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Abstract

Quantum dots are very important in modet@chnology which is driven by decreasing
machinery size while enhancing performance. Quantum d@ism an integral part of
nanopaticles (NPs)with a particlesize that varies betweerl® nm.The preparation of these
materials is very important, withtractural, optical and morphological studies showing
dependence on synthesis conditions. In this work, cadmiliphide(CdS)NPswere prepared
usingthe chemical precipitation method.o control the particle sizéhioglycerol (TG)was
used as aapping agentvith particle size dependent dhe TG concentration. Scanning
electron microscope and transmission electron microsaéopestigations showed that
agglomerated particlasere formeddue tothe high surface energies that are associated with
very small particlesin order to studyhe roleof the reaction conditions ahe stabilizingof

the particle surface, the particles were pregarsing two different solventsaterand ethanol
X-ray diffraction (XRD) data showdethat theuse ofwater solent resultedin particles
consisting ofimixed phases of wurtzite and cubic structufé®m quantum confinement effect
was firstobserved irthe colour change of the prepared samples. In the absence of TG, the
samplehadan orangeolour, however by introducing 0.1 mL of TGhecolourof the particles
turned yellow while at 0.8 mbf TG the prticles hadh whitisklemoncolour. This effect was
confirmed by the blue shift to lower wavelengths of the absorbance spectra obtainga: with
ultravioletvisible (UV-Vis) technique. The blue shift is associated vaithecreasing particle
size The increasedulphurcontent withan increasing TG concentration also increased the
photoluminescence (PL) recombination rate. Thus preparation ofNE&Svith the water
solvent resulted in luminescence from green, yellow, and red emi3$ieramealing of the
0.3 mL sample resultedh sintering of the small particles making up bulk particles with a
hexagonal structure upon a phase transformation temperature. This change in phase introduced
infrared emission in the PL spectra. This emission was obtained in-ghie@sed samples in
the ethanol solvent. # source wa unreacted cadmium chloride (CgCsépecies. Ethanol
solventcouldnot completely dissolve the starting material in the reaction. This resulitieel in
appearancef strong Cd(OH) peaksin the XRD patternAlso, the XRD pttern showed a
cubic zinc blende structure to be dominant in the formed particlesawitte of 6.3nm, 3.0

nm, 3.0nm, 2.9nm, and 2.6amfor SO fio TG), S1(0.1 mL TG) S2(0.2 mL TG) S3(0.3 mL
TG), and S50.8 mL TG) respectively These wereall in the domain of quantum dots and the
introduction of TG in this batch took tiNP size to sizes below the exciton Bohr radius of CdS.

Thereaftethe deposition of gold (Auwo-catalyst orthe CdSsurfacewas donaising physical

e
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methods irthetop-down approachlt was observed th#tu nanoclusters deposited with pulsed
laser depositioPLD) and sputtecoating(SPC)enhancedhe absorbance of CdStime UV-
Vis spectraNanocomposites prepared with tBBCtechniqueshowed the highesibsorbance
enhancemendue to the larger cluster formation which was observed withime-of-flight
se®ndary ion mass spectroscopy agglomerated clusters. PL spectra shoavddcreased
luminescencewhich showed aecrease in the electrtnole recombinatin. This is of high
importance in the field of photocatalysis for water splitting. This occurred dine taansfer
of electrons from the highest occupied statesth@ CdS semiconductor tthe lowest

unoccupied states in the Au metal.
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CHAPTER 1

Introduction

1.10verview

CdS particles are attractive photocatalytic materials for solar energy conversion to chemical
energy under visibiight irradiation[1]. The band gap of the semiconductor increases with
decreasingatrticle size and so does the crystallinity of the material. This decrease in particle
size also increases the surface area to volume ratio making it easier for electrons and holes to
reach the surface and reduce the number of elebts@recombinationsvhich is an important
contributing factor in photocatalytic water splitting. The preparation methods of this material
however, play a crucial role in the crystal structure and size is also dependent on the reaction
conditions[2]. Increased surface aravolume ratio plays an important role in enhancing the
guantum yield of theanoparticle (NPs) The highest quantum efficiency (93%) to be reported

so far has been fa€dS semiconductowith a PtPdS dual ceatalyst in the presence of
sacrificial reagets by Yanet al [3]. Many semiconductor materials are ineffective in giving

high evolution rates during the splitting; even in the presence of appropriate sacrificial reagents.
This is usually so for two reasons: the quick recombination of the eledtei#fore reaching

the surface and the surface reaction being too slow to efficiently consume the charges. The
most conventional modification of a pheatatalyst to improve water reduction is by loading a
co-catalyst. Cecatalysts can provide reductiondaoxidation active sitegatalysethe surface
reactions by lowering the activation energies, trap the charge carriers, and suppress the
recombination of photogenerated charges. However, the optical and electrical properties of the
semiconductor/metaieterostructure can tafected by the shape and size of the metal co
catalyst. Employing physical methods during the deposition of the metal on the semiconductor

surface enablbettercontrol of the size and shape of the metal.
1.2.Problem Statement

The demad for energy has increased dramatically since the beginning of the industrial
revolution and so have the global environmental consequences which have (in recent years) led

to the pursuit of clean and renewable energy that can be generated in hugeeguaitkiti

e
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negligible or no negative environmental impact. Over the past three decades, energy
consumption has doubled with over 77% of the energy coming from traditional energy
generation methods that employ fossil fugls There has been a slow rise ire thse of
renewable, clean energy over the past decade but due to low efficiencies, especially in
photovoltaic solar cells, this increase has also been met by a drastic increase in the carbon
footprint of the world populatiofb]. Photocatalysis has a vasief applications since the first

report on the photocatalytic splitting of water on T&ectrodes was published in 1972 by
Honda and Fujishimfl]. However, the research has focused on the splitting of water using
ultraviolet irradiation which only makes up 4% of the incoming solar energy. Thus, recently
the focus has turned to the abundant visible light which makes up 43 % of incoming solar
energy[3]. Hydrogen obtained using this method is the most environmedfitiaihdly source

of energy. The challenge in the conversion of solar energy into chemical energy is the quantum
efficiency (QE) of the photocatalysts. This can be improved by increasinguimber of
carriers collected by the catalyst relative to the number of photons of a given energy incident
on the catalyst. In the primary course of natural photosynthesis, the overall QE can be as high
as 95%5][1]. In this study, golqAu) is used as ao-catalyst to coat cadmium sulfi¢€dS)

NPs using physical techniquesThe Au clusters onthe CdS surface drastically reduce

recombination by keeping the electrbole pair separated.
1.3.Research Aims

In an attempt to address the issue of ¢mantum efficiency in photocatalysts, this work looks

at:

x  Synthesis of Cd8IPswith various particle size usinG as a capping agent.

x  Studying the effect of solvent (water and ethanol) during §BSynthesis.

x  The effect of depositingu nanoclustersnthe CdS surface using two physical techniques
(as opposetb the conventional chemical techniques) such as pulsed laser deposition (PLD)

and sputter coating P&) on the observed optical properties of Au decoratedNIFRKS




1.4Thesis Layout
This dissertations organized in the following manner:

Chapter 1 - Introduwction: it consists of the dissertatiooverview, problem statement,

objectives, and the thesis layout.

Chapter 2 - Literature review:A general background on nanomaterisspresentechnd
specifially the quantum confinement effect and how it relates to elettota splitting and
recombination. The effect of increased surface area, photoluminescence, and the creation of

Schottky contact between CdS and gudshoclustersire discussed.

Chapter 3 - Synthesis of nanomaterials: fabrication approaches for the synthesis of
nanomaterials are divided into two groups, the bottpmand topdown approaches. The
synthesis of CdSIP with the chemical precipitation method is discussed together fdth t
deposition of goldclusterson the NP surfaces with physical techniques as opposed to the

conventional chemical methods.

Chapter 4 - Experimental techniques: The basic physical principals involved in the workings
of the experimental tools used to study the synthesized materials are discussed in detail in the

chapter.

Chapter 57 Properties of CdSIPsprepared with water solvent: Ihis chapter, a detailed
report on the structural and optical properties of Q&Ssynthesized with water as a solvent,

is given.

Chapter 61 The preparation of CdSPin ethanol solvent: The effect of changing the solvent
from water to ethanol on structly morphological and optical properties of CN®s are

studied in this chapter.

Chapter 71 Synergy ofAu coated/decorated Cd$Ps In this chapter, the effects of using
physical methods fohu coating of CASNPson optical properties are studied.

Chapter 8 17 Summary, conclusion, and future work: In this last chapter, accompanying the

summary is a conclusion of the work and a way forward with the study is proposed.
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CHAPTER 2

Background study of CASNPswith Au cocatalyst.

2.1 Introduction

This is an introductory chapter to nanoscience, nanomaténatgjantum confinement effect
and their application to nanotechnology with a specific focuS@®NPs The history of this

type of interdisciplinary science together with its importance gmrnbe futuras discussed
2.2.Nanoscience: a brief history.

The word fAnanoo means vterrayn ssinaatldd wirtohrim at hGer eve
terms of units omeasurgi t r epr es e nt s?¥).Aoan@metei(nim) jthereforen 6 (1 0
onebillionth of a meter.Figure 2.1 shows the narscale relative to material that can be
observed with an unaided human eye. A sheet of paper, for instance 080LAM thick and

a human strand of hair is about@@0 nm in diameter.

Nanoscience has beenfided by The Royal Society and The Royal Academy of Engineering

as Athe study of phenomena and mani pul ati o
macromol ecul ar scales, where propertilps diff
This is an interdisciplinary field of science that involves disciplines that vary from chemistry,
physics, and biology, tamedicine, engineering, and electronics. To help distinguish
developments between the different disciplines, nanoscience has beed ditodour diverse
categoriesnanomaterialspanometrology optoelectrorcs (information and communication
technology,electronic$, and bio-nanotechnologyand nanomedicige This helps prevent

conceivable overlap in this extensive field of science.

In this work, the category of nanomaterials is studied. One of the reasons for studying
nanomateris is to investigate theffectthat a reduction of material size tioee nanoscalg

known as quantum confinement effect, may have on the material characteristics and properties.
The confinement of electrons results in changes in material properties, such as electrical

conductiviy, luminescentolour, mechanical strengtlandeven weight change, as reported




before. A metal can become a semiconductor or an insulator at the nanoscdle] |dval
instance, bulk silver is nehazardous, whereas silvéiPs can kill viruses upon contact.
Another exceptional property of nanomaterials is that they can be fabricatedbyatdom
using a method known as bottarp which is discussed in detail in chapter 3. Finally,
nanomaterials have large surface are#o-volume ratio relative to bulk materials. This is a

critical parameter that is useful in the fields of catalysis and sensor development.
2.2.1 Nanomaterials

The interdisciplinary field ohanomaterials combinespertise from bothanosciencgas well

as nanotehnology to develop materials that exhibit dimensional characteristics on the
nanoscal¢?]. The nanoscale is cearvatively defined (in terms of the dimensions of a system)

as 1to 100 nm. Thus, materials that have particle sizes in thimege are typically classified

as nanomaterials. The size range generally has a minimum set at 1 nm to evade single atoms
orvery small groups of atoms beilapeledas naneobjects. The upper limit is conventionally
classified as 100 nm, but this has often be:q
superior dimensions (even 200 nm) are defined as nanomatenaés. Omi ght ask Owhy
and not 150 nm or even 1 000 nm?06 This i s be
dimensionshave on a specific material (for example, the manifestation of the quantum

phenomenon) rather than at what exact dimensiareffect arises.

Nanoscience is not just the science of the small, but the science in which materials with small
dimension illustrate new physical phenomena collectively called quantum effects, which are
sizedependent and dramatically different from greperties of macroscale materigd$. To

further understand the siben a Figute2.1shows a scale bar ranging fr@entimetre objects

like a tennisball down to a water molecul®&anosized objects arsmaller than bacteria or

cells, however, it is larger than a single atom.




Water  Glucose Antibody Virus  Bacterium Cancer cell A period Tennis ball
10% 0’ 5 '

{nm)

Nanodevices
Nanopores
o Dendrimers
2 S8 Nanotubes
Quantum dots
Nanoshells

Figure 2.1. Comparisonfrom macro scale to atoms with the intermediate, scale for
nanomaterials €100 nm)[4].

Nanomaterials can be divided into two categories: Naturally occurring nanomaterials

(nanoscience in nature) and the amaade nanomaterials.
2.2.1.1 Naturally occurring nanomaterials

Since Richard Feynmandés famous | ecture in
[5], there has been a significant escalation of interest amongst scientists antheesea
nanoscience. Howevaranomaterials have been around for millions of years with nature being
the ultimate maufacturer of nanomaterials. This recent attention is due to advancements in
characterization/synthesis tools and techniques permitting manipulation and control of
nanoscale materials. Some of the oldest known nanomater@dlsle Halloysite, carbon

nandubes, carbon fullerene, and gecko.

Halloysiteis an aluminosilicate clay that forms as volcanic feldspars weather, from a procedure
that involves the intercalation of water through the native bed dissolving the sulfur in the
volcanic mass formed for a ity acidic environment. The acids dissolve a large part of the
mineral content of the native feldspar, eventually leaching out nearly everything except the
silica and alumina contefti]. The process also unleashes a greater degree of free space within
the initial bed allowing the ore to get closer to becoming a pure aluminosilicate. The clay starts
to assemble into a laminar structure of alurngileca bilayers seized together by an

intercalated water layer. The silica layer is tetrahedrally bound, whereas the alumina layer is

e
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octahedrally bound, producing a lattice disparity and subsequent curleey tfoat, given
enough room to move, will curl the laminar platelet structure into a tube, much like rolling up

a burrito or a newspaper.

The first carbon nanotube together with the first buckyball (carbon fulleveasxjreated by
nature as the end produsfta combustion process made of various fossil fuels. Dfas#ed
cars also produce carbon nanotubes as aesidet in the form of the scum that forms on the

inside of the tailpipe which contains a number of different carbon nanotubes.

Some animalsaalso make use of nanotechnology when they cling against objects (against
gravity) on vertical surfaces. Nanoscience allows this to happen, with nano attachments
increasing the adhesion forces. The heaviest animal with this ability to climb walls is a gecko

which is the reason scientist have high interest in studying the science behind its abilities.

Solely on a geckobdés toes, there is said t
nanometres both width and lengtfy]. A gecko makes use of the nano hair to cling to surfaces
by employing VarderWaals forces between the nano hair and the atoms on the surface to

which it clings. This temporary hold can occur between atoms at the moleculdB$cale

Another factor to consider in this adhesion is the shape dihttes. Spatulashaped ends on

the hairs increase the adhesion forces. When a gecko puts its feet on the surface, its atoms
intermingle with atoms in the surface enabling the wéakderWaals forces to take effect.

These weak forces are helped by the comparatively huge surface area of hairs, making them
very strong to allow a gecko to climb.

2.2.1.2 Manmade nanomaterials

It is hard to say exactly when humans commenced with tepapation of nanomaterials,
however the best guess is when they started making fire, resulting in tinystait® particles

of soot in the ashes and smoke. Thus, by the BrAgegincidental coppeNPswere already

being widely used by human civilizatiomhe earliest mamadeNPsare often accredited to

the ancient Romans, Egyptians, and Chinese. Though they had not fully understood the
scientific implications that went with what they had created at the time, they could pxépare
solutions of gold andtber metal with reasonable accurate control over particle size and
composition. They successfully made flamboy@otouredantiquarian goldNPswhich could

be impregnated intaglass(as shown irFigure2.2) to make stained glass gedellery.

(0]



Figure. 2.2 The Lycurgus cup. Gold and silvéiPsin the glass resulted in incredible and

uniquecoloureffects|9].

Thesecolloidal gold and silver solutions were ingestasl health tonics in many cases,
specifically totreat high fevers and syphiliBy the 4" century, the Romans had successfully

created a dichroic glass, which upon absorbing light showed diffesknirs

Nanoscience has advanced dramatically over the years with the improvement of both
analyticat and synthesis techniques that allow controd aability to create and study
nanomaterials. Scientists today are able to do what one would have usually seen a science
fiction movie about 50 years ago. However, since this is an ongoing research field, many factors
are still not fully understood, fagxample the toxicity of nanomaterials is still under much

scrutiny.
2.2.2 The guantum confinement effect

When the size okemiconductomaterial is reduced to the nanoscale (nanomaterials), an
electron and a hole aoenfinedinto dimensions approaching the atomic Bohr radius. At this
point the density of states of conduction electrons can take only particular discrete values,
resulting h what is called the quantum confinement effect. Confinement is the restriction of an
electron to occupy only specific, discrete energy levels. Hence upon confining the dimensions
of material to nanoscaléiscrete energy levels form whiaviden the bandgap and shifte

optical spectrum to shorter wavelength8]. Thus, the ability to control the dimensions and

composition of structures enables tailoring nanomateidal pr operti es for desi

e
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Upon confinement of nanomaterials, properties such as the melting point, fluorescence,
electrical conductivityand chemical reactivity are all altered as a result of decreasing the
dimensions of the particle. Thsnfinement of nanostructures can be divided into different
classes which will be discussed next.

