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Abstract

Quantum dots are very important in modern technology, which is driven by decreasing
machinery size, while enhancing performance. Quantum dots form an integral part of
nanoparticles (NPs) with a particle size that varies between 2-10 nm. The preparation of these
materials is very important, with structural, optical and morphological studies showing
dependence on synthesis conditions. In this work, cadmium sulphide (CdS) NPs were prepared
using the chemical precipitation method. To control the particle size, thioglycerol (TG) was
used as a capping agent with particle size dependent on the TG concentration. Scanning
electron microscope and transmission electron microscope investigations showed that
agglomerated particles were formed due to the high surface energies that are associated with
very small particles. In order to study the role of the reaction conditions on the stabilizing of
the particle surface, the particles were prepared using two different solvents: water and ethanol.
X-ray diffraction (XRD) data showed that the use of water solvent resulted in particles
consisting of a mixed phases of wurtzite and cubic structures. The quantum confinement effect
was first observed in the colour change of the prepared samples. In the absence of TG, the
sample had an orange colour, however, by introducing 0.1 mL of TG, the colour of the particles
turned yellow while at 0.8 mL of TG the particles had a whitish-lemon colour. This effect was
confirmed by the blue shift to lower wavelengths of the absorbance spectra obtained with the
ultraviolet-visible (UV-Vis) technique. The blue shift is associated with a decreasing particle
size. The increased sulphur content with an increasing TG concentration also increased the
photoluminescence (PL) recombination rate. Thus preparation of CdS NPs with the water
solvent resulted in luminescence from green, yellow, and red emission. The annealing of the
0.3 mL sample resulted in 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 the as-prepared samples in
the ethanol solvent. Its source was unreacted cadmium chloride (CdCl,) species. Ethanol
solvent could not completely dissolve the starting material in the reaction. This resulted in the
appearance of strong Cd(OH). peaks in the XRD pattern. Also, the XRD pattern showed a
cubic zinc blende structure to be dominant in the formed particles with a size of 6.3 nm, 3.0
nm, 3.0 nm, 2.9 nm, and 2.6 nm for SO (no TG), S1 (0.1 mL TG), S2 (0.2 mL TG), S3 (0.3 mL
TG), and S5 (0.8 mL TG), respectively. These were all in the domain of quantum dots and the
introduction of TG in this batch took the NP size to sizes below the exciton Bohr radius of CdS.

Thereafter the deposition of gold (Au) co-catalyst on the CdS surface was done using physical
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methods in the top-down approach. It was observed that Au nanoclusters deposited with pulsed
laser deposition (PLD) and sputter coating (SPC) enhanced the absorbance of CdS in the UV-
Vis spectra. Nanocomposites prepared with the SPC technique showed the highest absorbance
enhancement due to the larger cluster formation which was observed with time-of-flight
secondary ion mass spectroscopy as agglomerated clusters. PL spectra showed a decreased
luminescence, which showed a decrease in the electron-hole recombination. This is of high
importance in the field of photocatalysis for water splitting. This occurred due to the transfer
of electrons from the highest occupied states in the CdS semiconductor to the lowest

unoccupied states in the Au metal.

viii



Keywords

Nanoparticles, quantum confinement effect, cadmium sulphide, Schottky junction, pulsed

laser deposition, sputter coating, gold nanoclusters.
List of Acronyms

EDS: Energy Dispersive X-ray Spectroscopy
FE-SEM: Field Emission Scanning Electron Microscopy
FTIR: Fourier Transform Infrared Spectroscopy
FWHM: Full Width Half Maximum

NP: Nanoparticle

NC: Nanocomposite

UV-Vis: Ultraviolet-Visible Spectroscopy

TEM: Transmission Electron Microscope

ToF-SIMS: Time-of-Flight Secondary lon Mass Spectroscopy

PL: Photoluminescence

PLD: Pulsed Laser Deposition

SPC: Sputter Coating

XRD: X-ray Diffraction

XPS: X-ray Photoemission Spectroscopy




List of Chemical elements and compounds

Cd: Cadmium
S: Sulphur
Cl: Chloride
Na: Sodium

CdCl2:  Cadmium chloride
NazS: Sodium sulphide

C3HsO2S: Thioglycerol (TG)




Table of Contents

Title and AfTIHALION ...t e, Q)
L 1 o] (USSR (i)
ACKNOWIEAGMENTS. ...ttt sreenbe et e reenne e (iv)
o1 1= To! SRRSO (V)

