensing.
4.2 Optical Characterization Results

UV-Vis Spectroscopy
The UV-Vis spectroscopy results of Pb-doped CdS CQDs exhibit an interesting behavior,

showing a red shift followed by a subsequent blue shift upon increased dopant concentration

as shown below.
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Figure 4.2: UV-Vis Spectroscopy Normalized Absorbance Plot for the studied samples

Initially, with a low dopant concentration, the absorption spectra of the Pb-doped CdS QDs
demonstrate a red shift compared to undoped CdS QDs. This red shift indicates a decrease in
the bandgap energy of the doped QDs. It suggests that the introduction of Pb dopant atoms
into the CdS QDs modifies the electronic structure, resulting in a lowered bandgap and a shift
towards longer wavelengths in the absorption spectra.

However, as the dopant concentration is further increased, a subsequent blue shift is ob-
served in the absorption spectra of the Pb-doped CdS CQDs. This blue shift implies an
increase in the bandgap energy, indicating the widening of the bandgap due to the higher
dopant concentration. The blue shift is attributed to the Burstein-Moss effect, where the
heavy doping leads to bandgap widening and a shift of the absorption edge towards shorter
wavelengths or higher energies. Sivaraman et all%", Rajashree et all'°”! and Anbarasi et al'*?!,

have reported similar results. They have mentioned that the red shift in optical bandgap
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value was probably due to internal microstrain or stoichiometry while the blueshift under
high doping is attributed to the Burstein-Moss effect, according to which the Pb** ions
cause an increase in free carrier concentration which lifts the Fermi level into higher energy
levels[99]-[101].

The presence of both the initial red shift and subsequent blue shift in the UV-Vis spectra
of Pb-doped CdS CQDs is an intriguing result. It suggests a complex interplay between the
dopant concentration, the electronic structure, and the resulting optical properties of the
doped QDs. These findings have important implications for understanding the influence of
dopant concentration on the optical behavior of the quantum dots and provide insights for
tailoring their absorption properties for specific applications such as optoelectronics and
photovoltaics.

Optical Bandgap Determination & Particle Size Estimation

The Tauc Plot (Fig. 4.3) which was obtained using Eq. 3.8, confirms an initial decrease in
bandgap for 0.10% Pb-doped CdS CQDs then upon higher incorporation of dopant concen-
tration a gradual increase in bandgap is observed.
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Figure 4.3: Tauc Plot for the studied samples

*The optical bandgap values E; were determined using the Tauc Plot using Eq. 3.8

** The nanoparticle size D was estimated using Eq. 3.10 where D = 2R
Starting from the pure sample having an optical bandgap of 2.70eV, we can observe an
increase of bandgap from the bulk value of CdS (2.42eV), which shows that quantum confine-

ment effect is at play. However, the introduction of dopant atoms affects the formation and
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Table 4.1: Determination of Optical bandgap and particle size using optical studies

Sample Absorbance | Emission FQD (eV)* Estimated Size
Peak (nm) | Peak (nm) g D (nm)**
Pure CdS 428 517 2.70 5.67
0.10% Doped 429 521 2.67 6.00
0.15% Doped 423 514 2.72 5.48
0.20% Doped 422 510 2.74 5.30
0.25% Doped 419 439 2.77 5.07

growth of the QDs. The presence of dopants can modify the nucleation and growth kinetics,
leading to an increase in particle size. This initial increase in particle size can be explained
by the reduced quantum confinement effect. The 0.10% doped sample has an estimated
particle size of D = 6nm, which is greater than the exciton Bohr radius of CdS nanocrystals
with ag = 5.8nm[102]. This shows weak confinement as compared to the rest of the samples
since D > ap. For this reason, the confinement effect is less pronounced. As a result, the QDs
can grow larger in size before the quantum confinement effect becomes significant.