2.22.1 Onedimensional confinement:two dimensional (2D) quantum structures

Electrons are confined in one dimension, these include thin films with pexpddminated by
surface and interface effects. The electrons are still free to move in two dimensions as it is the

case in quantum wells.
2.22.2 Twodimensional confinement.one dimensional (1D) quantum structures

The motion of electrons is confined indvdimensions, allowing them to move in only one
direction. Electron confinement effects could manifest themselves in a transverse direction

with the electrons only allowed to move in one dimension, these include quantum wires.
2.2.23 Three-dimensional corfinement: zero-dimensional (OD) quantum structures

Examples of these types of materials are quantum dots (QDs). The electrons are confined in
all three dimensions restricting their movement in all spatial dimensions. Quantum dots (QD)
are small, semiconduct-a0nmobmadetusfdppreximatély 160 si z e
to 100,000 atoms within the QD volum&l]. However, seHassembled quantum dots are

usually 1850 nm in siz¢12]. Quantum dots hawguantized energy spectra.

Confinement in the dimensions of material results in an increase in the density of electronic
states at the edge proximate of the bands (conduction and valence) of a quantum well relative
to bulk material. Consequentlythis lead to a higher concentration of charge carriers which

contribute to the banddge emission.

The density of states function describes the number of available energy states in a system which
is important in calculating the carrier concentration and enemgyildition of carriers in a
semiconductof12]. The motion of carriers in a confined semiconductor is determineleby t

number of free dimensions that electrons can move in.
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Figure. 2.3 Schematic showing density of electron states of a semiconductor as a function of

energy for different confinement dimensions @&, 1D, and 0D}12].

The density of states blilk, 2D, 1D, and 0D semiconductors anewn inFigure2.3 with 0D

having well defined and discrete energy lev€santum confinement effecbecomemore
pronounced when a semiconductords di mensions
semiconduator groups of IV, I}V and IFVI generally have a quantum confinement ranges of

1 to 25 nm13]. An exciton Bohr radius is defined by:

A  RrR—A (2.1)

w h e risethe Wielectric constant of the material, m* is the mass of the particle, m is the rest
mass of the electron, angdia the Bohr radius of the hydrogen atfiv]. In CdS particles, the
guantum confinement effect is usually observed to be strong in particles with sizes that are
equal to or less than 5 nm in diameites][16]. At this level, the continuous energy bands
observed in bulk materials do not apply, and the energy bands have discrete energy levels in

quantum dotsHigure2.4)
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Figure 2.4. Schematic diagram showing continuous energy band semiconductor with that of
discrete energy levels a0D structure.

There are two factors related to size that differentiate nanomaterials from their bulk
counterparts; the actual particle size discussmve which affect physical and electronic
properties of the semiconductor material and the large surface area/volume ratio associated
with nanomaterials of sensitive surface structure that determine chemical and physical

properties.
2.3 Surface area

The sirface area odNPsplays a fundamental role in the characteristic properties and potential
applications of thes®Ps Properties like reactivity, affinity, and sorption abilities are mostly
determined by surface properties of particles. Thus, reducirsizthef materials to nanoscale
results in almost all the material s6 at oms
case of @ Al pA I cube, the number of surface atormextremely small, in the order of

X p Tt with a surface area of & 1 . However, by only dividing the cube into eight other

small cubes with half the sides of the original cube, the surface area will be ddtiglee (

2.5). Grassiaet al.[17] discussed the consequence of decreasing the particle gigel td,

and have shown that this results in 76% of

material.
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Figure 2.5Schematic diagram illustrating the effect of reduced structural size on surface area

in nanomaterials.

The increase in the number of surface atoms with decreasing volume results in a large surface
areato-volume ratio. Consequently, the ovérake energy oNPsis dominated by surface

energy.
2.4 Cadmium Sulfide (CdS)

CdS is a group VI semiconductor that has a room temperature direct band gapef @ih

an absorption maximum at 515 rjr8][19][20]. It is an organic compound and stidves in

acids while insoluble in water. It displays an intrinsitype conductivity triggered by sulfur
vacancies that exist as a consequence of excess cadmium atoms. In nature, CdS occurs in two
different crystal structures of hawleyite and the raraemils greenockite. The more stable
hexagonal wurtzite structure occurs in greenockite while hawleyite displays the cubic zinc
blende structur@1]. Cadmium and sulfur atoms are four coordinate in a tetrahedral fashion,
in the latter forms with the Ctb-S bonds, as such showing bath ionic and covalent
character. Howver, at high pressures a NaCl rock salt structure fdfigane2.6)[22] where

each atom is coordined to six other atoms in an octahedral fashion resulting in every atom
having sixneighbouringatoms of the opposite kind. The wurtzite form consists of hexagonal
close packing (hcp) in which the stacking sequence of the atoms is ABABAB, while the
zincblerde and rock salt structure have the stacking sequence of the atoms as ABCABC, i.e.,

called cubic close packingcp) [23].
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Figure 2.6. Schematic diagram showing the unit celltbé CdS crystal structure with (a)
wurtzite (hcp), (b) zinc blena¢p), and (c) rock saltccp) phase$23].

The wurtzite phase has been observed in both the bulk and nanocrystalline CdS with cubic and
rock-salt phases only occurring in nanocrystalline Gag|[25]. Hence, CdSNPs show
different chemical, structural, and optical properties from the bulk counterparts. Particle size
affects properties such as the melting point, electronic absorption spectra, band gap energy,
crystal structure, and others in CN®s Thus, the semicaluctorNPsshowa colourchange

of their fluorescence depending on the particle size. This is because the absorption wavelength
of CdSNPsis directly affected byhe quantumconfinement effectSince these nanostructures

have the ability to crystallize idifferent structures upon size reduction, in different reaction

conditions, the electrical properties are also size dependent.
2.5 Applications

Due toits high stability, and excellent structural, physical and chemical properties alongside
its ease in avkbility, preparation and handling, Cd8scan be used in a number of different
fields of science. As a consequence of quantum confinement and surface effettBsGd%e

unique optical, electronic, chemical, magnetic, and structural properties whichuaial in
nanotechnology applications. In semiconductor electrodes, the distribution of atoms on the

surface is crucial together with the high size/volume fati¢.
2.5.1Semiconductor photocatalyst

The band gap of the semiconductor increases dattreasingparticle size and this also
decreases the crystallinity of the photocatalytic material. This decrease in particle size also
increases the surface area to volume ratding it easier for the electrons and hole to reach

e
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the surface and redutieeir recombination. These materials have two properties that are highly
sought inwater splitting photocatalystkrge surface to volume ratio and small particle sizes,
which play a huge role in the elimination of electrbnle recombination[27][28].
Photocatalytic activity is directly related to the energetics of the particles since the band gap is
related to particle size (quantum confinemefthus the balance among band gap and particle
size is important to achieve high photocatalytic activity in this system. The large surface area
offers more active adsorption sites and photocatalytic reactioimeg29]. High crystallinity
decreases the number of defects making it easy for {gesterated charges (i.e. electrons
and/or holes) to reach the surface. Whilst small particle sizes help to decrease theledetron
recombination prbability by making the distanceavelled by the charges to the surface
shorter.But once an electron has migrated to the surface, it megnhbetrapped. Thus the
separation of the charges will reduce the recombination probability. As such, the use of
cocatalysts otheCdSsurface not only enhance the stability of the photocatalyst by preventing

photocorrosiorbut also aids with charge separatj8f].

Noble metals are ideal for this as they also provide effective proton reductions sites, facilitating
proton reduction reaction. One of the most important things to consider when selecting a
cocatalyst is its readiness to trap electrons from the semicendlibe work function of the

noble metal mostly determines their ability to trap electrons since they are greater than those
of many semiconductoii81]. Noble metals with a lower Fermi level (larger work function)
than the semiconductor could easily trap electrons. The electron trapping metal (noble) and the
light harvesting semiconductare ought to have compatible electronic and lattice structures

to allow electron movement in the right direction of a semiconductor and metal junction
[32][33]. During photocatalysis, the photoexcited electrons from the photocatalyst are excited
from the CB to the noble metal cocatalyst, leaving the photogedenales in the VB of the
photocatalyst. In this way, there are minimal chances for elebtslenrecombination, which

results in stronger photocatalytic reactions.
2.5.2 Luminescence applications

Luminescence was first introduced by a physicist andhseibistorian Eilhardt Wiedemann in
1888. Often considered as O6cold I ighto, it
from an electronically excited species or from a vibrationally excited species not in thermal
equilibrium with its environmern34]. Luminescence has played a key role in understanding

the electronic propertiedf quantum dots. Optical absorption and emission of quantum dots are
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governed by the size of the dots. Unlike energies of the emission line -@fardindons which
are energetically almost fixed, quantum dots enable tuneable line enigégiddifferent types

of luminescencare often described by the mode of excitation.

o Photoluminescence (PL): Is the emission of light after excitation by electromagnetic

radiation/photons.

o Radioluminescence (RL): Light is produced as a result of material bombardment with
ionizing radiation sch as beta particles-bays or gamma rays.

o0 Cathodoluminescence (CL): Itis the emission of light upon excitatitimd®tectronbeam.
o Chemiluminescence: Light is emittedtas energyreleased from a chemical reaction.

o Bioluminescence: Light produced lye certainliving organism from chemical reactions

(in vivo biochemical reaction). This occurs in deep oceans where sunlight cannot reach.

o Triboluminescence: Light is generated by mechanical energy, frictional and electrostatic

forces.

o Sonoluminescence (SL): In this phenomenon, excitation by ultrasonic wave is used to

produce light.

Each of the abovenentioned luminescence mechanisms has advantages in specific fields. In
this work, the focus is on PL that exhibit strong emission in thible region while also
considering the effect of surfactants (to be discussed). As mentioned abovetRL is
spontaneousmission of photons by eexcitation as a consequence of the possible physical
effects of interaction of light with matter. PL invelv the irradiation of a crystal with photons

of energy larger than the optical bagap energy of that material. In the case of a crystal
scintillator, the incident light creates electionle pairs. During the recombination of these
electrons and holed)e emissions will partly transform into noadiative emission and partly

into radiative emission.
2.5.2.1 Recombination mechanisms

As the electron returns to its ground st@igure 2.7) it may do so by releasing a photon in
radiativerecombination (othe electrorhole pair) or by lattice vibrationghonons)n non
radiative recombinatiof86]. A photon is emitted during the recombination of the electron and
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hole through radiative recombination and the energy of the photlepéndentn the change

in energy state of the electrtwiole system. In an indirettand gapsemiconductor, energy
transfer inthe formof lattice vibrationss required to assist with photon emission. Hence, both
nonradiative and radiative energy emissions occur due to phonon conversion to lattice
vibrations that transport energy in form of heat. Thus in efficiently luminesoatdrials

radiative transitias are dominant relative to noadiative transition§37].

Excited state —

radiative Non-radiative

Ground state

Figure 2.7. Energy level scheme afphotaexcited electron, Showing botltheradiative and

nonradiative return to the ground state.

Depending on the time it takes for a photon tolfattk, luminescence can further be classified

as either fluorescence or phosphorescence. Fluorescence has a lifetime les$ se@orids

and occurs as an exponential decaying afterglow that is independent of the excitation intensity
and of temperature pon removal of excitation. While in phosphorescence there exists another
phenomenon of afterglow (decay is more slow with complex kinetics), often dependent on both
the intensity of excitation and temperature, with a lifetime of more thah s&@onds.
Metastable states created by the dedeatresactivators, impuritiegndelectron or hole traps
present in the lattice may delay the luminescent emission causing this effect since thermal
activation of the metastable activator or traps is a@qeisiteto emission. Consequently, PL
responsive materidlas applications in a wide variety of fields such as washing powdar as
whiteningsubstance to largecale displays in plasma scre¢®g|. Luminescence types with

very slow decays that have emission timmasging from minutes to hours may be good
examples of phosphorescence. This type of luminescence is callethsting or persistent
luminescence and it is commonly used in road safety and exit marking.tRéreforea more

general term that takestinconsideration both fluorescence and phosphores¢gnce
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2.6 Photoluminescence properties of (CdS)

The PL efficiency of CdS is determined by both radiative andradiative processe3he
increasedsurface area imMNPsleads to a number of dominant surface defects, hence non
radiative processes dominate in the excitation decay. The opening of neradiative
pathways decreases the PL efficiency, while elimination ofradrative pathways increases

the efficiency. At the same time, also the kinetics of the PL can be influenced. Deep hole traps
that act as Plcentrescompete with shallow hole traps ferther free or shallowrapped
electrons[38]. If the density of the shallow hole traps is high, their recombination with
electrons is preferred, and the PL intensity decreases. Addliimgn§ on the one hand, covers

the surface of thBIP with excessS” ionsand therefore creates manafur dangling bonds.

A commercial CdS crystal with PL measured at room temperature results in two broad emission
bands of PL. A greennaission band from free excitohgcated below the conduction band
results in the strongest peak energies of 2.53 eV (490 nm),Airé2.8). A second room
temperature peak with the lowest energy is located at 696 nm (1.78 eV), known as the red
emission band (PL6)lemperature effectsn CdS semiconductor results iimur more small

green PL peaks at the low energy side of the main FEthabtkere reported below 70 [86].

Energy (V) ]
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Figure 2.8 Schematic diagram showimgticaltransitiorsin the CdS crystal.

At low temperaturethe PL spectra regularlghow complex structures with a number of
emission peaks which are due to transitions comprising of both band edge states and localized
states of donor and acceptantre§39]. At 515 nm (2.41 eV) PL2 is likely to originate from
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a bound exciton. A second peak (PL3) located at 523 nm (2.37 eV) is assumetrtmbidien

from the conduction band to the acceptor state and the peak PL4 at 532 (2.33 eV) is a transition
from a donor level to the valence band. Another element of the green band, PL5 at 539 (2.30
eV) is likely to result from a doneacceptor transitio as previously discussedtimeliterature

[40]. At the temperature range between 130 K an& 2@nother peak (PL7) located around

449 nm (2.76 eV) (whose energy is larger than the band gap value) becomes visidlendih

levels of CdS are attributed to S vacancies in the CdS crigidl$2] while the acceptostates

are attributed to S interstitial$3].

2.7 Absorption

Upon stimulation of material by photons, several processes such as scattering, reflection,
absorbance, and excitation can occur. Having already disctissemissionof photons
following absorption in PL, this section discusses the amount of light aldsasb& function

of wavelength.

During the absorbance of a photon, its energy gets transferred to an individual electron. The
energized electron gets excited to a higher energy level from the groundrigpated.7). Tre

electron transitions to a new eigstatematching the amount of transferred energy. There is
however only certain energy states that the electron can occupy during absorbance, and those
are for wavelengths with energies corresponding to the energy difference between two different
eigenstges of the molecule. The absorbance process ends in a very fast radiative process, on
the order of 18° second$37][44]. Bulk CdS has an absorption edge at 515 nm (2.4 eV) which
shows dependence on the particle size of the mateBiake shiftin the absorption maximum

of CdS with decreasing particle radius bagn repoddin literature[45][46][46].
2.8 Surface passivation

NP optical and electrical properties are very sensitive to surface modifications. They are
usually very unstable due to high surface energies created by the reduceel siaetiéDrganic

and inorganic capping agents are thus employed to stabilize and paNi$tesiarfaces. The
different nature of capping agents is of high importanckesizedistribution ofNPs Hence,

an extensive number of different types of capping agents used to stdBikzefaces has been
reported irtheliterature[47][24][48]. Organically capped CdS samples show that sulfur from

the surfactants can effectively passivate CdS, leading tqudwetum confinement effeand
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sharp excitonic peak®uring the preparation of Cd$Ps capping agents and/or swfants

are used to inhibit uncontrolled growth and agglomeration of NRs [49]. However,
guenching of the PL intensity caused by surfadtas S prevalent, due
propensities to act as Lewis adiD]. The surfactants introduce surface defects that act as
exciton traps which, in turn, alter the lumescence properties of the° relative to crystals

grown without capping agents. During the nucleatioNB§ the addition of theapping agent

stops the growth process by making a compact, organic layer over the surface of the growing
particles thus creimg particles with smaller sizes. How fast tagping agerdgtops inhibits or

stops the growth process ultimately determines the final particle size and it is therefore directly
related to the concentration of the capping agent (i.e. the number otauntssadsorbed onto

the NP surface). High concentrations result in short growth periods which produce very small
NPswith large free surface energy.

2.9 Semiconductormetal junction

Semiconductor devices are largely a combination of dissimikaterials (semiconductors,
metals, insulators). The interface between these materials is known as a junction and becomes
crucial in electrical (transport) properties of the devices. When the semiconthettdr
contact forms, two different types of junat®may be formed depending on the semiconductor

work function (') and its relation with the metal:
A Schottky junction: n n
A Ohmic junctiony n

When a semiconductor has a lower work function than the metal, thus a higher Fermi level than
the metal, a Schottky junction is formed. While an Ohmic junction is formed as a result of
higher semiconductor work function than the metal. @dS & (R dis an ntype

semiconductor with a lower work function than gald (V& V) [51] [32][33].
2.9.1 Schottky junction

The junction is formed as a consequence of a lower semiconductor work function relative to
that of a metal. This happens when a contact forms betaeaitype semiconductor and a

metal Figure2 . 9 (a) ) . I n such a case, the semicond
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function) than the metal Fermi level and thus allowing electron transfer from the conduction

band level of the semiconductor to empty energy states above the metal Fermi level.