VAT 0] o USSR SUSSPRSSS (vii)
TS o) B ANo] (0] 1Y/ 1 1 1SS (vii)

CHAPTER 1: Introduction

IR O AV o =TSP PRSP 1
1.2 Problem STAtEMENL.........ooiiieieieie et sttt neene e 1
1.3 RESEAICH AMIS....eiuiiiiieitieie ettt et re e te e ee s e sse e e e eneente e teaneenseeeeaneenres 2
1.4 TRESIS LAYOUL. ...ttt bbbttt bbb 2
RETEIBINCES. ...ttt bttt e bt ettt ns 4

CHAPTER 2: Literature review

2.1 INEFOUUCTION. ...ttt bbb bbbttt ettt et e bbb ne e 5
2.2 INBNOSCIBNCE. ...tttk bbbt bbbt h bbb bbb ettt nn et b et nas 5
2.2.1 NANOMALETTAIS. ...ttt bbb 6
2.2.1.1 Naturally occurring NnanoOmMaterialS............ccoevuiiieieeiiiic e 7
2.2.1.2 Man-made NanOMALEIIAIS. ..........cuiiiiiiiiiii e 8
2.2.2 Quantum Confinement EFfECL...........oovii i 9
2.2.2.1 One-dimensional confinement (2D) ........ccoviiieieieieie e 10
2.2.2.2 Two-dimensional confinement (ID) ......cccccveiiiiiiiiie i 10

Xl



2.2.2.3 Three-dimensional confinement (0D) .........cccvvveivereciieie e 10

2.3 SUITACE BIBA. ... e.eeeeeieete ettt bbbttt e ettt bbbt e et e e bbbt b e e 12
2.4 Cadmium SUIFIE (CAS) ..eeviiieiiee et sre e 13
pE SR AN o] 0] [Tor: 4 ] USROS 14
2.5.1 Semiconductor PROtOCALAIYSE..........cceiiriiiiiieieeee s 14
2.5.2 LumMIinescenCe apPliCAtIONS. ......c.oiviriiriiiiiiiesii ettt 15
2.5.2.1 Recombination MEChANISMS..........ooviiiiiiiieiiis e 16
2.6 Photoluminescence properties of cadmium sulfide (CdS) .......ccccovevveveiiiiic i 17
2.7 ADSOIPIION. ...ttt bbb bbb bbb 19
2.8 SUIMTACE PASSIVALION. . ....eviieieiieiieiet ettt ettt 19
2.9 Semiconductor-Metal JUNCLION............ooiieiiiie e 20
2.9.1 SCOLEKY JUNCLION. .....cuiiiiiiiicie ettt e et ta e e ereesreennennes 20
2.10 Photoluminescence qUENCHRING.......coiiiiiieeice e 21
RETEIENCES. ...t b bbbttt bbbt 23

CHAPTER 3: Synthesis of nanomaterials

B L INEFOUUCTION. ...ttt bbbttt sbe e ebe s 28
3.2 BOtEOM-UP @PPIOACKH. .....eeeiitee et 29
3.3 Liquid phase SYNTNESIS. ........ccveiiieiicieeie ettt re e sre s 30
3.3.1 Chemical PreCipitation...........civeiiieiie et eneas 30
3.3.2 Preparation of CdS NanOPArtiCIES..........coiirieiieiieieie e 31
3.4 Gas Phase MELNOM..........cciiiiiiieiee e bbbt 32
3.4.1 Pulsed 1aser depoSItION........cccciviiiieiieeiie ettt sree e nreas 33




O T 1 (o [0 [T [0 o AR 33

3.4.1.2 PLD MECRANISM. ...ttt 33
3.4.1.3 The laser interaction with the Au target material..........ccccooeveniinieiiencne e, 35
3.4.1.4 Formation of the plasma plume from ablation of materials..............cc.ccoovvrienne. 35
3.4.1.5 Deposition of the plasma-vapour onto the pressed CdS NPs. ........ccccccvvvevvenenne. 36
3.4.1.6 Nucleation and growth of particulates on the CdS surface...........cccoceevveveiinnnen, 36
3.4.2 SPULLET COBEING. ... ettt bbbttt b bbbt 38
RETEIENICES. ...ttt bbbttt 40

CHAPTER 4: Characterization techniques

AL INEFOTUCTION. ...ttt bbbt b bbbttt b et n e 43
4.2 X-ray Diffraction (XRD) ......cooiiiiiiiieieie i 43
4.3 EIECEION MICIOSCOPE. ... vititeitietieite ettt sttt ettt sb bbbt e bbb b b 46