As the dopant concentration is further increased, the quantum confinement effect becomes
more prominent. The dopant atoms exert an influence on the nucleation and growth process,
facilitating more efficient formation of smaller-sized QDs. Additionally, it can be seen that
D is less than the Bohr radius for CdS nanocrystals, which shows that the nanocrystals are
entering the strong confinement region. Consequently, the confinement effect restricts
the spatial extent of the charge carriers within the QDs, thus confining them to smaller
dimensions and resulting in a decrease in particle size. Further increment of Pb doping to
0.30% resulted in the loss of colloidal stability of the CdS CQDs, elucidating that the host CdS
crystal lattice can not further accommodate the extra Pb atoms resulting in precipitation.
This tells us that at 0.25% Pb concentration, the CdS is degenerately doped, further increased

doping results in precipitation as proven experimentally.

Photoluminescence

The PL study of the Pb-doped CdS CQDs excited at 1., = 280nm revealed a fascinating trend
similar to the UV-Vis study: an initial redshift in the emitted light upon doping, followed by a
noticeable blueshift at higher doping concentrations.

At low doping concentrations of Pb (0.10%) in the CdS CQDs, the introduction of Pb impuri-
ties caused the emission wavelength to undergo a redshift. This red shift indicated a longer
wavelength emission compared to the undoped CdS CQDs. The incorporation of Pb impuri-

ties into the CdS lattice modified the band structure and energy levels of the QDs, leading
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to a shift towards longer wavelengths in the emitted light. The redshift can be attributed
to the changes in the confinement potential and bandgap due to the presence of the Pb
impurities. However, as the doping concentration of Pb increased beyond a certain threshold,
a significant change occurred. The increased doping resulted in the blue shift of the near
band emissions, indicating a shorter wavelength emission compared to the initially doped
sample. This blue shift suggested a higher energy emission. The change in emission behavior
at higher doping concentrations can be attributed to various factors, such as the formation
of Pb-rich clusters, the creation of defect states or BM shift due to excessive doping. These
factors can influence the electronic structure and energy levels of the QDs, leading to a shift

towards shorter wavelengths in the emitted light.
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Figure 4.4: (a)Photoluminescence Intensity vs. Wavelength Plot (b)Blue shiftting the Colloidal QDs
upon increased doping

Additionally, one possible explanation for the blue shift is the band filling effect[103]. When
additional Pb atoms are injected or introduced into the CdS CQDs, the carrier concentration
increases, resulting in the available energy states in the conduction or valence band become
more occupied, approaching a complete filling of the conduction band. This increased
occupancy causes the Fermi level to lie inside the conduction band similar to the BM effect
resulting in increased bandgap. Another outcome of doping we can observe is the increasing
shoulder peaks of the near band emissions at higher energies and the deep level emissions at
lower energies. While the former peaks represent doping induced vibronic transitions, the

latter are more likely due to surface defects caused by increased doping.
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Refractive Index, Dielectric Constant and Linear Optical Susceptibility

The table below summarizes the value of refractive index n, dielectric constant €, and linear
optical susceptibility y for the studied samples using the four empirical relations discussed

in the previous chapter.

Table 4.2: Empirical Relations for Refractive Index, Dielectric Constant and Linear Optical Susceptibil-

ity

Sample Ey (V) Van daii‘;eli lation Tripathy Relation Ravindra Relation Moss Relation
n €y X n €r X n €r X n €r X
Pure CdS 270 2444 5973 4973 2498 6.240 5.240 2.410 5.808 4.808 2.440 5.954 4.954
0.10% Doped ~ 2.67  2.454 6.022 5.022 2.510 630 530 2430 5.905 4.905 2.442 5963 4.963
0.15% Doped ~ 2.72 2440 5.954 4.954 2489 620 520 240 5.760 4.760 2.431 5910 4.910
0.20% Doped ~ 2.74 2430 5.905 4.905 2.481 6.160 5.160 2.390 5.712 4.712 2430 5.905 4.905
0.25% Doped ~ 2.77 2420 5.860 4.860 2.470 6.101 5.101 2.370 5.617 4.617 2.420 5.856 4.856

The refractive index of a material describes how light propagates through it, specifically how
much the speed and direction of light change when it enters the material. On the other hand,
the bandgap represents the energy difference between the valence band (occupied electron
states) and the conduction band (unoccupied electron states) in a material. In most cases, an
increasing bandgap is associated with a decrease in the refractive index[97]. This relationship
can be understood by considering the interaction of light with the electronic structure of a
material. When light passes through a medium, it can interact with the electrons in that ma-
terial, causing absorption and subsequent re-emission. In materials with a smaller bandgap,
the energy levels available for electronic transitions are closer together. As a result, light with
a wider range of energies (wavelengths) can be absorbed and re-emitted by the material. This
absorption and re-emission process affects the speed of light passing through the material,
resulting in a higher refractive index.