(a) (b)

— Wp—

Vacuum metal n-type semiconductor — Wp—

level ‘[-mm - gs'ewu'

B
gsemi C CB
Ec
Ep
o Ey
| VB
Before contact After contact

Figure 2.9. The Schottky junction between a metal and dagpe semiconductofa) before

contact, and (b) the band bending on the semiconductor side after contact.

Excess electrons result in a negative charge on the metals side, while positive charge builds up
on the semiconductor side, leading to a contact potential. Upon fornwdtithre contact
between two metals, the charges reside on the surface. Thisssdy high electron density

found in metals (typically 1022 ¢r). However, in the case of a metal aainiconductqrthe

contact leads to electron removal below the sendigotor surface up to certain depth. This is

due to the low charge density on the semiconductor side (typically 102y leading to the

creation of a depletion region within the semicondufiay.

During the creation of the Schottky junction between the metal and semiconductor, the two
Fermi energy levels aligand a positive potential is formed on the semiconductor side. A
certain region in the semiconductor where the bands bend as the Fermi levels are aligned is
called a depletion region (denoted W Figure2.9). Since the depletion region extends within
thesemiconductor (a certain depth) there is bending of the energy bands on the semiconductor
side[53]. Bands bend up in the direction of the electric field (field goes from positive charge
to negative charge, opposite of the potential directibhis means the energy bands bend up
going from an rtype semiconductor to the met&igure2. 9 (b)). Thus it is expected that
guantum widening of the band gap of the CdS, with size reduction, would alter the Fermi level
(thus work function) of the-type semiconductor. Also, this will lead to electron trapping on

the semiconductddP surface (in the Au metal clusters) which, in turn, will prevent eleetron
hole pair recombination. It is expected that this will be evident in the optical properties and

e
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thus (upon successful formation of a Schottk
intensity should reduce since less electhofe pairs will recombine. Thus, electrons on the
surface of th&\P will be available to interact with water molecules (ag@ample) for water

splitting.
2.10 Photoluminescence quenching

PL quenching refers to a process in which there is a decrease Bt th&ensity of a given
substance. This is often caused by a number of processes, such as excited state reactions, energy
transfer, complextormation, and collisional quenching. The quenching of R8$L with the

addition of Au has been reported in a stughitrahamet al [54]. The decrease in intensity

was repaied to occur as a result thfe effectivesegregation of photogenerated electrons and

holes. As a consequence of the lower Fermi energy level, the photogenerated electrons in CdS
are easily captured by Au. Thus there is a decrease in the radiative reattombin

In this work we investigate tHermation of the Schottky junction on Cé&1 hanocomposites

by depositingAu metalonthe CdS semiconductomhedeposition is done using two different
physical techniques (pulsed laser deposition and sputter codting) expected that the
successful creation of the Schottky junction will manifest itself by decreasing the eleckeon
recombination (PL quenchipgJpon trapping of electron on the Au metal (CdS surface)
theSchottkyjunction, the electrons should be ready to interact with water molecules in the case

of photocatalytic watesplitting application.
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CHAPTER 3

Synthesis of nanomaterials

3.1 Introduction

Fabrication approaches for the synthesis of nanomaterials can be subdivided into two groups,
namely, topdown and bottorup approacheshe topd o wn appr oaach o@mpt aigldés
down of bulk material to small pieces of nanomaterial. This approach nusedytechniques

to selectively remove micrscale structures from the bulk material. However, this approach
has some challenges in creating unifddsand it introduces internal stress and defects with
contamination, making this approach unsuitabletierdynthesis of very small materials with
uniform shapé¢l]. The bottorrup approach, on the other hand, refers to the toaldf material

from a single atom or molecular precursors to large nanostructures of certain shape or size
using physical or chemical forcgg]. In nanostructures, electron movement gets confined in
certain directionsvhen an electrohole pair is squeezed together as dimensions approach the
atomic Bohr radius. Quantum confinement effects are therefore of high importance in tailoring
new properties of nanomaterials that are different from the bulk matifif®®d gr owt h
mechanism determines factors such assthedistribution function oNPs The physical and
chemical properties of tiéPshavealsobeen reported to be influenced by the reaction medium

[3]. Nucleation and growth mechanisms are alpendanton various other external
conditions, such as the synthesis temperature, concentration of the precursor and stabilizing
surfactants and pH. These conditions can differ according to the synthesis method. Popular
methods tosyntheste CdS NPsinclude chemical precipitatioft], solvothermal5], laser
ablation [6], hydrothermal[7], photochemical[8], onepot synthesis[9] as well as the
mesoporous copolymer template method]. Figure3.1 shows a summary of the twt-up
approach. In thigvork, the method is used for the preparation of CdS NPs aholading of

gold clusterson the surface.
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[ Bottom-up approach ]

- Liquid phase synthesis
(CdS synthesis)

[ Chemical precipitation synthesis]

= Gas phase synthesis
(Au deposition)

¥

[ Pulsed Laser Deposition (PLD) ] [Sputter Coating ]

[Au decorated CdS NPs]

Figure 3.1 The lyoutof the synthesis approach used to prepare XIéSvith Au coating.
3.2 Bottomup approach

In this approach, atoms or molecules are arranged into larger nanostr(figues 3.2)using
chemical or physical methods. This method generally has an advantage in the preparation of
most nanoscale structures with the ability to generate a uniforirskiapee, and partickze
distribution [11]. Synthesis of nanoclusters in this approach can either be hyhgas or
liquid-phase methods. The gabase method isostly used in thin film synthesis and entails

the carrying of metalapourby a gas medium or vacuum onto some substrate. §asphase
techniquesnclude atomic layer deposition (ALD), chemicahpourdeposition (CVD), and
physicalvapourdeposition (PVD). The ability to budp atomic layers from scratch allows

for tuning of nanomaterials of certain sizes, structure, shape, and comp@isifiohiquid

phase processes, make use of surface forces to construct nanoscale particles and structures. The
processes involved in this phase include dbahprecipitation, segjel methods, and methods

relying on seHassembly.
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Figure 3.2 Schematic illustratin of fabrication approaches in nanomaterial synthesis.

3.3 Liquid phase synthesis

Liquid phase synthesis (also is known as wet chemneahod) isa NP synthesis approach
mostly used in industryJsually, the liquid phase preparation method entails the mixing of a
solution of dissimilar ions with distinct quantities and exposing it to controlled heat,
temperature and pressure conditionsstonulate the formation of insolublBlPs as a
precipitate High temperatures, expensive energy sources or high pressures are not required in
this process, making its use more attractive. This phase synthesis also allows more careful
control of the stoiciometric composition of the end products andNissynthesized by this
process can be stabilized or functionalized through the use of various surfeic@anBome

of the techniques involved in this process are (i) chemical precipitation, (ii) hydrothermal
method, and (iii) the sajel method.

3.3.1 Chemical precipitation

The chemical precipitation method is one of the various wet chemical synthesis techniques that
are mostly adopted as a result of their simplicity, versatility-efisttiveness and the fact that

this method allows for easy synthesis process on largessimalthe rapid commercialization

in industry. This technique can be carried out at low temperatures, resulting in-opttom
growth of NPs with varying size distribution controlled withapping agest Bottomup
manufacturing involves building up of P from its atomic or molecular constituents.
However the chemical precipitation method includes not only the precipitation of the desired
target ions but also the precipitation of any other existing ions in the sdlu&ipruring the
precipitation process from the liquid phasapping ageist are aded. These are used to
interfere with the nucleating and growth process for particles and thus inhibiting agglomeration
and control sizg14]. Capping agesst may play an active role during luminescence by
enhancing photoluminescence through charge transfer. In some cases the efficiency is hindered

by surfactant molecules that are covalently bonded with the surface atom§\&ttvausing

30



photoluminescence quenchifig][16]. Surfactants may cause hindrance in charge transfer of

organic photovltaic hybrid soar application.

3.3.2 Preparation of CASNPs
@®o

J-s
9 JY ¥

Figure 3.3. Schematic diagram of thglycerol (TG)capping agenwith the relevant atoms

A number of different sized CdSPssets were synthesized usitig wet chemical synthesis
techniqueof chemical precipitation witifG (C3HgO2S) as acapping agento control the
particle sizeThe TG molecular structure is shown in Figure 3.3 ab&\lkthe reactions were
carried out at room temperature and standard atmospheric pressure. Cadmium chlorigle (CdCl
and sodium sulfide (N&) were used as starting materials, acting as a source bl $

ions respectively. In a separdtatch double distilled water was added as a solvent with
varying TG concentrations to control the growth. Initially, ®@dle(M) CdCk and 0.1 M N&S

were added in 50 mL of double distilled water separately with vigorous magnetic gfiifjng

The required amount of TG (as indicated in table 3.1) was then added to thediation

while stirring. The samples were stirred until the powder completely dissolved in the solvent.
The NaS-TG solution was then added dropwise to slodution of CAChL while constantly
stirring using a magnietstirrer. As particle growth started with the formatiohprecipitates,

the colour of the solution changed frooolourlesgto: orangein the absence TG (S0), yellow
for0.1 mL TG (S1), lemoiyellow for 0.2 mL TG (S2), lemon for 0.3 mL TG (S3), and whitish
lemon for 0.8 mL TG (S5). The five CdS precipitatethwiarying particle sizewere washed

with ethanol fivetimes to remove impurities and unreacted reactants. The precipitate was then
collected by centrifuge for 5 minutes at 5000 rpm and then dried in an air oven for 10 hrs at 50
3 . After 10 hrs in the ove the quantity of the powder decreased. This is attributed to the
evaporation and removal of impurities as well as excess water. The S3 sample was further

annealed (In a ceramic tube furnace) to observe the effects of temperature on the NP
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crystallinity. Annealing was carried in an argaoh atmosphere for 2 hrs at 260, 3503 ,
5003 , and7003 .

A secondbatch of CdSNPswereprepared under similar conditions with ethanol as a solvent
in an attempt to reduce agglomeration. To completely dissolve the starting matemnab|®.1

(M) CdCk and 0.1 M Na&S were added in 50 mL of ethanol solvent separately with vigorous
magnetic string for 1 hour. Following the same procedure as before, the resultant precipitate

was then collected by centrifuge for 15 minutes at 6000 rpm.

Table 3.1 Summary of experimental variables used in the synthesis of NE&¥Sat room

temperature.

Sample Starting material Solvent TG (mL)
SO CdChk, N&S Water 0.0
S1 CdChk, NaS Water 0.1
S2 CdChk, N&S Water 0.2
S3 CdChk, NaS Water 0.3
S5 CdChk, N&S Water 0.8

S0(eth) CdCh, N&S Ethanol 0.0

S1(eth) CdChk, N&S Ethanol 0.1

S2(eth) CdCh, N&S Ethanol 0.2

S3(eth) CdChk, N&S Ethanol 0.3

S5(eth) CdCh, N&S Ethanol 0.8

3.4 Gas phase method

In general, the gas phase method uses a gas, which is normally inert, at pressures high enough
to stimulate particle formation, but low enough to permit the fabrication of spherical particles
[18]. High temperatures elements are used to aeaetaland swiftly melt it. The heating is

done such that the metal temperature exceeds the medtingout is still below the boiling

point to achieve suitableapourpressure. Throughout theedting procesghe gasflow is
constantly moving the evaporated metal away from the hot element, this is done by introducing

the gas into the chamber and removing it again by pumps. As the gas cools theapwial
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nano sizegbarticles crystallize. Thimrmed particles are still ilquid phase at this point since

they are too hot to be solid. The liquid particles migrate, coalesce and amalgamate in a
controlled environment and eventually crystallize into particles with spherical and smooth
surfaces. Whe the liquid particles are further cooled arcontrolledenvironment, they no

longer grow and form solid particles.
3.4.1 Pulsed laser deposition
3.4.1.1 Introduction

Pulsed laser deposition (PLD) is a physiagbourtechnique that utilizes a focusedhipower

pulsed laser beam to evaporate a solid tgfig8t A pulsed laser beam is focused onto the
desired target material inside a vacuurarober in the presence of a background gas. A plasma
plume is formed and the metahpouris deposited on a substrate surface. As a materials
processing technique, laser ablation was utilized for the first time i1966s after the
invention of a rubydser{20]. The discovery of higlhemperatureigerconductors in late 1986
reinvented the PLD technique. Lasers wathigherrepetition rate than the early ruby laser
made thin film growth possible, and since then PLD has evolved into a broadly applicable
technique in the field of research leading to rapid development. This technique boasts of

versatility and simplicity in imgmentation as advantades|.
3.4.1.2 PLD Mechanism

The basic PLD technique settqy this is shown irFigure3.4. A pulsed laser is focused onto

a dense ahhomogeneoulu target material to be deposited on a substrate with stoichiometry
intact. For an adequately high laser energy density (83,7%ach laser pulse evaporates small
volumes of the material forming a plasma plume. The vaporized materiaitteccfrom the

target as dorward-directed plume. The ablation plume is deposited on a pressed CdS NPs 4.5

cm away allowing material flux for particul a

The whole laser deposition process happens in a vacuum chamber with the laser situated
outside the chamber, allowing for an extensive degree of freedom in the ablation geometry.
The vapourconsists of a collection of atoms, molecules, j@aml electronswith the exact

ratio and kinetic energy depending on the laser parameters (intensity, wavelength, pulse width)

and to some degree on the target sample.
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Figure 3.4. Schematic diagram of a basic PLD setup.

A number of parameters play a role in the quatifythe resultant particulatesnportant
parametersnclude the thickness, and temperature ofdhiestrate together and the absolute
and relative kinetic energies and/or arrigahstituents within the plume.

The PLD technique can generally be divided into four stages;
0] The laser interaction with the target material.
(i) Formation of the plasma plunfim ablation of target materials.
(i)  Deposition of the plasma plume onto the substrate.
(iv)  Nucleation and growth of a thin film on the substrate surface.

3.4.1.3 The laser interaction with the Au target material

A laser beam (N&YAG) with a power ofo & | *is located outside the vacuum chamber
(pumped to a vacuum pressura@f p 1 | A Ad&hdis focused through a quartz glass onto

the surface oén Au target material at an angle of s shown irFigure3.4. The laser beam

gets focused on th&u target for a period op® i E inside the high vacuum. The lager

target incident angle is chosen as such to avoid further interaction of the laser with the formed,
outgoing plume. Upon interaction of a photon wiie matter the photon energy is coupled to

the lattice through electronic processes. The absorption of the photon by material occurs in
general over an optical depth of sevemahometresupon which the energy in metals is
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transferred to the electronsrelitly and in normetallic systems typically to the lattice. An
oscillation field occurs as a result of a collision cascade created between atoms in the material
due to the absorbed energy. An atom (or ion) can be removed from a target material if its tota
energy exceeds the binding enefgg]. Consequentlglectron excitations occur due to the
oscillation of electrons leading to electrattice energy transfer. The absorbed energy per unit
area by the target material depends on the fluence of the laser. The timescale for the electron
energy transfer to tHattice in metals is typically in the order 1.5 picoseconds (ps) and strongly
dependent on the thermal conductivity, specific heat, and elgafr@mon coupling23]. For
nonmetallic systems, the relaxation time is betweet?40d 16° s. The vaporization process

can be described by the heat flow theory where the surface temperature of the target at the end

of the laser pulse is determined by the ligbsorption and thermal diffusivifz4].
3.4.1.4 Formation of the phsma plume from ablation of materials

In many PLD applications, the ability to predict and control the cluster composition of the
ablation plume is critical. In particular, the presencenafioclustersor particulates in the
ablation plume can have an adse effect on the quality of homogeneous particulates grown
in PLD [25]. The material ablation mechanism and the total amount of emitted flux can change
radically with a sufficient increase fluenceto induce explosive boilingf the target material.

This process termguhase explosiqni26] is an explosive relaxation of the laseduced melt

into a ceexistent mixture of liquid droplets andapour Such hydrodynamic ejection of
dropletlike particulates is one illustration of macroscopic sputtef@ig. Another parameter

that plays a critical role in a laserduced plasma plume formation is the pulse length.
3.4.1.5 Deposition of theplasmavapour onto the pressed CdS NPs

Deposition of the ablated plasma onto a substrate can be described as follows: the particles
from the plasma plume arrive at the substrate surface and are adsorbed, after which they may
diffuse some distance before they react with each other and tleeatoms and start to
nucleate. The manner in which the particles start to nucleate may determine the structure or
morphology of the growing film or particulates. In this investigation, the substrate temperature,
Tswas kept at room temperature duringakgpon. Along with supersaturation, S these are the

major parameters in PLD. The two parameters are related by

Y QYA EYTY'Q (3.1)
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With 'Q being the Boltzmann constarR, the rate of deposition ant¥Qthe equilibrium
deposition value at tenepature’Y [27]. Thus, supersaturation is directly related to the substrate
temperature. Consequently, a small increase in the substrateréduong leads to large nuclei
resulting in the creation of dispersed islands of the growing film. Another factor related to the
temperature is the sticking coefficient. In this work (at room temperature) this takes on the
value of unity as heating the sttagse dramatically decreases the value of the sticking
coefficient [28]. The (relatively) high sticking coefficient value causks atom b sick
properly to the substrate. Another significant factor in keeping the substrate temperature at
room temperature i®tensure that th&u nuclei remains (relatively small) leadingAa cluster

formation.
3.4.1.6 Nucleation and growth of particulates on the CdS surface

The deposition of the evaporated plume on to the substrate can be described as a sequence of
events: tle evaporated particles in the plume arrive on thetsatbssurface and are adsorbed.