4.3.1 Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy

(EDS). e, 46

4.3.2 Transmission electron microscope (TEM) ......ccooveieiieieeieiic e 49
4.4 Ultraviolet-visible SpectroSCOPY (UV-VIS) ......cocriiiiiiiiiiiiieieee e 51
4.5 PhOtOIUMINESCENCE (PL) ..ottt 53
4.6 X-ray Photoelectron SpectroSCopy (XPS) ....cvvoiiiieiiie e 54
4.7 Fourier transform infrared spectroscopy (FTIR) ...cccoveiiviiieiie i 56
4.8 Time-of-Flight Secondary lon Mass Spectroscopy (TOF-SIMS) ........ccocvvoniiiiiniiiiennn, 58
RETEIENICES. ...ttt b bbbt bbbt b et b e b e 61




CHAPTER 5: Quantum confinement effect structural and optical properties of CdS

nanoparticles prepared with water solvent.

5.1 INEFOUUCTION. ...ttt bbbttt b e bbbt bbb 65
5.2 EXPETIMENLAL. . ... ..oiiiiiiiiiiiiiicsi e 65
5.3 RESUILS @N0 DISCUSSIONS......c.veueeiiieireiieiesteieie sttt 66
5.5 CONCIUSION. ...ttt ettt r et ene s 87
RETEIENCES. .. .ottt b bbbt 89

CHAPTER 6: Effect of ethanol solvent on structural and optical properties of cadmium

sulfide preparation.

6.1 INEFOAUCTION. .....cvititicee bbbt 94
6.2 EXPEITMENTAL......ooiiiiiiei e 94
6.3 RESUIES @Nd TISCUSSTON. .....c.eiiiiiitiiiieiieie e 95
6.4 CONCIUSION. ......eiiiiiitieieee bbbttt e bbb sbenreas 105
RETEIENCES. ... s 107

CHAPTER 7: Optical sensitivity of CdS-Au nanocomposites prepared by physical

techniques.

T L INEFOUUCTION. ...ttt bbbttt nbe e 110

T2 EXPEIIMENTAL......ciiiiiiieiic et sbe e e e teebesneenne s 110
7.2.1 Preparation of CdS nanopartiCles...........ccocvevviieieeie s 110
7.2.2 Preparation of CdS-Au pulsed laser deposition (PLD) .......cccccevvrirenenenennninne 111
7.2.3 Preparation of CdS-Au sputter coating (SPC) ......cocovvviiiiiniiiice e 111

7.3 Characterization teChNIGUES..........cciiiii et 111




7.4 RESUIES AN QISCUSSTON.....ce ettt e e e e et e e et e e e e e e e e e e eeeeens 112
7D CONCIUSION. ..o e ettt e e e e e e e e e et e e e e e e e ee e eeeeeens 122
R B BN GRS . . e 123

CHAPTER 8: Summary, conclusion, and future work.

8.1 SUMMIAIY ...ttt e et be e e s bb e e s b e e e ssbe e e snbeeennbeeennbeeens 126
8.2 CONCIUSION. ...ttt 127
8.3 FULUIE WOTK. ...ttt bbbttt bbbt 128
8.4 CoNTerenCe PreSentatioNS. ........ocooeieiiririiiei ettt 128

XV



List of Figures

Figure 2.1. Comparison from macro scale to atoms with the intermediate, scale for

nanomaterials (1-100 nm).

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

unique colour effects.

Figure. 2.3. Schematic showing density of electron states of a semiconductor as a function of

energy for different confinement dimensions (i.e 2D, 1D, and 0D).

Figure 2.4. Schematic diagram showing continuous energy band semiconductor with that of

discrete energy levels in a OD structure.

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

in nanomaterials.

Figure 2.6. Schematic diagram showing the unit cell of the CdS crystal structure with (a)

wurtzite (hcp), (b) zinc blend (ccp), and (c) rock salt (ccp) phases.

Figure 2.7. Energy level scheme of a photo-excited electron, S showing both the radiative

and non-radiative return to the ground state.
Figure 2.8. Schematic diagram showing optical transitions in the CdS crystal.

Figure 2.9. The Schottky junction between a metal and an n-type semiconductor (a) before

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

Figure 3.1. The layout of the synthesis approach used to prepare CdS NPs with Au coating.
Figure 3.2. Schematic illustration of fabrication approaches in nanomaterial synthesis.
Figure 3.3. Schematic diagram of thioglycerol (TG) capping agent with the relevant atoms.
Figure 3.4. Schematic diagram of a basic PLD setup.