On the other hand, materials with a larger bandgap have a larger energy difference between
the valence and conduction bands. In such materials, only higher energy photons (corre-
sponding to shorter wavelengths) can be absorbed and promote electrons to the conduction
band. As a result, there is less interaction between light and the electrons in the material,
leading to lower absorption and a lower refractive index.

The comparison shows that the data obtained for the Pb-doped CdS CQDs agree well the
theoretical foundation where the optical parameters 7, €, and y decrease as Eg increases.
Furthermore, the Herve and Vandamme and Moss relation are observed to coincide with

eachother having similar values.
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Figure 4.5: Comparison between Empirical Relations for Refractive Index and Eg

Fourier Transform Infrared Spectroscopy

The properties of the doped colloidal quantum dots were studied under infrared light to look
into their chemical composition and bonds. The FTIR plot for the pure sample (Fig. 4.6) has
similar peaks to the ones obtained by Ordenes-Aenishanslins et all'%4. Albeit the peak values
show variation due to the introduction of the dopant and the chemical synthesis method
used.

The infrared characterization interaction among the QDs revealed various peaks. In each

! in the functional group region are at-

spectrum or sample, the broad peaks at 3305cm™
tributed to the effect of hydroxyl (-OH) group stretching vibration[105]. Additionally, the
node at 2150cm ™! can be attributed to the thiocynate (S — C = N) stretching which originates

from the sulfur precursor i.e. thiourea. The 1631cm ™}

medium peak is caused by either C=C
stretching or N-H bending. The 1403cm ™! small peak is a result of alkane (C-H) bending
contained in the acetate group. These functional groups arise from the various precursor

sources used during synthesis.
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Figure 4.6: FTIR for Pure CdS Colloidal QDs with Fingerprint Region Inset

Interestingly, the fingerprint region contains peaks less than 600cm ™! which are com-

monly attributed to the Cd-S stretching mode[106].
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Figure 4.7: Fingerprint Region of the FTIR Spectra for Pure, 0.10% and 0.25% Doped Samples

However, an appreciable change in peak values of this region was observed upon Pb doping
(Fig. 4.7). The introduction of Pb atoms into the CdS CQDs has changed the outcome of the
FTIR spectra showing that there was a change in molecular vibrations or stretching. One
reason may be due to stress and strain effects. Degenerate doping can introduce stress or
strain within the crystal lattice of the material. This stress/strain can affect the molecular
vibrations causing strain-induced modifications in the molecular structure. Additionally, due

to the seemingly increased carrier concentration attributed to the Burstein-Moss effect, there

46



Pb-Doped CdS Colloidal Quantum Dots

is a possibility that the local electric field is affected which then alters the polarizability of the
doped CdS CQDs. These carrier-induced effects can manifest as shifts or intensity changes
in the FTIR peaks, particularly in the fingerprint region. Lastly, degenerate doping may
introduce dopant related defects within the QDs. These defects act as additional vibrational

centers, leading to shifts or appearance of new peaks.

4.3 Electrical Characterization Results

It is known that native defects such as S vacancies or Cd interstitials contribute to electrical
conductivity of pure CdS. Hence, by controlling those native defects it is possible to enhance

the electrical properties.
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Figure 4.8: I-V Curve Comparison of Electrical Properties of the Synthesized Samples

The electrical resistivity measurements summarized in table 4.3 showed that CdS:Pb samples
have resistivity in the order of 10*Qcm. The order of resistivity obtained here exactly matches
with the values reported by Sivaraman et al'®?!. For undoped CdS CQDs ,the resistivity is
found to be 0.3064 x 10*Qcm. For the CdS:Pb samples, the calculated resistivity values were
found to be equal to 0.2616 x 10*Qcm, 0.1569 x 10*Q.cm, 0.1036 x 10*Qcm, 0.0431 x 10*Qcm
for the CQDs with 0.10%, 0.15%, 0.20% and 0.25% at Pb concentrations respectively. The
reduction in the resistivity of CdS:Pb samples is due to increased carrier concentration
attributed to substitutional incorporation of Pb ions in the CdS structure. Also the reduction

of the resistivity can be attributed to the rise of carriers due to sulfur deficiencies.
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Table 4.3: Electrical Properties of the synthesised Samples