After this, the particlesliffuse a short distance before they react with each other and the surface
atoms and then start to nucleate. The manner in which the particles nucleate will determine the
structure and morphology of the growing film. Under certain circumstances, likeuhgtrate
temperature, diffusional interactions within the film/particulate and with the substrate,
underneath the growing film/particulate surface, may consequently modify film composition
and film propertie§21]. In general, the process of nucleation and growth is separated into three

modesas shown in Figure 3.5
1. Volmer-Weber growth mode
2. Frankvan der Merwe growth mode
3. StranskiKrastinov growth mode
Volmer-Weber nucleation growth mode

In this mode, the atoms are strongly bound together in the thin film/particulate more than they
are to the substrate resultingnanoclustersThe intermolecular forces of attractions between

the atoms attaching to the sulas¢ surface are much stronger than the forces they form with
the substrate material. As soon as a nucleation site of the first layer forms, another layer follows

on top of it resulting in the growth of islan@9].
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Frank-van der Merwe growth mode

This mode is also known as layey-layer growth, the interface energy is relatively low and
layers form readily from nearly any size nude®]. The bonds to the substrate are stronger
than the intermolecular forces of attractions between the atoms and molecules attaching to the
substrate surface. The nucleation sites in this naovdesimilar to the above mode with just
every new material that arrives being stacked into the top layer exclusively. The nucleation and
growth of islands that are only a monolayer thick are involved in full monolayer growth. These
monolayers grow to fundaentally complete amalgamation and thus laying the foundation for

the next film layef30].
Stranski-Krastinov growth mode

Also known as the thredimensional island growth mode follows a tst@p process: Firstly

films of the adsorbed material grow lay®r-layer up toseveralmonolayers on a crystal
substrate. Depending on the strain and chemical potential of the achieved films critical layer
thickness can be reached, and beyond this growth with nucleation and amalgamation of
adsorbatgeislandcontinueg31][32][33].

() (b) (©)

ikl

Figure 3.5. Thin film growth modes (a) StransKirastinov, (b) VolmetWeber, and (c) Frank
vander Merwe mode.

The selection of the growth mode in a substfiite system depends on (a) the
thermodynamics that relates the surface energies of the film and substrate and (b) the film
substrate interface energy. It is expected that the Velledyer mode to be the donaimt
method consistent with this work. This is because the time for the deposition is very short and
thus the atoms are more likely to form more strong bonds with the CdS thin film. After
successfulbdeposition the Au decorated CdS thin film is then crusiied homogeneously
distributed Cd$Au nanocomposites.
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3.4.2 Sputter coating

—— Au target

00
o
+ /‘/* T Sputterd Au atoms

Argon gas—» —» Vacuum

WH CdS NPs

Figure 3.6. Schematic diagramshowingthe sputter coatingetup for theCdSNPswith Au.

Sputtering is the expulsion of atoms by showering a solid target with energetic ions. It is a
consequence of collisions amongst the incident energeticpanicles that result in recoil
atoms from the target surfaf®4]. Upon reaching a lowacuum pressure @gf p 1 mbar,

argon gas is pumped into the vacuum chanalseillustrated in Figure 3.6A high voltage
applied toan Au targetionizes nearby Argon. Once ionized, the' fans accelerate toward the

Au target and sputter Au atoms. Sputter coating is a widely used technique to coat electron
microscope samples with metals (modly). A conductive layer ofu is created to prevent
charging, reduce thermal damage and improve imd@iig In this work ejectedu atoms by
ionized argon plasma were deposited onto th
resulting plume in a process that lasted for 1 min.s€quently, this technique is classified as

a physicalvapourdeposition technique. Some of the modern, low voltage sputter coaters enable
metal deposition at deposition rates of up to 1 nm/s in a low vacuum envirg@@jert ratio
between the number of the atoms ejected from the target and the number of incident ions is

known as the sputter yield, Y and measures the removal rate of surface atoms.

The theory of SigmunfB4] gives the sputter yield close to threshold (at low ion energy) as:

9 —|— (3.2)
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WhereE is the ion energy, witM: andM> masses of the ion and the target atom (atomic mass
units (amu)). The surface binding energy of the target atobk isnd U a dimensionless
parameter depending on the mass ratio and the ion energy. For low energy, and mass ratios
M2/M1 lower than 1Uis of the order of 0.2. The equation can be understood as follows. The

incoming ion imparts its momentum to the target atoms as could be understood by the term
with a maximum when - . Momentum transfer happens from induced ion
collisions andnust overcome the surface barrier (given by the surface binding dogripy

sputtering of a target atom to occur. Hence, the yield and surface binding energy have an

inversely proportional relationship.
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CHAPTER 4

Characterization techniques

4.1 Introduction

In this chapter, an overview of the principles of various characterization techniques used to
study the structure, morphology, composition, topography and optical properties of cadmium
sulfide (CdS)NPsare discussed in detail. To study the crystallinitgl atructural propesgs of

the synthesized materia{-ray diffraction (XRD) was employed. Generatetrays are
diffracted in cystal planes during interactiowith CdS samples resulting in constructive
interference defined by the Bragg equation. To study the topography, morphology, and
composition the samples were scanned with a scanning electron microscope (SEM) which uses
a focused electron beam to generateges from resulting secondary electrons. Energy
dispersiveX-ray spectroscopy (EDS) that is complementary to this technique detects the
generate-rays and gives information about the composition of materials. With transmission
electron microscopy (TEM)lectrons are transmitted through the sample to stinelyabove
mentionedproperties of nanoscale materials. This allows for below the surface composition
analysis, which is an advantage TEM has over SEM. To further study the surface effects the
Fourier traasform infrared spectroscopy (FTIR) uses the vibration of atoms to identify
molecules present on the surface. However, to look at the oxidation states of surface elements,
X-ray photoelectron spectroscopy (XPS) is used. XPS also affords the opportustitilyo
among other things, the work functions. Photoluminescence (PL) and ultrassotds
spectroscopy YV-Vis) are used to study the luminescence properties and absorbance
properties respectively. With PL, the presence of related dé$antlirectly detected as well.
ToF-SIMSis used to study moleculaomposition and stoichiortrg, this technique allows the
identification of the smallest nanoclusters. It employs pulsed ion Beatt) (Bi remove

moleculedrom the sample surface.

4.2 X-ray Diffraction (XRD)
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XRD is a techniqgue wused to studyorvalioes cr yst
crystallinematerials. This technique can be used to determine the degree of crystallinity, phase

identification, lattice parameters, and grain sizerystalline materials.

Detector

Figure 4.1 Schematic diagram showin¢ray diffractometersetup

The discovery oKX-rays in 1895by Wilhelm R ntgen[1], andX-ray diffraction in materials
(noting thatX-rays have a wavelength similar to the interatomic distances in crylsyalgue

in 1912[2] marked the beginning of this widely used technidtigure 4.1 shows aiX-ray

diffractometer consistingf three basic components in its most primitive formXaray tube,

a sample holder, and afray detedor [3].

TheX-raytube consists of a cathode (high negative potential) and an anode (ground potential)
with a potential difference between them. The cathode made of a tungsten filament is heated
to give electronsvith just about enough energy to escape its surface. Tlhe gotential
difference then accelerates the electrons from the filament emtieandthis electron beam
strikesthe anode withenergyidentical to theX-ray tube voltage (40 kV, 40 mA). These
electrons are shaped in such a way that they strike the ahmty a thin line dd.4 by 12 mm

[4]. Upon hitting the anode, these energetic electrons hit and remove electrons from the inner
shells of the metal atoms. The electrons from theroshells then fall to fill the unoccupied

inner shells andn the processthey lose their energynithe form ofX-ray photons with
characteristic energy and wavelength. In a copper (Cu) anode, the energetic electrons knock
out the kshell electrons. Outer shell electrons then fall to fill thehi€ll vacancies, in the
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process emittinglp and Ky (combined K i1and Ky } X-rays. TheseX-rays have characteristic
wavelengths of 0.1393 nm and 0.1542 nm respectiWglyen theseX-ray photonsexit the
tube, they both reach the specim€&a.produce a monochromatit-ray source, a nickel (Ni)

filter is often used.

—— Without filter
---------- With filter

[ Ko

Intensity (a.u)

L] || ] L] | L] L] ] | I Ll
0.0 0.02 0.04 0.06 008 010 012 014 016 018 020 022
Wavelength (nm)

Figure 4.2 CharacteristicX-ray emission for a Cigource with and without a filter (Ni).

TheCu and Nimetalshave a K excitation energy differenicetweerthe Kgand K, peaks As

aresult the higher energy CHp X-rays have about enough energy to excite the Ni metal.
TheseX-rays are then strongly absorbed by the metal, whileCihéy X-rays do nothave

enough energy and are weakly absorfiddConsequently, the Qs X-raysd on 6t go t hr o
the filter as their intensity is almost completely eliminatétire 4.2). TheKy X-rays

intensity, on the other hands slightly reduced. The presence of the Ni filter thus results in a

simpler diffraction pattersince it produces machromatic Xrays

The generated iKX-rays passhroughthe filter and are directed into tepecimenwhere upon
photorrmatterinteraction are diffracted ithe crystal planeDiffraction of monochromatiX-

rays can be defi ned malawh gvera bbyi equation 4.1Wiheg theBr a g g 6
diffraction conditions medhe requirements of this lawpnstructiventerferencas achieved.

ne=2d sin d (4.2)
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The law relates the lattice spacing in a crystalline specimen witk-tag wavelength and its
diffraction angle. It is named aft8&ir W.H. Bragg and his son Sir W.L. Bragto formulated
it in 1913[6].

Constructive
interfered
Crystal wave

Figure 4.3. Schematic depiction of-ray diffraction from lattice planes in a single crystal.

In equation 4.1a« i sadidtibneavelengthof theX-rays, dis thelatticeinter-planar spacing
and d is the angle between thdiffracted X-ray and a lattice plane. The integer,s the
diffraction order, often unityHowever it is not really the planes in the crystal that scatter the
X-rays (since planes are abstract mathematoaistructy but rather the atoms with their
electronic cloud$7][8]. The diffractedX-rays (Figure4.3) areghendirectedio a detector which

is strategically @ced in the path with the highest number of thgays. Since the scanned
material is randomly orientated, tXerays are moved through a diffraction angle ra@ggto

ensure that all the possible diffraction planes are obtained.
4.3 Electronmicroscope

This type of microscope makes useaofacceleratedbeam of electrons as its radiant source.
Since the electron have a shorter de Broglie wavelength, up toG®QQ@ines shorter than that

of visible light photon$9]. It hasa higherresolving power relative to other light microscopes,
enabling it to revddiner details in the smallest structures. The electrons are used in two ways
to obtain information about a specimen; (i) the beam interacts with the specimen resulting in
elastic and inelastic scattering, and (ii) the beam is passed through the sppmerating an

image by interacting with the specimen on its way.
4.3.1 Scanningglectron microscope (SEM) andenergy dispersivespectroscopy (EDS)

In SEM a focused electron beanmastereaver the specimen surface to produce images. Upon
interaction of he electron beanwith the specimen different types of information can be

acquired from the specimen, depending on the type of interatigT his techniquean give

47



information abouthetopography (surface features of materad)well asnorphology (shape

and size of thélPsmaking the material)L1].

Electron Vacuum
AT
Gun ; Chamber

Anode

Condenser
Lens

_ Electron
Condenser : Beam

Lens

Objective
Lens

Figure 4.4. SEM setupillustration[12].

Components of the SEM are showrFigure4.4. A stable beam of electrons with adjustable
energy is generated in the electron gun. The field emission gun (FEG) consists of a cathode,
with a shap metal tip. The metal tip is usually made of tungsten with a radius of less than 100
nm. An electric field occurs as a result of a potential difference applied between the first anode
and the metal tip. This field is largely concentrated on the metdhdiptating electron
emission (emission current). The accelerating voltage of the gun is determined by the potential
difference that occurs between the tip and the second grounded anode. Electrons travel faster
at high accelerating voltages. The fastesthelectron travel down the column, the more power
they have to penetrate the specimen. The system requireBighraacuum conditions to keep

the tip free of contaminants and oxidation.

The system uses stationery electromagnetic (EM) lenses to qoimérdiameter) and focus the
generated electron beam down the coluiiirere are two lenses used for this; (i) a condenser
lens, to control the diameter of the beam. (ii) An objective lens is used to focus the beam onto
the specimenThefield strengthof the EM lenses can be vad by altering the current flux.
When the electron beam interacts with the specifigu(e4.5), elastic and inelastscattering

events occur as a result.
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During inteaction of the electron beam withe electric field of the nucleus of the specimen

atom, a direction change of the beam occurs.

Primary electron Beam
Backscattered electron (BSE)

Secondary electron (SE) /

X-ray photons

Auger electrons

Sample surface
Secondary electrons (SE)

Backscattered electrons (BSE)
Characteristic x-rays

Continuum x-rays

BSE spatial resolution
» X-ray spatial resolution

Figure 4.5. Sketch showing the events that occur as a result ohtbeaction of the electron

beam with thespecimen surface, along with the depth of theratteristic signals.

This change in direction is without a significaartergy loss (less than 1 eV) in the electron
beam. These are known as the elastic scattering events. In these events, if ansalepaited

back out of the specimen it is called the backscattered electron (BSE). BSE images obtained
with this techniqueshow compositional contrast that occurs dueitferent atomic number
components and their distributiodowever, in other events, during the interaction between

the electron beam and the electric field of the specimen atom, the electron impartgits ener

to the specimen atom. These are the inelastic events and often results in the expulsion of a

secondary electron (SESEs usually have energy in the ordeless than 50 eV13].

The lost energy in the inelastic interaction of the electron beam with the specimen will produce
two types oiX-rays:firstly, characteristiX-rays occur when the beam ejecisre shell(inner)
electrons from thepecimeratoms. This results in an outdredl electron to fall to the lower
energy state, into the remainiegre hole. This electron emits its energy as a charactefistic

ray photon.The produce-rays are characteristic of elements (related by atomic number),

e
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and thus allows one to identifjhé elements and their relative proportion. This requires a
separate system (EDS) to measure thésays. The system is comprised of three basic
components(i) An X-ray detector which detects and conveftsays into electronic signals,

(i) apulse processor which measures the electronic signals to determine the energyef each
ray detected; and (iiiamultiple channel analyser which displays and interpretXthay data

[15].

Another type oiX-rays that are producedthe @ntinuum (Bremsstrahlung)-rays. These are
produced when the beam electrons interact with the Coulomb field of the nucleus of the
specimen atonfil4]. During the interaction, the beam loses energy that can be given off as
continuumX-rays. Consequently, this energy loss has a continuous distribution of energy that

is notcharacteristic of the atomic number; i.e. independent of the material used to g&nerate
rays.

4.3.2 Transmission electron microscope (TEM)

This technique is an improvement of the conventional optical microscopes as it enables higher
magnification, allowing a much more detailed analysis. It can be used to study defects,
crystallographic structure, particle size, morphology and composition of the specimen. High
energy electrons (few hundred keV) are accelerated and focused towarta-tornumnaterial.

The electron beam interacts with the specimen as it passes through, enabling the formation of
an image from the transmitted electrons. The formed image gets focused and magnified onto

an imaging device.

TEM takes advantage of the quantarachanicabehaviourof the electron. The interaction of

the electron with the material prevails due to the inherent nature of electrons which are quantum
mechanical objects. Electrons have both a wave and particle nature, with their de Broglie
wavelengthsignificantly smaller than that of light and so they have a higher resolution
capability. This allows the examination of finer details such as a single column of atoms, which
is tens othousand®f times smaller than the smallest resolvable object ighé Inicroscope

[16].

The techniquean be described using three basic componé&igsie4.6): (1) an electron gun,
(2) the imageproducing system, and (3) an imageordingsystem The electron gun is used

to produce a beam of electrons that is focused condenser system on to the specimen. The
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imageproducing system has in ithe objetive lens and retractablgpecimen stage, and
intermediate and projector lenses through wihehelectrons passed to form a real, and highly

magnified image.

Cathode——— | Electron gun

3 mm

Copper grid
with 3 sections

Condenser lens —

Electric coil
Objective ——__|
lens
Specimen
holder
Intermediate —_!_
lens |__——Column
Projector lens —. \ Glass window

Fluorescent —__|
screen

Photographic —
film

CCD camera—

Figure 4.6. Schematic diagram showiAgeM setup[18].

The formed image is however still not seen with a human eye and theledtren image needs

to be converted. The recording system consists of a fluorescent screen that displays and focuses
the image, with a digital camera for permanent ima@gesaddition, a vacuum system,
consisting of pumps and their associated gaugevamds, and power supplies are required

[17].