Figure 3.5. Thin film growth modes (a) Stranski-Krastinov, (b) Volmer-Weber, and (c) Frank-

van der Merwe mode.

XVi



Figure 3.6. Schematic diagram showing the sputter coating setup for the CdS NPs with Au.
Figure 4.1. Schematic diagram showing X-ray diffractometer setup.

Figure 4.2. Characteristic X-ray emission for a Cu-source with and without a filter (Ni).
Figure 4.3. Schematic depiction of X-ray diffraction from lattice planes in a single crystal.
Figure 4.4. SEM setup illustration.

Figure 4.5. Sketch showing the events that occur as a result of the interaction of the electron
beam with the specimen surface, along with the depth of the characteristic signals.

Figure 4.6. Schematic diagram showing TEM setup.

Figure 4.7. Schematic diagram showing electromagnetic radiation being transmitted through

the transparent material.

Figure 4.8. Schematic diagram showing components of the dual-beam of the UV-Vis

spectroscopy system.

Figure 4.9. The principle of PL spectroscopy.

Figure 4.10. Sketch showing a setup of the 325 nm HeCd laser PL system.
Figure 4.11. Internal workings of a spectrometer showing the diffraction of light.
Figure 4.12. Schematic representation of a basic setup in an XPS.

Figure 4.13. Schematic depicting ionization of electron as it pertains to XPS
Figure 4.14. Schematic diagram showing a basic setup of FTIR spectroscopy.
Figure 4.15. Schematic representation of ToF-SIMS instrument.

Figure 4.16. Schematic diagram showing secondary species.

Figure 5.1. CdS NPs with different capping agent concentrations resulting in varying colours:
SO0 (no TG), S1 (0.1 mL), S2 (0.2 mL), S3 (0.3 mL) and S5 (0.8 mL). A colour wheel is added

as a guide to the eye.

XVii



Figure 5.2. The XRD patterns of the as-prepared CdS NPs with different sizes: SO, S1, S2, S3,
and S5 (left). And the resolution of the 28° peak (right).

Figure 5.3. XRD patterns of the S3 sample after annealing at a different temperature: A200,
A350, A500, and A700.

Figure 5.4. SEM images of as-prepared CdS NPs varying according TG concentration (a) SO,
(b) S1, (c) S2, (d) S3, and (e) S5.

Figure 5.5. SEM images of annealed CdS samples at (a) A200, (b) A350, (c) A500 and (d)
A700.

Figure 5.6. EDS spectra of the as-prepared CdS NPs of varying size with TG concentration (a)
S0, (b) S1, (c) S2, (d) S3, and (e) S5. The S, C, and O peaks all increase with increasing TG

concentration.

Figure 5.7. EDS spectra of the annealed CdS samples at (a) A200, (b) A350 (c) A500 and (d)
AT700.

Figure 5.8. TEM images of CdS NPs with varying TG concentrations: (a) SO, (b) S1, (c) S2,
(d) S3, and (e) S5.

Figure 5.9. Particle distribution function with the corresponding Gaussian curve fitting for CdS
samples varying in TG concentration; (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

Figure 5.10. TEM images of S3 NPs after annealed at different temperatures (a) A200, (b)
A350, (c) A500 and (d) A700.

Figure 5.11. Particle distribution function with the corresponding Gaussian curve fitting for
S3 sample annealed at (a) A200, (b) A350, (c) A500 and (d) A700.

Figure 5.12. UV-Vis absorption spectra of CdS NPs; (a) SO, (b) S1, (c) S2, (d) S3, (e) and S5.

Figure 5.13. PL spectra of CdS sulfide NPs with different TG concentrations; (a) S1, (b) S2,
(c) S3, and (d) S5.

Figure 5.14. PL spectra of the S3 sample annealed at different temperatures; (a) A200, (b)
A350, (c) A500, and (d) A700.

XViii



Figure 5.15. FTIR spectra of CdS NPs (a) with different capping agent concentrations; S1,
S2, S3, and S5, (b) the effect of annealing temperature on S3; A200, A350, A500, and A700.

Figure 5.16. XPS spectra for CdS NPs showing a decrease in the background intensity with

decreasing particle size (from SO to S5).

Figure 5.17. X-ray photoemission spectra of S 2p core levels in CdS of various TG
concentrations. (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

Figure 6.1. The XRD pattern of the as-prepared CdS QDs of different sizes for SO, S1, S2,
S3, and S5.