Samples Conductance (G) | Resistance (R) | Conductivity o
(10-1Q™h (10%Q) (107 [Qcm]™Y)
Pure CdS 3.264 0.3064 3.264
0.10% Doped 3.822 0.2616 3.822
0.15% Doped 6.372 0.1569 6.372
0.20% Doped 9.656 0.1036 9.656
0.25% Doped 23.2 0.0431 23.2

One possible explanation is that as the doping concentration increases, annihilation of Cd
vacancies (acceptor centers) and S Vacancies (donors) takes place with a beneficial situation
being created for the incorporation of Pb atoms on the unoccupied S vacancy sites, there by
increasing the electron concentration which results in the decrease in the resistivity of the
doped CQDs, with increased content of Pb. Figure 4.8 shows that the electrical conductivity
behaviour of the colloidal samples is ohmic or linear. While the conductivity of the 0.25% Pb
doped sample is greatly improved by around 7 times from the pure CdS CQDs sample, further
optimization of its conductivity and optical properties is required to use it for photovoltaic

purposes such as in active layer or as a window/buffer layer.
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Chapter 5

Conclusion

In this work, the doping effect of Pb atoms was investigated on the optoelectronic properties
of CdS CQDs. Firstly, the concept of quantum confinement was explored through the theories
of Quantum Mechanics. The confinement energy from the effective mass approximation was
derived using the time-independent Schrédinger Equation. This approximation method un-
veiled that the bandgap of the QDs was dependent on Eg ulk g f» Eexc and Egyq. Following
the experimental route, CdS CQDs were synthesized using a modified version of chemical
bath deposition technique. The resulting CQDs had a bright yellow vibrant color. The UV-Vis
and PL studies both showed an initial redshift followed by blueshift at increased Pb con-
centrations. Using Tauc Plot, the bandgap values were found to be 2.70eV, 2.67eV, 2.72¢V,
2.74eV and 2.77eV for pure, 0.10%, 0.15%, 0.20% and 0.25% doped samples respectively. The
increase in bandgap at higher concentration was attributed to the Burstein-Moss shift. The
FTIR characterization showed the effect of Pb doping through having shifts and intensity
changes in peak values of the fingerprint region, showing that the Pb caused variation in
molecular vibrations and stretching. Further analysis was done to determine the refractive
index, dielectric constant and linear optical susceptibility from the optical bandgaps using
empirical relations. It was found that all three optical parameters decreased upon increasing
bandgap which is consistent with many literatures. Finally, electrical characterization was
done to determine the resistivity and conductivity of the samples in thin film form. It was
noted that upon increased Pb concentration, the resistivity decreased resulting in augmented
conductivity by upto 7 times from the undoped sample. Additionally, the IV curve of the

studied samples had ohmic nature showing the samples resemble a metallic conductor.

Future Work

While Pb-doped CdS CQDs were successfully synthesized and studied, further optimization
is required to ensure the colloidal stability of the CQDs. It was observed that the prepared
samples in this study had stability lasting 5-7 days before noticeable precipitation was ob-
served. Moreover, the colloidal samples had weak adhesion to glass substrate resulting in
uneven formation of thin films. For use in hybrid photovoltaic devices as an active layer or

buffer/window layer, the polarity of the CdS CQDs must be investigated. Due to the ionic
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interaction in the CdS, the resulting solution is strongly polar and insoluble in organic sol-
vents like chloroform or ODCB. Hence, ligand exchange methods can be looked into for the
successful formation of bulk heterojunction layer with for example, known polymer poly(3-
hexylthiophene-2,5-diyl) (P3HT). Furthermore, since the parabolic band approximation
model was inadequate to fully describe the properties of the CQDs, new models especially
computational approach to determine the carrier concentration value n should be topic of

future research.
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