Electrons are generated by heating the cathode made of either a tungsten filament or, in high
performance instrumentanthanum hexaboridgaBs). In between the cathode and anode, a
voltage is applietb accelerate the electrd@nly after the high voltage electrons stabilize, can
they pass through a centigberture This is done atonstantenergy to ensure a reasonable

operation as the control and alignment of the electron gun are crucial torudptgonid images.
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The condenser lens system between the electron gun and the specimen is used to control the
beam intensity and angular aperture. A double lens is often used to converge the beam onto the

specimen.

The specimen is loaded onto a very thin @pgrid with a retractable specimen stage, this
allows the electron beam to pass through the specimen. The beam reaches an objective lens
with a short focal length ¢ mm) below the stage. At thint, there is a real, intermediate

image that will be fcther magnified by the projector lens or lengesingle projector lens may
provide a range of magnification of 5:1, and by the use of interchangeable pole pieces in the
projector a wider range of magnifications may be obtain€d.allow a greater rangef
magnification and give an even better overall magnification without an equal increase in the
physical length of the column of the microscope, modern instruments often use two projector
lenses. The monochromatic electron imagk only be visible to a luman eye byeither

allowing the electrons to fall on a fluorescent screen fitted at the base of the microscope column

or by capturing the image digitally for display on a computer monitor.
4.4 Ultraviolet-visible spectroscopy JV-Vis)

The techniqueelies onthe interaction of light with matter, giving information about the band
structure of the sample. Absorption in the ultravieisible region of the electromagnetic
spectrum gives molecules in a l@mergy atomic orbital enough eggrto make electronic
transitions to higheenergy orbitals. However, to make the transition, the molecatems

must have exactly the same energy as the energy difference between the two energy orbitals
[19]. A photon of light withenergy("Q) is used to promote the moleculesoms The initial
intensity ('O of the light that is passed through the sample (show#igiare4.7) is compared

to the final intensity of the light after it has passed through the sample to look at how much

light was absorbed.

The amount of light transmitted through the sample is defined by transmitf@rasetfie ratio
‘@0and often conveyedsaa percentagdd “Y. The transmitted light is related absorbance

(A) by the following equation:

5 11 & (4.2)
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Figure 4.7. Schematic diagram showing electromagnetic radiation being transmitted through

thetransparenmaterial.

A typical UV-Vis spectrophotometer has two light sources to cover the ultraviolet4®0
nm) and visible (302500 nm) spectral regions, witleuterum (D2) and tungsten (W) lamps

respectively.

Light source UV

Diffraction I W
grating I 4/,' Mirror 1

Slit 2 s— Slit 1 Light source Vis
Filter ———
Reference D 5
) Cuvette etector
Mirror 4 # Reference L
Beam L \/ 0
. Lens 1
Half Mirror K
/ . Sample
/ ’ Mirror 2 Cuvette Detector 1
*/ Sample A R I
Beam L | \/ |
Mirror 3 Lens 2

Figure 4.8 Schematic diagram showing componentstloé duatbeam ofthe UV-Vis

spectroscopgystem

Figure 4.8 shows components of a db@lamUV-Vis spectroscopeA diffraction grating
(prism) is used to first separate a beam of light from, either one of the sources or both, into its

e
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component wavelengths. The half mirror further spliggery single wavelength
(monochromatic) beam into two equal intensities (bga@se of these beams will be passed
through the reference cuvette containing a transparent solvent. Thbexhevill go through

the sample cuvette, which contains the sample to be studied. The sample is dissolved in a
transparent solvent identical tat in the reference cuvette. Electronic detedsdrslledl and

2 then measure the intensities of the light beams from the reference cuvette and the sample
cuvette respectively, and then compare them. The reference beam has intensity défined by
and is expected to have little or no light absorbed as it passed through the [28lv&Same

of the sanple beam intensity is expected to be absorbed, with the measured intensity defined
as'OThe spectrometer normally scans through both the ultraviolet (UV) and the visible (Vis)

portions of the spectrumery quickly.
4.5 Photoluminescence (PL)

PL is a nordestructive technique that uses photons of light to probe the electronic structure of
materials. The photons aimed at the specimen are absorbed and give away their energy to the
material. This process is known as phekeitation, and the energy imparteadto the material

can be given out through the emission of light (luminescence) again. In such a case where a

photoexcited specimen emits light, it is referred to as photoluminescence.

The photeexcitation process is responsible for promoting electrons within the material to a
higher energystate(So to &) as shown irFigure4.9. However, after some timagwill be
discussed later) the electrons return to the lower equilibrium states, giving out the excess energy
in the process. The energy is dissipated through the emission of light in a radiative process.
This energy can also be dissipated through vibratiores nonradiative process. On its way to

the equilibriumstate the electrons pass through otbeergystates in between in this process.

The energy of the emitted light relates to the energy difference beSyéenuilibrium states)

andS; (excited sates). Consequently, the input of the radiative process is related to the intensity
of the emitted ligh{21].
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Figure 4.9. The principle ofPL spectroscopy22].

Some of the emitted photons hawesver energy than the absorbed energy. There are two
common types of phenomenorthat cause this: fluorescence and phosphorescence.
Fluorescence have a shbifé time of 108-10* s, In phosphorescence, the energetic electrons
undergo intersystem crossing into a state with different spin multiplicity. This phenomenon
undergoes a raglional transition with a lifetime from 1102 s, which is much longer than

fluorescence.
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Figure 4.1Q Sketch showing a setup of the 325 nm Hég3ar PLsystem.

In Figure 4.10, a HeCd laser (orange) passes through a filter that permits only 325 nm
wavel ength to paasnglewavaléngtm ghe 326 nnelaser ts éefiectex foff
a mirror that transmits 10% of the incoming laser, reflecting 90%. On its wag saithple

the lasetight goes through ehopper thavtaries its frequency depending on the chopper speed.
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Figure 4.11 Internal workings of a spectrometer showing the diffraction of light.

Once the laser hits and excites the sample, photons of liglawyeare emitted in various
direction. The emitted light is focused with a Winsparent lens to the EC7 filter. This filter

is located in front of the spectrometer entrance and blocks the 325 nm wavelength, allowing
higher wavelengths inWhen light enters the spectrometeigure 4.11}through the entrance

slit, it is collected by the collimating mirror and reflected into a grating, where it is dispersed
into individual wavelengths. The diffracted light is then reflected the focusingrmioréhe
detector. Each wavelength leaves the grating different angle thus each has a different
horizontal position when the light reaches the detector. This enables the detector to measure
the intensity of each individual wavelengt®nce the indiwdual wavelengths reach the
photomultiplier tube (PMT), iproduces an electron that is accelerated anchtineber of
electrons multiplied. This detectproducslarge signals, large active argasdfast rise times

but the problem is that it requires higoltages and gains instability duestiemperaturevhich

causedackgroundadiation.
4.6 X-ray photoelectronspectroscopy (XPS)

XPS is a surface characterization technique developed by Seigbahn iTh866chnique is

used to study surface elementsgent inthe material together with the nature of chemical
bonds that hold these elements together. XPS can successfully detect any element in the
periodic tableexcluding hydrogen and heliurf23]. This technique has three basics
components that are used to carry out a photoemisspariment (shown ifrigure4.12): (i)

an X-ray source withfixed radiation energy, (ii) an electranalysey this should be able to

measure flux of emitted photoelectrons with specific energies.
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Figure 4.12. Schematic representation of a basic setup in an XPS.

Theanalysersorts out the emitted photoelectrons according to their specific keretigjies.
There are many different designsarfelectron energwnalyserbut the preferred option for
photoemission experiments is a concentric hemispheaicalyser(CHA) which uses an
electric field between two hemispherical surfaces to disperse the electrons according to their
kinetic energy[24]. (i) A high vacuum chamber is used to avoid collision of the
photoelectrons with gas molecules in the atmosphBoegenerate Xays withfixed radiation
energy, asourcethatgivesrise toMg 0 (Q p ¢ @A 6 andAl v (Q P T U@ P
radiations are often used. fiigure4.13, the sample is bombarded with Arays. The Xrays
interact with core shell electrons of different atoms in the sar@plee these electrons around
the nucleus have enough energy they escape as photoelectrons witkefiwedt kinetic'O ,
givenby:

0O ® O (4.5)

where ® is the X-ray photon energyO is the electron binding energy, andthe work
function that is the energy needed for the electron to free itself from the surface. It depends on
the spectrometer drthe substrat@5]. Photoelectrons coming from dissimilar types of orbitals

and atoms or even similar ones in different bindstegeshave binding energies that differ.

Equation 4.5 relates the kinetic energyhege photoelectrons with their binding energy.
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Figure 4.13. Schematic depicting ionization of electron as it pertains to [RBS

A typical XPS spectrum is a plot of thember of electrons detected (sometimes per unit time)

as a function of the binding energy of the electrons detected. Each element produces a
characteristic set of peaks at characteristic binding energy valuesrdwlyddentify each
element that exists in or on the surface of the material tatysed These characteristic
spectral peaks correspond to the electrtnital configuration of the electrons within the atoms,

e.g., 1s, 2s, 2p, 3s, etc. The numbedaikcted electrons in each of the characteristic peaks is
directly related to the amount elementwithin the XPS sampling volume.

4.7 Fourier transform infrared spectroscopy (FTIR)

A Fouriertransform infrared (FTIR) spectroscopy usesittierference of radiation between

two beams to create an interferogram. The interferogram is a signal that occurs as a result of a
difference in the path length between the two beams. There are two parameters,, distance
frequency, that are interconvible by the mathematical method of Fowfeansformation

[27]. The spectrometer was designed to overcomedtions of dispersive instruments, which
mainly havea slow scanning process. Thus, a new method was required to measure all the
infrared frequencies at the same time, rather than individually. A solution that used a very
simple optical device called ant@mferometer was developed. The interferometer has a unique

type of a signal it produces which contains
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Figure 4.14. Schematic diagram showing a basic setup of FTIR spectroscopy.

The signal can be quickly measured in an order of one second or so. Thus, the time element
per sample can be drastically reducedf@w seconds instead of several minuf@s]. In most
interferometes, a beam splitteis used to divide the incoming infrared beam into two optical
beams. A flat mirror that is fixed in one position reflects one beam, and the other beam is
reflected by another flat mirror which has a mechanism that allows it to move a very short
distance (tpically of fewmillimetreg away from the beam splitter. These two beams reflect

off their respective mirrors and recombine back at the beam splitter.

Since the path length of one mirror is fixed while the other is constantly changing, with the
movement bthe mirror, the signal which reaches the interferometer is a result of the two beams
6interfering6 with each other. This results
that has information about every infrared frequency which comestifr@isource. This means

that by measuring the interferogram one measures all the frequencies simultaneously. Fast
measurements are thus ultimately obtained with the usdesferometer However, it is still
impossible to interpret the measured interfertmmasignal as an analyst would still need a
frequency spectrunfa plot of the intensity at each individual frequency) in order to make an
identification Decoding the individual frequencies is accomplished with a-kvedivn
mathematical technique calldtetFourier transformation. This transformation is performed by

the computer which then presents the user with the desired spectral information for analysis.

The normal instrumental processhigure 4.14 is a fivestep process: (1) the souredth a

glowing blackbody source that emits infrared radiatidiine beamgoesthrough an aperture
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which controls the amount of energy presented to the sample (and, ultimately, to the detector).
(2) The interferometer6 spectr al encodingo takes pl ace
interferometer, bring about an interferogram sigigd).The samplegependhg on the analysis

type required, the signal entering the sample compartment is transmitted through or reflected
off the surface of the sample. In this compartmspécific frequencies of energy, which are
uniquely characteristic of the sample, are atsdr (4) The detectothe signal goes through

the detector that is specially made to measure an interferogram signal for final measurement.
(5) The computer; the measured signal is digitized and sent to the computer where the Fourier
transformation takeplace. The final infrared spectrum is then presented to the user for

interpretation and any further manipulation.

The FTIR instrument sends infrared radiation of about 10,000 to 18@toough a sample,

with some radiation absorbed and some passed throlige absorbed radiation is converted
into rotational and/or vibrational energy by the sample molecules. The resulting signal at the
detector presents as a spectrum, typically from 4000tord00cmt, representing a molecular
fingerprint of the sampleEach molecule or chemical structure will produce a unique spectral

fingerprint, making FTIR analysis a great tool for chemical identification.
4.8 Time-of-Flight Secondary lon Mass Spectroscopy (ToSIMS)

ToRSIMS is an analytical technique that uses a $edy pulsed particle beam to provide
detailed elemental and molecular informatidmoat the surface of a sample. Haonass
spectrometry is based on the fact that ions with the same energy but different masses travel
with different velocities. SIMS is a vergensitive surface technique because the emitted
particles originate from the uppermost one or stomiclayers of a sample. The subsequent
time-of-flight mass analysis of the emitted ions provides detailed information on the elemental

and molecular comgsition of the surface.
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Figure 4.15. Schematic representation of F&MS instrumen{30].

ToRSIMS instruments typically includedse component§igure4.15): anultrahigh vacuum
system, which is needed to increase the mean free path diberaed in the fght path; a
particle gun, that typically uses a'Biource; the flight path, which is either circular in design,
using electrostatic analysers to direct the particle beam, or linear using a reflecting mirror; and
the mass detector system. A solid surfiadeombarded by primary ions of some keV energy.
The primary ion energy is then transferred to target ateaetomic collisions and a collision
cascade is generated. Part of the energy is transported back to the surface allowing surface
atoms and molecular compounds to overcome the surface binding energy. The interaction of
the collision cascade with surface nalkes is soft enough to allow even large andvalatile
molecules with masses up to 10,000 u to escape without or with little fragmefit@fiohhe

emitted particlexonsistof mostly neutrally charged particles, with a small proportion of
negatively or positively charged iarhe charged ions are accelerated by an electrostatic field

to similar energy. These accelerated ions then reflect off a reflectionwitige single electric

field regionthat reflects the iont the detectofFigure 4.16). lons with lighter mass travel

with a higher velocity and reach the detector before heavier ioMdedsuring the flight time

for each ion allows the determination of its mass. The pulsed primary ion beam can be fixed to
a small spot (microprobe mode)darasteredo determine the lateral distribution of elements

and molecules. In this mode of operation lateral resolution of down to 50 nm can be achieved.
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Figure 4.16 Schematic diagram showing secondaryspecieg31].

Data obtained from ToSIMS is displayed in three modes; mass spectra (showing the number
of counted ions of a given mass); ion images (showing where any selected element or isotope
is present in the imagearea); depth profiles (showing the count rate for any isotope as a

function of time at increasing sputtering depth).
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g CHAPTER 5 h

Quantum confinement effect structural and optical properties of
CdS NPsprepared with water assolvent

N\ /

5.1 Introduction

Cadmium sulfide (CdS) is avaterinsoluble group IFVI semiconductgr which can be
dissolved with dilute mineral acids, like sulfuric acid, hydrochloric ,eendi nitric acid. It is
known to crystalke in three crystal phasesurtzite, zinc blende, antigh-pressureock salt.

The wurtzitephasehasthe higheststability amongst the three structures. This pHassbeen
observed and reported in bablulk and nanocrystalline CdS, whilst its cubic and rsak
counterparts were only observed in nanocrystalline [C{{3]. During size reduabn of bulk

CdS particles tdhe nanoscalethereare deviatiors from its usual chemical, structural and
physical properties. Thguantum confinemnt effectalsoaffect other properties of CdSPs
suchasthe melting point, electronic absorption spectra, crystal structure, and band gap energy
to name a feW3][4]. The large CdS band gap energy of 2.42 eV (patkcoom temperature
allows for applicatiors in optoelectronics, photonics, photovoltaics, and photocatalysis. The
nanocrystalline structure of nanomaterials plagsitécal role in determiningheir electronic
properties. It has been reported that the reaction conditiorisg the preparation of this
materialcan be influential in the resultant crystal structure upon size reduf&j@i, In this

work CdSNPs have been synthesized using a chemical precipitation method. Crystal size
growth is controlledby varyingthe number offG molecules (i.e concentratipauring the

nucleation process
5.2 Experimental
Sample peparation

CdSNPswere synthesized withwaet chemical synthesis technique of chemical precipitation
using TG (C3HgO2S) as acapping agento control the particle size. All the reactions were
carried out at room temperature and standard atmospheric pressure. Cadmium chlorigle (CdCl
and sodium sulfide (N&) were used as starting materials, acting as a source’baa $

ions respectivgl Double distilled water was added as a solvent with varying TG

e
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concentrations to control the growth. Initially, @ble (M) CdCk and 0.1 M NaS were added

in 50 mL of double distilled water separately with vigorous magnetic stiffin@he required
amount(discussed belowf TG was added to the b solution while stirring. The samples
were stirred until the powder completely dissolved into the solvent. Ti#& TNa solution was

then added dropwise to the Cd@hile constantly stirringising a magnét stirrer. As particle
growth started with the formation of precipitates, the colour of the solution changed from
colourless to orange fahe 0.0 mL TG (SO)ample yellow forthe 0.1 mL TG (S1)sample
lemonyellow for the 0.2 mL TG (S2) sample lemon forthe 0.3 mL TG (S3)sample and
whitish-lemon forthe 0.8 mL TG (S5)sample The five CdS precipitates with varyirigs
concentrationsvere washed with ethanol several times to remove impurities and unreacted
reactants. The precipitateas then collected by centrifugatifor 5 minutes at 5000 rpm and
then dried in an air oven for 10 hrs at®0After 10 hrs in the oven, the quantity of the powder
decreasedignificantly suggestingthe removal of impuritiesand large quantities of wate
through evaporatiarrhe S3 sample was further annealed to observe and study the effects of
change in temperature on crystallinity. Annealing was carried in an-aicjoatmosphere for

2 hrs at 200 (A200), 35@ (A350), 50@ (A500) and 70& (A700) respctively.

Characterization

Structural properties of the CdgPswere recorded arahalysedising a Bruker D8 Advanced
X-ray diffractometer (XRDpver therange af mJ ¢ [ ¢ mehuipped with monochromatic

0 6 Unadiationof_ p&® T TT V.0 study the morphology, a Jeol JSIO0F field emission
scanning electron microscope @EEM) fitted with Oxford Aztec 350 XMax80 enegy
dispersiveX-ray spectroscopy(EDS) were employed. While the photoluminescence (PL)
spectra were measured using lal&ser systenequipped with 825 nm HeCd gas laser to
excite the material at room temperature, with a spectrometer, a photomultiplier tube (PMT)
detector, and a loek amplifier. ForUV-Vis absoption, thedried powders were dispersed in
dimethyl sulphoxide before collection of data with Lambda 9%GVis spectrometer in the
wavelength range of 25000 nm. The molecular structure of the samples were analysed with
a Nicolet 6700 Fourier trarmim infrared (FIR) spectroscopyThe chemical states were

studied witha PHY 540 X-ray photoelectron spectroscopy (XPS).
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5.3 Results and Discussions

Figure 5.1 CdSNPswith differentcapping agentoncentrations resulting in varying
colours SO (no TG), S1 (0.1 mL), S2 (0.2 mL), S3 (0.3 mL) and S5 (0.8 rAlgolour

wheel is added as a guide to the eye.

The NPs synthesizeda the precipitation methofd] displayed an observabi®lourchange,
which was indicative of the formation of CdS NPs. Théur of the precipitate varied with
the concentration of theapping agenfTG) which was used to control the NP size. The sample
labdled SO has naapping agenadded and it displayed an orarmgsour (S0) as shown in
Figure 5.1. The addition of 0.1 mL of TG in the experiment causeldur change from
transparent to yellowSQl). Since thesé&lPsabsorb and emit photons at different wavelengths
depending on their size, it was observed thattheurof the prepared CdS samples changed
as more TG was introduced into the solution. The smallBsthatwasformed (and will be
discussed lateryas br sample S5 wita TG concentration of 0.8 mL and the resultant powder
displayed a whitishemoncolour. This served as a preliminary, visual confirmation of the shift
in absorption edge as a result of the quantum confinement/size effect caused bygreducin
particle sizg8].
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Structure and morphology analysis
5.3.1 XRD

5.3.1.1 Crystalphases
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Figure 5.2 (a) The XRD patterrs of the asprepaed CdS NB with different sizesS0, S1, S2
S3 andSh. (b) And the resolution of th28° peak

XRD is an effective technique for determining the crystallinity and dtystalline size of
materials.In this sectionthe asprepared CdS NPsS0, S1, S2, S3, and S5 wetether
investigated with XRD S3 was alsaannealed to investigate the effects that annealing
temperatures may have on the crystalline structure of the sdfigpliee5.2 (a) shows theX-

ray diffraction pattern oftheapr epar ed CdS NPs. The observed
of the XRD peaks for the first three samples (SO, S1, and S2) are 26.3°, 43.7°, and 51.7°,
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corresponding to diffraction from planes (111), (220), and (311) [ICSD#: 067789 tigshe
Bandaranayaket al[5] reported that this is indicative of a cubic zinc bl€ds rather than of
amorphous CdS NPs, which only have a single very meaghboumpeak near the (111) line.
However, after resolving the broad peaks their constituent components, overlappingkse
showed shoulders around 28° (Fggure 5.2 (b) and 47 corresponding to the hexagonal
wurtzite phase (101) and (103) planes respectively. Thus {meepared CdS samples exhibit
a mixedphase of both zinc blende cubic and wurtzite hexagonal phakse

When compared to the standard [ICSD#: 031QT4][12], the XRD patterns of samples S3

and S5 have a hexagonal CdS structure which is indicated by the presence of the (100), (002),
and (101) peaks betweenXind 3d. However, the assignment of CdS phases hagep to

be quite challenging since for the hexagonal phase preferred orientation, the (002) and the cubic
(111) lines coincide within a difference of only 1¢8]. Thus, the existence of the cubizaic

blende phase cannot be ruled out as there are also weak overlapping peaks around 27° (111)
and 44° (220) present in the XRD pattern.

5.3.1.2 Crystallite sizeand surface stress

The structural stability of CdS can also be qualitatively deduced from the XRD patterns. It is
observed that the peaenteredaround 23 broadens when adding more of the TG capping
agent, i.e. from sampl80 to sample S5rhis increase in the pe@dkdull-width half maximum
(FWHM) is a result ofa decreasen particle size (which will be shown later) since the TG
concentration increases aids known that increasing NP surfactant concentration decreases
particle size. As such, Debye Schelbepadening is observed for this pebksinglecrystallite
samples, crystal size relates to the particle size wharepslycrystalline samples, parles

are larger than their crystalline constituefit]. In single crystabamplesthe crystallite size

is calculated using the Debye Scherer formula,
0 TF OEi — (5.1)

D is the crystallite size, is the X-rays @vavelength of thé ®. line (1.54 AJ), —is the
diffraction angle, anfl is the fullwidth at halfmaximum (FWHM) of the diffraction peak in
radians[15]. The particle sizes for S3 and S5 are 3.0 and 2.95 nm respectively. The
approximation of the mean crystallite size was not possible for SO, S1, and S2 due to the peak

overlap as well as the presence of a mixture of cubic and hexagonal phases as digtiessed ea
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FromFigure5.2 it is observed that the particle size decreases with increasing TG concentration.
This is apparent in the increasing broadness of the peak centred bet@aad 38 from SO

to S5confirming that the crystallites anedeednanasized. There is also an observed shift in

the peak position to higher angles from SO to S5. This is attributed to the strain effect that is
associated with the quantum confinemeffiect [16]. Surface stress is directly related to the

surface energjl 7] which is known to increase with decreasing particle size.

5.3.1.3 Influence of annealing temperature othe crystal phase.
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(111
(220)
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Figure 5.3 XRD patterrs of the S3 sample after annealiata differenttemperatureA200,
A350, A500, andA700.

Annealing temperature effects on the S3 structure are shown in the XRD paBgyureb.3.
The effects discussed here for sampBare expected to be the same for all the other CdS

samples. It was observed that as the annealing temperature increbges) the peak position
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to lower diffraction angles occurred, which indicateseversalof the quantum confinement

effect

The main broad peagentredon 26° splits into three peaks at S®0attesting tamproved
crystallinity. The reduced peak FWHM indicates an increase in particle size. Since an increase
in particlesize isknown toreducethe surface enerdy 8] this will have the effect of countering
the above mentioneshift to lower angles in this case. Annealing at 35@nd temperatures
belowthis show a cubicatinc blende phase compared to theepared SBIPs This is met

by a phase transformation at temperatures above 3&0Dthe preferable wurtzite hexagonal
phas€19]. Thus the particle size of Cd§Pscan be controlleavith either acapping agent
the annealing temperature, or tembination of both. With the latter two having the advantage
of enhanced crystallinity of the particldeeducing theNP size with TG leads to enhanced
surface energy as a consequencgquaintum confinement effediowever, this decrease can
be countered by annealing at temperatures above 380untering thguantum confinement

effectand enhancinthe crystallinity of material through sintering.
5.3.2 SEM

The scanning electron microscope imagesigure 5.4 show micrographs of Cd3NPs of
different sizes taken with similar magnifications @@). The images show highly
agglomerate®lPs This is similar to what is observedtheliteraturefor asprepared CdSIPs
[20][21]. Particle agglomeration is influenced by a number of factors, including properties of
the medium that the particles are suspendéazin Largeconcentrationsf the capping agent

slow down the reaction and precipitation process by making a compact shell/layer over the
surface of the agrown sample, which results in the formation of smallBlson inceasing

the capping agentoncentratiorjl]. The high surface area to volume ratio resulting from the
smallNPs providesrery high surface energy. To reduce and minimize the surface energy, the
NPsagglomerate. Ungurolled agglomeration diPsmay occur due to Van der Waals weak
forces between particlé&8]. By annealing théNPsat relatively high temperatures, the TG
molecules start desorbing from the CdS surface. This is also shown in FTIR spegtra (

5.195 by the decrease in the intensity of the organic molecules at temperatures approaching
3503 and their complete disapm@nce above this temperature. The removal of these
molecules leaves dangling bonds on M surface which are highlyeactive and lead to
particle growth througlsintering. Sinterind23][24][25][26] is understood in terms of the

Gibbs Thompson relation.
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Due to the largelemical potential, small particles grow to become larger particles with lower
chemical potential. The driving force is the reduction of the total surface energy of the system
[27]. This is observed in the SEM imagesFafure 5.5 which show the growth in particles
from much agglomerated small particles (on the nanoscalBjgure 5.5(a) to very large
particles inFigure 5.5(d) with appanetly smooth surfaces. Thus, there is a relatively large
change i n the pastheiamnéang temperaturepintredsapigs 56@) to

(c)) and it is in this regime where phase transformation takes place.
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Figure 5.4 SEMimages of aprepared Cd8IPsvarying according TG concentration (a) SO,
(b) S1, (c) S2, (d) S3, and (e).S5
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Figure 5.5. SEM images of annealed CdS samples atA200, (b) A350, (c) A500 and (d)
A700.

5.3.3 EDS

Energy dispersivX-ray spectroscopy wasmployedo investigate the elemental composition
(%) of all elements contained in the@®pared CdS samples and the effect of varying the
annealing temperaturegas studiedFigure5.6 shows the elemental composition of the as
prepared samples, and the annepdffect is shown irigure5.7. Present constituents consist
of Cd, S, O, C, and Cl in all samples. The Cl is from the unreactec Gtiting material,
while O and C are from bothG (CsHgO2S) and the atmosphere. On the othand,the
presence of S aginates from both the sulfur source fSaand theapping agenfCzHgO.S),
these are differentiated later in the XPS resiilie elemental composition (%) ratio saflfur

to cadmium (S/Cd) showed an increasing trend of 0.24, 0.24, 0.27, 0.28, andr&8134,

S2, S3, and Skespectively indicating an increase in the atomic composition (%) of S relative
to Cd, as expected since this also corresponds to the increasing TG concentration associated

with these samples, respectively.
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Figure 5.6. EDSspectreof the asprepared Cd8IPsof varying size with TG concentratiga)
S0, (b) S1, (c) S2, (d) S3, and (e) $6e S, C, and O peaks all increase with increasing TG
concentration.

Annealing of the S3 sample resulted in a decrease in this elememabsition (%) ofS as
follows: 0.28, 0.26, and 0.25 for S3, A200, and Ar&pectively. The EDS results showed an
increase in foncentration with increasing TG concentration while annealing temperature
decreaseS content.This is so since, some tiie surface capping TG molecules are easily

removed with increasing temperature.
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Figure 5.7. EDS spectraf the annealed CdS samples atAaDo0, (b) A350 (c)A500 and (d)
A700.

5.3.4 TEM

The agglomerates sizes are reduced as the capping agent comrem@asesHgures
5.8(a) to 5.8(e)) resulting in an improvhldP size distributionFigure5.9 shows the particle
distribution function of th&NPswith average particle sizes 80, S1, S2, S3, and 85ted in
table 5.1

Figure5.10 shows TEM images of tf88 sample annealed at different temperatures. At low
temperaturesthe NPs are stillagglomerated with boundaries that are not well defined. An
increase in particle siae observed for the samp@nealed at temperatsreighrer than350°C

compared to when annealed at lower temperatéigare5.10(c)).

At the transformation phase, the particles sinter into spherically shaped particles with well
defined boundaries. Increasing the annealing temperature not only changegtinaoggrout

also the size distribution of the NASgure5.11 shows the average particle size for the S3
sample varying with increasing annealing temperatures. It is clear that the sintered particles
have grown in size.
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Figure 5.8. TEM images of Cd®Pswith varying TG concentrationga) SO, (b) S1, (c) S2,
(d) S3, and (e) S5.
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Figure 5.9, Particle distribution function with the corresponding Gaussian curve fitting for CdS
sampes varying in TG concentratio(g) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

The average particle size for samples; A350, A500, and A7Ghaven in table 5.1The table

shows a decreasing particle size from sample SO to S5, this is due to increasing concentration
of TG as previously discussed. Upon annealing the particle size of S3 first decreases at A350.
This means the particles at this temperature and d®oame even finer with annealifichere

is a relatively large increase in the particle size after theftnanation phase (A350) which

resultsfrom the decrease in the FWHM with increased crystallifitgyre5.3).
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Figure 5.10 TEM images of SNPsafter annealed at different temperatures A200, (b)

A350, (c)A500 and (dA700.
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Figure 5.11 Particle distribution function with the corresponding Gaussian curve fitting for

S3 sample annealed &) A350, (b) A500 and ¢) A700.
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Table 5.1 Structural and crystallite summaries of the five prepared samples with different TG
concentrations (S$5)and no TG (S0).

Sample| Observed | Crystallite size| Particle sze Annealed Particle
phase (nm) (nm) samples size (nm)
SO Mixed 148 6.4 A200 -
S1 Mixed 104 4.1 A350 7.8 4.9
S2 Mixed 9.8 6.3 A500 18.1 9.0
S3 Hexagonal 3.0 8.8 4.2 A700 28.6 20
S5 Hexagonal 2.95 70 2.0

Optical analysis
5.3.5UV-Vis

Figure5.12 shows th&V-Vis spectraof CdSNPsobtained by absorption of electromagnetic
radiation. The room temperature spectra were obtained by dispersifhfP#ia dimethyl
sulphoxice (DMSO) and measuring between 300 af8 6m.The spectra have a distinct
absorption edgelhe absorption edge dd0 (without TG)is at about 80 nm Figure5.12).

This is at lower wavelengths when compared to the reported value for bulk Gd8{512].

The addition of 0.1 mL of TG (S1) shifts the absorption edge of the CdS NPs to 485 nm.

(0.8 mMLTG) showed the biggest shift from bulk CdS absorption edg8@om. This trend of

a shift in absorption edge witlan increasingcapping agentoncentrationis persistent
throughout ands known as the blue shif28]. Blue shiftis a contribution of theguantum
confinement effecvher e a decrease in particle size,

observed bandap energy.
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Figure 5.12 UV-Vis absorption spectra of Cd8Ps (a) SO, (b) S1, (¢) S2 (d) S3 and (e) Sa

A distinct peak with a sharp edge on a-\\$ absorption spectrig usuallyassociateavith a
small size distributiorj29]. This is observed in the obtained spectra, the absorption edge

becomes sharper upon addition of TG (S1) when compared to SO.
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5.3.6 PL

Figure 5.13 shows the photoluminescence spectramiegared CdS NPs with increasing TG
concentration. The spectra depicts defects
capping agent. The EDS resultssiection 5.3.3howed that the increag TG concentration
(Figure 5.6) introduces more sulfur atoms to the NP surface while annealing (Figure 5.7)
reduces the sulfur concentration. This shows that the defect concentration increases with
capping agent concentration while it decreases with #inggamperature. The enhancement

in defect concentration due to the presence of interstitial sulfur has been reported previously
by Singhet al.[14] and Pedrottet al.[30]. The present defects are discussed according to their

origins and distinguished with the emission energy colour on the electromagnetic spectrum.
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Figure 5.13.PL spectra of Cd8IPs with different TG concentrations; (a) S1, (b) S2, (c) S3,
and (d) S5.

Luminescence between 31191 eV emission wavelengths is known as the green emission
(GE) band in CdS NH41]. The origin of this band is said to be (1) the recombination of free
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electrons from the conduction band with holes captured on an acceptorfd&je(2)
recombination of electrons from the donor level with holes trapped on an acceptor hevel.
yellow emission (YE) is due to the recombinatva surface localized states, thadiative
transition from donor levels. These include Cd atoms located at interstitiallsiles (the

valence ban32][33], or a donor to acceptor level transition fromenstitial CdCd vacancy
complex (ca+Vcd) [34]. In CdS NPs, Cd vacancies aimterstitial atomsact as electron
acceptors while S vacancies &ell as interstitial atoms of cadmium act as doibts After

the annealing experiment, where sample S3 was annealed at various temperatures in an argon

rich environment asiscussed before, the PL properties (Figure 5.14) of CdS changed.
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Figure 5.14.PL spectra of the S3 sample annealed at different temperatures; (a) A200, (b)

A350, (c) A500, and (d) A700.

At temperatures in the range below the threshold temperature oB 3%@here phase
transformation occurred), the GE intensity decreased with increasing temperatuedtebiss
to (as mentioned before) the S defect concentration decrease. This is accompanied by a shift of

the peak to higher energies, caused by the decreaparticle size (i.e. the quantum

e
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confinement effect). However, above the phase transformation tempetiagusecongeak

of very high intensity is observed between 21035 eV. The red emission (RE) is assigned to
sulfur vacancie$35]. The emission mechanism for this band ithex by trapping of hole
carriers or recombination with trapped hdl@§]. The increase in the ratio of Cd to S leads to
an apparent excess in Cd atoms due talisencef S atoms in the form of S vacancies leads
to an intrinsic Atype conductivity{37]. The defect concentration of this peak increases with

increasing annealing temperature, with the peakingoo lower energies.

Samples A200 and A350 (Figure 5.14) have a yelboange emission (YOE) peak caused by
structural impurities that are persistent at low temperatures. Above the phase transformation
temperature, this peak disappears leaving thensigant RE and infrared emission (IRE).
Another important thing to note is the decrease in the intensity of the IRE relative to the RE
above this transformation phase. This is due to increasing sulfur vacancies at high annealing

temperatures which is cosgent with the EDS results reported earlier.

Table 5.2CdS PL emission band shifts that occur as a consequence of particle size variation

and annealing temperature.

Samples| GE(eV) YE (eV) RE (eV) IRE (eV)
S1 2.25 2.05 1.81 1.55
S2 2.39 2.20 1.98 1.73
S3 2.37 2.12 1.84 -

S5 2.42 2.14 1.81 -
A200 2.92 2.00 1.79 1.57
A350 2.95 2.13 1.96 1.73
A500 2.43 - 1.69 1.49
A700 2.43 - 1.64 1.47

The peak sum position moves to higher energies as the temperature approaches the
transformation phase temperature and starts to shift to lower energies above the phase
transformation. Below the transformatiphase there is a blue emission 2.76 eV) peak

which isred-shiftedto 2.43 eV (GE) above this temperature. However, the occurrence of the
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GE peak above the transformation phase confirms thebkmti shift that goes with the

structural change of the-apsepared CdS NHS8].

The emperature effects on PL emissions are summarized in table 5.2, the decreasing patrticle
size results in @alue shift in the GEpeaksand increasing the annealing temperature counters
this effect. The results show that annealing the S3 sample introduces the IRE. Thus it can be
concluded that the emissiaolourof CdS NP may be tuned by changing the NP size (either
via the capping agénconcentrationor by giving the material a heatatment and thus
changing the phasestructure of the NPs.

Surface analysis

5.3.7 FTIR
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Figure 5.15 FTIR spectaof CASNPs(a) with differentcapping agentoncentrationsS1, S2,
S3, and S5, (kkhe effectof annealing temperature on 3800, A350, A500, and A700.

Dry CdS NP powderwas mixed with KBrto improve transparency aruharacterized with

FTIR. This technigue was used to study the purity and composition of the synthesized products.
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It determines the functional groups and types of bonds present in tams¥g IR spectra of
Figure 5.15 shows both the (a) aprepared and (b) the anneal€dS samples. At high
wavenumbers (between 3800-¢and 3000 cm) anO-H stretching mode of water is observed

at 3434 crrt [39]. The presence of lattice waterdbserved by the peak at 1629 tnThe
difference between these water may be explained in terms of orientation. The lower
wavenumber water is related to the vibration of bonds preferentially elongated aloraxibe
whereaghe higler wavenumber wateelates to the vibration of the bonds elongated along the
a-axis [40]. Hydrogenbonded stretching bands are observed at 258200 cm'. These
stretching modes are observed due to the presetice itramolecular hydrogen bonds in the
capping agent (TG) and at 3208600 cm* due to intermolecular hydrogen borjdg][41].

The peak aR962 cm' is a stretching vibration of CHThe SH stretching mode should be
observed at 2552 chfor unreacted, pure T@2]. Therefore,the absence of this peak
indicates that TG has successfully reacted and has bonded toSh¢PGkrough the sulir
headgroup onto a surface Cd atom. Asymmetric stretching of @lso observed at 2361

and 2342 cmrespectivelyThe GO stretching at 106@m is evidence of the presence of the

TG in the system as these elements are present in this organic moleculeGr@gtretching

mode at 883 crhfurther confirms this. Successful removal of thttice water is achieved
abovethe temperatureof 350 °C. This is evidenh Figure5.15 (b), sampleA500. In this
spectrum, the @ vibrational pealkcentredaround 3434 cmhis no longer present, indicating

that most (if not all) of the water molecules trapped inside theNRI&ystalsstructurehas
successfully been removed with the heat treatment. However, as is evident from the change in
the rest of the spectra (A700 and A500) the removal of the organics on the surface of the CdS

NPsis also evident, leaving behind dangling bonds.
5.3.8 XPS

XPS analysis was used to further confirm the chemical state and surface composition of CdS
NPs Full XPS spectrarepresented irrigure5.16for CASNPswith different particle sizes.

The spectrandicatethe presence of cadmium, sulfur, oxyges;bon andchlorine.

The compositionis similar tothat obtained by EDS. Another important observatamthe
spectra is the apparent reduction in the background intensity as a function of partidleisize.

is even more apparent at the higher bindingrgy. This isyet another confirmatioof the
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charge in the size of the particlE9]. ThesurfacecontainsC (285.75 eVpeak and O (533.25
eV) peaksFigure5.17showsS (2p)spectra of the CASP samples with different sizes

Intensity (arb. units)

——T———————————
1000 900 800 700 600 500 400 300 200 100 (1]
Binding energy (eV)

Figure 5.16 XPS spectra for Cd®Psshowinga decrease ithe background intensity with
decreasing particle size (from SO to S5).

The spectraxhibit spirorbit splitting of the 2p2T 2ps2 doublet with a fixed peak area ratio

of 1:2. The energy separation between the doublet is in agreement with what is fthumd in
existingliteratureand is1.2 eV[43]. The fitted doublefFigure 5.17)shows weak Sand RS-

H componentsvith binding energiesf 161.87 eV and 164. 22 eV respectivélire observed

S* peak shows the successful formation of CdS and thel R&ak further confirms the bond
formed by TG on the CdS surface and goes on to show that the sulfur observed igydistinct
from these two source$he different speciesvithin theseNPsin the binding energy range
from 160 eV to 167 eV may be located quite differently and are quite sensitive to a small
change in the particle siz29]. A shift in this peakposition is observed in S5 witlF @ndRS-

H located at 162.22nd 164.14 eV respectivelifhis observation is an indication of the
guantum confinement effect as well as lattice strain influence the valence and the core electrons
differently. This shift n binding energy of valence band with respect to Fermi level and

narrowing of vaénce band spectra has beeporteda number of times recent year§i4].
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Figure 5.17. X-ray photoemission spectra of S 2p core levels in CdS of varidbs
concentrations. (a) SO, (b) S1, (c) S2, (d) S3, and (e) Sb.

5.5 Conclusion

In this chapter CdS NPs have been successfully prepared using water as a sotlemical
precigtation method Water solvent allowed fast dissolution of the starting matesihich
brought abou& colour changeduring the particle growth process indicatangariation in size.
The structure of thé&lPs was mainly dependent on size. Increasitng TG concentation
reducedhe particle sizewhile also increasing the density tbe sulfur defectsThis increase

in the concentratioof sulfur interstitialswas responsible fothe increase in the peak sum

e
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luminescencantensity of the CASNPs while annealing of thes&lPs introduced sulfur
vacancies as thEG capping agenwhich is responsible for the increase in sulfur conteoke
away from theNPssurface. Particle gmath due to dangling bond$rove the mteringprocess

to reduce surfacarea as one of iesffects of annealing, together with phase transformation at
temperatures above 360 Particles that resulted from sintering sleobwell-defined
boundaries. The workhowed that one can successfully tutiee luminescenceroperties of
CdSNPsby varying particlesizeto obtain the desired emissioolour. Annealingof theseNPs

introducednfrared emissions with very high intensities.
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CHAPTER 6

Effect of ethanol solvent on structural and optical properties oCdS
preparation.

6.1 Introduction

In thischapterwe reportonthe synthesis d€dSNPswith thechemical precipitatiomethod
using ethanol as a solventhe change in solvent is to study the effect of solvent in crystal
structure, morphology, and luminescence of@ikS NPsThe starting materials in synthesis
(CdChk, N&S, andTG) proved difficult to dissolvén ethanol compared to water (as discussed
in chapter 5). During the preparationtbe NPs, electrons are confined in three dimensions
The reduction of particle size to less than 10 nanomatezsferred to as quantum dots (QD)
since this is (usually) the size range where quantum confinemeatsefifiecome prominent
[1]. The ability to vary the particle sizeNPsallows for tuning otheir fundamental electronic
and optical propertieshich aredifferentrelative tothe bulk [2] [3]. Related work has shown
that the optical properties of CdS depend on their preparation methods and coiijtions
Electrical transpormproperties ar@lso afunction of the NRsizeas it requires a large variation
in energy to remove or add charge in nanocrystals. Another influehtgacteristids the

influenceof the surfacecharacteristicen the optical propertiesf the quantum dot.
6.2 Experimental

CdSNPsof differentsizeswere synthesized usirtge chemical precipitation method aid
(CsHgO2S) was used as theapping agento control the particle size. All the reactions were
carried out at room temperature and pressure. Cadmium chloride@d€kodium sulfide

(NaS) were used as sources of Cd and S ions respectively. Ethanol was used as the solvent
with varying TG concentrations to control the growthN#s Initially, 0.1 M of CdC} and

NaS were added in differepiyrexglass beakers and neidtwith 50 mL of ethanol separately

[5]. The solutions were stirraggoroudy with magnetic stirrerstaoom temperature. Different
concentrationsf TG (0.0, 0.1, 0.2, 0.3, 0.8 mL) weaelded to the N& solution while stirring.

The solutions were stirred for an hour to completely dissolve the starting material. 28he Na

TG solution was then added dropwise to the Ga@liile constantly stirring using a magnetic
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stirrer. Particle growthtarted with the formation of precipitation, tlelour of the solution
changed frontolourlessto orange for 0.0 mL TG (S0), yellow for 0.1 mL TG (S1), 0.2 mL
TG (S2), 0.3 mL TG (S3), and 0.8 mL TG (S5). All five CdS precipitates were washed with
ethanol sveral times to remove impurities and unreacted reactants in a centrifuge for 15

minutes at 6000 rpm and then dried in an air oven for 10 hrszat 50
Characterization

Structural properties of the Cd\8>s were recorded arahalysedising a Bruker D8 Advanced

X-ray diffractometer (XRDpver therange af mJ ¢ [ ¢ mehuipped with monochromatic

0 6 U tadiation of . p& 1 TV (@0 KV, 40 mA) To study the morphology, a JEQISM

7800F field emission scanning electron microscope $BM) fitted with Oxford Aztec 350
X-Max80 energy dispersiveX-ray spectroscopy (EDS) were employed. While the
photoluminescence (PL) spectra were messswising a PL laser system equipped &itB25

nm HeCd gas laser to excite the material at room temperature, with a spectrometer, a
photomultiplier tube (PMT) detector, and a laokamplifier. ForUV-Vis absoption, thedried
powders were dispersed in dimethyl sulphoxide before collectiontafwdéh Lambda 950

UV-Vis spectrometer in the wavelength range of-Z60 nm.
6.3 Resultsand discussion

6.3.1XRD

6.3.1.1 Crystal Phases

Figure6.1 shows the XRD diffraction patterns of thepaspared CdSIPswith different TG
concentrations. The observed diffraction angte$ values forSO indicate six prominent
peaksat 24.9], 26.6), 28.2]), 36.7, 47.9), and51.9 assigned to the (100), (002), (101), (102),
(103), and (112) diffraction planes, respectively according to the database of Inorganic Crystal
Structure Data {LSD#: 067789]. This indicates tlegistence o single wurtzite hexagonal
phase. However, the gsence of the seventh peak 4#.8) corresponding to the (110)
diffraction plane indicates the presence of the cubic zinc blende phase [ICSD#: 0BUi@Y4]

the introduction of TG, CdS XRD diffraction peaks found;atvalues of27.4), 43.8), and

51.8) mached the diffraction pattern from (111), (22@nd (311) planes respectivelyhis
corresponds to theubical zinc blend crystal structure. However, the low intensity shoulder

observed a#7.9 of the(103) diffraction plane indicates the presencthehexagonal phase.
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Figure 6.1. The XRD pattern of the aprepared CdS QDs of different sides SO, S1, S2, S3
andS5h.

Consequently, the ggepared CdS samples exhibit a mixture of cubical and hexagonal phases
which constitutes a very low percentage of the hexagonal phase. It is therefore evident that the
use of ethanol as a solvent in the preparation of CdS NPs hasddswd weldefined crystal
structure compared to the samples prepared with water as a solvent which produces a XRD
pattern with two very broad peaks indicative of NPs with highly mixed phasEgyure6.1

there are intense diffraction peaks observied1a8°, 45.5°, and 56.6° which are due to the
presence of a Cd(OHphasd6], this indicates an incomplete reaction of the starting material.
There is also an unknown sharp peak observed at 27°, which is accompanied by a broad low
intensity peak at 47At the momentt is not clear where thegeaks are from, the sharp peak
disappears in sample S5. The broadening of the XRD peaks indicates a very small size regime.
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6.3.1.2 Crystallite size

Table 6.1. CASNPscrystallite size as a function of different TG concentration.

Samples SO S1 S2 S3 S5
FWHM (rad) 0.0209 | 0.0460 0.0463 0.0488 0.0539
Crystalline size (nm) 6.6 3.0 3.0 2.8 2.6

The broadening of the FWHM with increasing TG concentratiofrigure 6.1 provides
information about crystallite size. The Scherrer broadening observed indicates a decrease in
particle size fromS0O to S5(Table 6.1). The decreasing particle size with increasir(g
concentration attestet he cappi ng mol ed thd szé & théiRsduringt vy t o
synthesis. The resultant particle sizas calculated usin@qg 5.1) the (002)and (111) peak

in hexagonal and cubic structure respectively. There is, however, a very small diffraction angle
difference between the two pedks. The crystallite size of theNPs(in table6.1) indicaes

size induced hexagonal tobicphaseransformation that occuis sizes betwee nm and 3

nm. Banerjeeet al. [8] reportedthat this transformation occurs at approximatehym for CdS

Thisis also in the size range which quantum confinement is anticipated for Q&S5[9].
6.3.2UV-Vis

UV-Visible absorption spectroscopy is a good technigque to monitor the optical properties of
the NPs. TheUV-Vis spectra of CdS NFs shown inFigure6.2. The spectrdemonstrata

blue shift (in all five samples) with respect to bulk CdS. Bulk CdS has &n@Nn absorption

edge ab15 nm[10][11] while for the asprepared\Ps the absorption edge shifted to higher
energies indicating widening in the band gap. The éhiction of the capping agent clearly
improves the stoichiometry of tiNPsasS1, S2, S3andS5have a distinctive absorption edge
peak relative to SO. The absorption edge shift is systematic with TG concentsatemin

table 6.2). It is evident thatthe shift to shortemwavelengths is due to increased TG
concentrationThe S5sample shows the largest blue shift which is associated with the strong
guantum confinement effects. As the crystal size becomes very small compared to the Bohr
exciton radius,lte energy levels within the electronic structure of the CdS become quantized
and result in the blushift of the banebap.
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Table 6.2. Absorption edge of different CdSPsdiffering according to the concentration of

Wavelength (nm)

Figure 6.2. UV-Vis absorption spectra of Cd®s. (a) SP(b) S1,(c) S2,(d) S3 and (e) S5

TG.
Samples SO S1 S2 S3 S5
Absorption edge (nm) | 478 410 408 407 400
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Figure 6.3. PL spectra of CdSIP with differentTG concentrationsS0, S1, S2, S3, arh

The photoluminescence spectra of Clifsvarying in sizeare depicted inFigure6.3. The
luminescence spectra show a very broad peak betdv&dn38 eV SO, S1, S2, S3, and &fe
centredat2.14 1.99 1.94 2.07, and1.97eV respectively. There is an observed shoulder in the

infrared region of the spectra.r@d-shift is observedavith increasing TG concentrations.
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Deconvolution of the broad peak gave various emission bandts, theRE, and thdRE are

all attributed to defets. The YHs attributed to recombinatiovia surface localized states, the
radiative transition from donor levels. These include Cd atoms located at interstitidicgjtes (
to the valence band 2][13], or a donor to acceptor level transition from interstiGal Cd
vacancy complexi€¢+Vced) [14]. Misawaet al [15] describedhe origin of the REby a site
substitution model based on the creation of trap states by substituting the asafhg
responsible foGE with different countesions. The model involves a Cd vacancy pairing with
a substitutioal Cl on an adjacent S site producing a multifacetedreVcq.c.. The state of the
band is dependent on particle sizetHaS0(no TG present3ample the red Plsiat 1.77 ey

as a consequence of a deeper trap which functions as an accepting vacaecyré&llL6].
Holes are trapped into theentrethrough a nonradiative process and combine with electrons
in the excited electronic level. With decreasing particle sitled85 (TG presentsample, lhe
Vcdcicomplexcentreacts as a shallow trap located near thedootion bandElectrons from

this state combine with holes in the valence band to give low efEgyt 1.71 eV. The
unreacted Cd species observed in XRD results are consistent with the proposed model by
Misawaet al A small infrared emission peak occurs at high wavelendttss(1.49 eV
causing a shoulder in the overall pelakmines@nce around this regidrasbeen reported by

Raoet alto occur as a consequence of shallow surface [4{Ate
6.34 SEM

SEM taken at similar magnifications were used to stildyparticle morphology of CdSIPs
synthesized in an ethanol solvefigure6.4shows dispersed NRsth size varied as a function

of TG concentrationThe medium of suspension in CdS synthesis has been reported to play a
crucial role in reducinghe agglomeration of prepared samp[&8][18]. CASNPsprepared

with ethanol as solvent showadproved dispersity compared Psprepared by water as a
solvent(Chapter 5)An increase in TG concentration (from (a) to (e)) leads to more spherical

morphology.
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Figure 6.4. SEM images oftheasprepared Cd3SIPswith ethanol solvent (a) SO, (b) S1, (c)
S2, (d) S3, and (e) S5

6.3.5 EDS

EDS has been performed for compositional (%) analysis of CdS atoms together with related
foreign atomsKigure6.5). Present elements are cadmium (Cd), sodium (Na), chloride (ClI),
sulfur (S), carbon (C), and oxygen (O). The presend¢aodnd Clindicates that the starting
material did not completely dissolve, this attests to the observed XRD results showing a sharp
Cd(OH) peak
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B Map Sum Spectrum

Figure 6.5. EDSof asprepared CdS8IP varying according teapping agentoncentration (a)
S0, (b)S1, (c) S2, S3, and S5.

The Cd and peaksonfirm the formation of CdS. The atomic ratio percentage for S to Cd in
the above samples wef®91, 0.88, 0.79, 0.97, and 0.85 for SO, S1, S2, S3, aresféctively.
From the EDSesultsit is clear that the concentration of sulfur depends on tloeiahofNaS
dissolved in the solvent. The dissolution concentrations of the starting materialso

important in the intensity of the red luminescence.
6.4 Conclusion

In this chapteCdS NPdhave been successfully prepared with an ethanol solvent. The starting
material (powder)however took an hour to dissolve (solution turn colourless) in the solvent.
XRD resultsshowed some Cd(Oklpeaks indicating incomplete dissolution. Thed tothe

creationof shallow traps irthe PL spectrum. As a consequenae this chapter the IRE was

B ———————————————
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successfully observed without the need for annealing, a®bssved in CdS NPs prepared
with thewater solvent Anticipatedwith thedecreasing NP sizbere wasblue shiftobserved
in the absorption edge tife CdS which manifests the quantum confinement eff@ttis work
also showed the role of the solvent in reducing surface energyalsétrought about byhe
decreasing NP size. Thus, it deconcluded thatheethanol solvent results in more dispersed

NPs relative tdhewater solvent.

106



References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

L. Prepared, C. R. King, aandODOSldeEce, @nDen
2005.

B. Liu, G. Q. Xu, L. M. Gan, C. H. Chew, W. S. Li, and Z. X. Shen,
AfiPhot ol uminescence and structur al charact
hydr ot her mal Jmippl Ploygvoludd,$0. 2, pp, 10592063, 2001.

A.P.Al i vi sat os, fiSemi conductor Cluster s, N a
271, pp. 93B936, 1996.

T. VossmeyerL. Katsikas M. Giersig, I. G. Popovic, K. Diesner, A. Chemseddie,
EychmiUler,and H. Welleii CdS nanocl ust er s tionSiyent hesi s,
dependenoscillator strength, temperature shift of the excitonic transition energy, and
rever si bl e akhRhgsrGhemva. 68, o.IB1L, ppt 7688673, 1994.

1]

V. Singh, P. K. Sharma, and Peswitbhauhan,
enhanced opt Matea Chamat wop &ynb.il,ep 432, 2011.

P. Chawla, G. Sharma, S. P. dnducddab, and N
structur al modi fications on BulpMatec8 prope
vol. 33, no. 5, pp. 53%41, 2010.

O. ZelayaAngel, J. J. Alvaradd®sil, R. LozadaMorales, H. Vargas, and A. Ferreira

Da Si | v-gap shiit B €d5demiconductor by photoacoustic spectroscopy:
Evidence of a cubi c t ApplhRhys.detfoah 64, nol3at t i ce
pp. 291293, 1994.

R. Banerjee, R. Jayakr i s hniadocedstuctdral P. Ay yu
transformation on the band gap in Quoparticles] Phy s Cd.ldys. Mat t , o
Condens. Matterwvol. 12, no. September 2015, pp. 10641654, 2000.

N . Mo | ot sis, propestipamdappécations of Mn, Co, Ni and Cu chalcogenide
nanopart ii2z06,8009. 0 pp. 1

W. T. Yao, S. H. Yu, S. J. Liu, J. P. Che

control syntheses of CdS and CdSe nanoflowers, branched nanawdemnotrees

107



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

via a solvothermal approach in a mixed so
Phys. Chem. Bvol. 110, no. 24, pp. 117041710, 2006.

V. Singh and P. Chauhan, #ASynthess and s
nanoparticd s Chalcogenide Lettvol. 6, no. 9, pp. 421426, 2009.

S. ChandramohaiR. SathyamoorthyP. SudhagaD. Kanjilal, D. Kabiraj K.
Asokan V. GanesanT. Shripathj andU.P. Deshpandé H i -enérgy heawon
induced physical and surfacbemical modifications in polycrystalline cadmium
sul fi de AppliPhys.fA Maten Sci. ®rocesgol. 94, no. 3, pp. 70314,
20009.

P. Kumar N. Saxena, RChandra, KGao, SZhou, A Agarwal, F. Singh, V. Gupta,
D. KanjilaL, i SHI i nduced enhancement in green em
thin films for g hwninool.ild’, pp. 4889, 2084t i ons, 0

O. Vigil, I. Riech, M. GarcieRocha, and O. Zelayd n g e | , tefizGtioraof defect
levels in chemically deposited CdS films in the ctioith e Xx a g o n a | phase tr:
J. Vac. Sci. Technol. A Vacuum, Surfaces, Fhwol. 15, no. 4, pp. 2282286, 1997.

K. Misawa, S. Nomura, and T. Kobayadbptics ofSemiconductor Nanostructures,
eds. F. HennenbergeAkademic Berlin: F.HennenbergelS. SchmitRink andE.
Gobel., 1993.

Y. Wang, G. Meng, L. Zhang, C. Li-sxaleg, and
singlecrystal CdS nanowires by physicsle por ati on and their pho
Chem. Mater.vol. 14, no. 4, pp. 1773777, 2002.

B. Rao, B. Kumar , V. Reddy, and T. Rao, f
nanoparticles by chemicalqor eci pi t at iClalogenigelLiettvol. § e , 0
3, pp. 177185, 2011.

K. H. Miiller, M. Motskin, AJ. Philpott, AF. Routh, CM. Shanahan, M. Duer, .

Skeppefi Bi omat eri als The effect of particle &
surface connected compartment induced by hydroxyapatite nanoparticles in human
monocyted e r i v ed maBomaepidisaa. 85 no.d3, pp. 1074088, 2014.

108



CHAPTER 7

Optical sensitivity of CdSAu NCs prepared by physical techniques.

7.1 Introduction

The combined and t&#h synergetic properties nAnocomposites have inspiresearchn the

fields of nanoscience and nanotechnoldgye optical sensitivity of semiconductor material is
enhanced by combining them with metal compongtitsThe new material performs much
better tlan the individual components. ightinduced charge separation at the
semiconductor/metal junction has been extensively studied in the field of photocatalysis. This
synergetic effect has also been used irdelopment of highly sensitive, selective, fast and
affordable materials for applicatiois the fields of photoelectrochemical (PEC) sen$dfs
photocatalysi$3][4], biosensor§5], solar cell§6] and nanotechnology. One of the significant
role players in the preparation of thanocompositess thelight absorption ability of the
semiconductor component.lArge numbeof semiconductor structures have beead in the
ultraviolet absorpion region which makes up onlf of the incoming solar light, limiting

their use in thdight-inducedgrowth of the metal component. The recent advancement in the
understanding of quantum confinement e8astsemiconductor nanostructures has amended
the absorption properties of these materials. Tailoring of these structures using the confinement

effectallows the absorption in thasible region.

In this work, the deposition of gold (Au) componeori the cadmium sulfideCdS surface

was done usintyvo physical techniquedhis has been done to better control the size and shape
of the metal componentshile observing the optical sensitivity of these structures to the
changes. A number of growth mechanisms have been developed to prepare these
nanocompositesaddressing the challenge of growing two different nanostructures into one
nanocomposité a contolled manner. The parameters that are taken into account during this
preparation are; lattice constant mismatch and different crystal structure, the interfacial energy
among the materials, the presence of surface defects, the presence of polar fanatsyitile
miscibility, and the surface accessibility/reactivii]. The famosg facet selective growth
mechanism is known to grow the metal component on preferential nucleation and growth sites

exploiting the weldefined semiconductor crystal structl#é[9]. Furthermore, AWQD have
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been previously reported to Ibesponsible for fluocence quenching of dyes over a broad
range of wavelengthd.0][11][12]. This is due to thereaton of a Schottky contaallowing

the light-inducedchargetransfer of electramfrom the semiconductocomponent Thus, the
metal prevents electremole recombination at the CdS surface which is crucial in the
enhancement of the photocatalytic activity of semicondufi@isThis also allows a relatilye
large increase in photocurrent over the semicondubiBs which is important in making

photosensitive detectof$4].
7.2 Experimental
7.2.1 Preparation of CdSpellet

The CdS NPs prepared in chapter 6 were used to make a CdS pellet. The pellet was prepared
using a30-ton hydraulic press £30 (Ser. No. 0365R). 200 g of the dried CdS powder was
transferred into a bore atelveledwith a smooth cover to prepare a smoogiet A pressure

of 9 ton was then gradually applied with the hydraulic press for a period of 5 mios. Up
reaching the 9 tons, the hydraulic was allowed to press the powder for an additional 10 mins to

prepare a dense pellet.
7.2.2Preparation of CdS-Au via pulsed laser deposition (PLD)

Deposition ofAu nanocluster®n the CdS surface was done ByD. A laser beam with a
power ofo g | *was located outside the vacuum chamber (pumped to a vacuum pressure of
aboutt® p 1 | A A&nd focused through aapz glass onto the surface of the #amget

at an angle of 4b The laser bearwasfocused on théu target for a period 080 seconds

inside the high vacuum. The ladertarget incident angleraschosen as such to avoid further
interaction of the laser with thgeneratedoutgoing plume. The distance between the Au
sample stage andeghCdS target was kept at 4.5 cm with the rotating CdS stageikegom
temperature. The pellet was rotated with depositingofensurea uniform distribution of the

Au nanoclusters throughout the CdS sample. Afterddsositionthe CdS pelletvas crished

into powderand thoroughly mixed (with a mortar and pestle)ereafter the powder sample

with Au nanoclusters uniformly mixed throughout, was again pressed into a pellet (as before)
and more Au nanoclustensereagain depositedia PLD (with the same parameters as before).
This entire procedure was repeated three (3) times to ensure not only a sufficient amount of Au
nanoclusters deposited on the CBsbut also to ensure their uniformity throughout the
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powder sample. After evergeposition process, the pellet was thoroughly crushed to make

CdSAu nanocomposites (NCs).
7.2.3Preparation of CdS-Au via sputter coating (SPC)

In this approach, Ananoclustersvere depsited by SPC. This technigissoftenused inSEM
sample coating tavoidsamplecharging After evacuatng the sputter coater vacuuimamber

to a base pressure @f p 1 mbar, inert argon gas was introduced into the chambkeigh
voltage(1.3 kV) applied to arAu target, ionized nearby argon moleail®nce ionized, th
Ar* ionsacceleratedoward the Au target and sputteiAu atoms. Ejectedu atoms(by the
ionized argon ggsverethendeposited orthe CdS surface placed in the path of the resulting
plume in a process that lasted $@rseconds. To ensure uniformity, a tray whkpowder was
taken out after the 90 seconds and the powder thoroughly mikeghrdcess waike before)

repeated 3 times.
Characterization techniques

Identification of atomic or molecular ionic species #meldistribution ofthe Au nanoclusters
ontheCdS NPs surface were sted using T&-SIMS in negative ion polarity$IMS) in both
the sgctroscopic and imaging mode. FF8IMS images were takesf an area of 100 100

* m? with an average of 50 scans taken at a rate of 26.21 secl$eastructuralabsorption,
andluminescent properties of Cad8u NCswere studied usinthe followingcharacterization
techniques X-ray diffraction (XRD), ultravioletvisible (UV-Vis), photoluminescence (PL)
and Time of flight secondary ion mass spectroscqppF-SIMS). The XRD data were
collected over the range qfmtJ ¢ [ @ mtwith aBruker D8 AdvanceXRD equipped with
monochromati® 6 U radiation of_. p&® 1 1T V.EOrUV-Vis absorpion, the died powders
were dispersed in dimethyl sulphoxiffer a homogeneous solutiobgfore collection of data
with Lambda950 UV-Vis spectrometer in the range of 2300 nm. PL data was collected

using aPL system equipped with325 nm HeCd laser at room temperature.
7.3Results and discussion
7.3.1ToF-SIMS

ToF-SIMS s used to detect the presence of the Au metal on théN€d8rfece and study the

stoichiometry. Itemploys a pulsed ion beam {Bito remove molecules from the sample
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surface. The removed molecules are from atomic monolayers on theesigéaondary ions),
enabling Té-SIMS to produce the mass spectrum of elememiginaolecular secondary ions
present[15]. The mass spectra of Cd&l NCs was performed imegative mode (using
negatively charged primary ions) to collect negative secondary ion spectra. Two opération
modes were used in this wosyrface spectroscopy and surface imagirtge negative atomic

and molecular ions present in the samples.

Surface spectroscopy (negative polarity)
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Figure 7.1 The Td=-SIMS negative mode spectra showing the spectrum of (€b)30, (c)
S, (d) CI, (e) CdS, (f) Au in CdSAu NCsprepared by PLD technique.

Figures 7.1 and 7.2 (af) show the T&-SIMS negative mode surface spectra for ions and
molecules present in the Cd&I NCs. The negative secondary ions present ar&@CS, CI,
CdS, and Au with atomic mass units of 12.00, 15.99, 31.97, 34.95, 145.85, and 196.91 amu

respectively. All the observed species were anticipated from the prepared material.
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Figure 7.2 The Td=-SIMS negative mode spectra showing the spectrum of (€b)30, (c)
S, (d) CI, (e) CdS (f) Au in CdSAu NCsprepared by SPC technique.

TheC, O, S (a-c) originatefrom TG. However, 8 could be coming from twsource: (i)

NaSthat is used to prepare C®s, and/or (ii) another confirmation of toemation of CdS

The high concentrations of the @ins (d)is anticipated to be due tbeincompletereaction

of the starting materiaFigure7.1 confirms the presence of Ain CdSAu NCs prepared by

the PLD technique, however, there is a very lowocamtration of the metal relative to other

species present in ti¢Cs The SPC NCs prepared over the same amount of time (90 s) of

sputtering does however show more concentration of Au nkégalres 7.1 (f) and7.2 (f) have

different scale bars, indicagrthat the concentration of Au nanoclusters in SPC is almost 10
times more than in PLD, as such the peak at 19696990 overshadows the gold peak in PLD

making it appear as background noise.
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Surface imaging (negative polarity)
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Figure 7.3 The negative TOSIMS images of (a) C(b) O, (c) S, (d) CI, (e) S, (f) CdS,
(9) Au, (h) total, and (i) sum of rest for a 10000° m? area of Cd$Au NCs prepared by PLD

technique.

To study how the Au atoms are distributed over the CdS powd&g¢sunaps were generated.
Secondary ions surface imaging mode genenaigolsof the sampleby scanning the primary
beam over Zhe@dahdlcollecting negative secondary ions at each point within the
area.Figure 7.3 (a-i) shows negative TeéSIMS mapsof CdSAu prepared with PLD and
Figure 7.4 (a-i) shows images of CdSAu NCs prepared withSPC. Along the imageis a
vertical scale bathat represents the signal intensities of each ion. Regions of high ionic
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concentrations are indicated by high intensit{gsllow) while regions with low ionic

concentrations of the

Figure 7.4. The negative TB-SIMS images of (a) C(b) O, (c) S, (d) CI, (e) &, (f) CdS,
(9) Au, (h) total, and (i) sum of rest for a 10000° m? area of CdSAu NCs prepared by SPC

technique.

present elements have low intensitiggown). Figure 7.3 (f) and (g) show the ionic
concentrations of Cd@&nd Au respectively. There islawer concentration of Au in the CdS
Au NCsprepared with PLD with a ratio of AuCdS of 1:3.This serves as a confirmation of
the presence of Au peakiigure7.1 (f). There is a sharp increase in the concentration of Au
[Figure 7.4 (g)], specifically when compared to Cdfrigure 7.4 (f)] in SPC The ionic

concentration ratio of AuCdS in SPC goes to 10:Again in these mapSI ionshave a very
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