Figure 6.2. UV-Vis absorption spectra of CdS NPs. (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.
Figure 6.3. PL spectra of CdS NP with different TG concentrations: S0, S1, S2, S3, and S5.

Figure 6.4. SEM images of the as-prepared CdS NPs with ethanol solvent (a) SO, (b) S1, (c)
S2, (d) S3, and (e) S5.

Figure 6.5. EDS of as-prepared CdS NP varying according to capping agent concentration
(@) SO, (b) S1, (c) S2, S3, and S5.

Figure 7.1. The ToF-SIMS negative mode spectra showing the spectrum of (a) C-, (b) O, (c)
S, (d) CI, (e) CdS,, (f) Auin CdS-Au NCs prepared by PLD technique.

Figure 7.2. The ToF-SIMS negative mode spectra showing the spectrum of (a) C-, (b) O, (c)
S, (d) CI, (e) CdS', (f) Au in CdS-Au NCs prepared by SPC technique.

Figure 7.3. The negative TOF-SIMS images of (a) C, (b) O, (c) S, (d) CI', (e) S%, (f) CdS",
(9) Aur, (h) total, and (i) sum of rest for a 100100 pm? area of CdS-Au NCs prepared by
PLD technique.

Figure 7.4. The negative ToF-SIMS images of (a) C’, (b) O, (c) S, (d) CI, (e) S%, (f) CdS,
(9) Aur, (h) total, and (i) sum of rest for a 100x100 um? area of CdS-Au NCs prepared by
SPC technique.

Figure 7.5. The negative overlayer image of CdS™ and Au™ ions showing the distribution of
Au in the CdS-Au NCs prepared using (a) PLD, and (b) SPC.

XiX



Figure 7.6. The XRD patterns of as-prepared CdS NPs and Au coated NPs with PLD and
SPC techniques.

Figure 7.7. Models showing the difference in the CdS-Au NCs prepared using the PLD and
SPC techniques.

Figure 7.8. UV-Vis absorption spectra of CdS NPs and CdS-Au NCs prepared using PLD and
SPC.

Figure 7.9. The PL spectra of pure CdS NPs are compared to NCs of the CdS-Au prepared
with two different physical techniques, PLD and SPC.

Figure 7.10. Electron transfer diagram of the process that possibly occurs for samples

prepared by the two techniques: PLD and SPC.

List of Tables

Table 3.1. Summary of experimental variables used in the synthesis of CdS NPs at room

temperature.

Table 5.1. Structural and crystallite summaries of the five prepared samples with different TG
concentrations (S1-S5) and no TG (S0).

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

and annealing temperature.
Table 6.1. CdS NPs crystallite size as a function of different TG concentration.

Table 6.2. Absorption edge of different CdS NPs differing according to the concentration of
TG.

Table 7.1. Particle size calculation for CdS NPs and CdS-Au NCs prepared with PLD and SPC.

XX



XXi




CHAPTER 1

Introduction

1.1.0verview

CdS particles are attractive photocatalytic materials for solar energy conversion to chemical
energy under visible-light irradiation [1]. The band gap of the semiconductor increases with
decreasing particle 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 electron-hole recombinations, which 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 area to volume ratio plays an important role in enhancing the
quantum yield of the nanoparticles (NPs). The highest quantum efficiency (93%) to be reported
so far has been for CdS semiconductor with a Pt-PdS dual co-catalyst in the presence of
sacrificial reagents by Yan et 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 electron/hole before reaching
the surface and the surface reaction being too slow to efficiently consume the charges. The
most conventional modification of a photo-catalyst to improve water reduction is by loading a
co-catalyst. Co-catalysts can provide reduction and oxidation active sites, catalyse the 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/metal heterostructure can be affected by the shape and size of the metal co-
catalyst. Employing physical methods during the deposition of the metal on the semiconductor

surface enable better control of the size and shape of the metal.
1.2. Problem Statement

The demand 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 huge quantities with
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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 fuels [4]. There has been a slow rise in the use 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 population [5]. Photocatalysis has a variety of applications since the first
report on the photocatalytic splitting of water on TiO> electrodes was published in 1972 by
Honda and Fujishima [1]. 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 environmentally-friendly 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 increasing the number 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, gold (Au) is used as a co-catalyst to coat cadmium sulfide (CdS)
NPs using physical techniques. The Au clusters on the CdS surface drastically reduce

recombination by keeping the electron-hole pair separated.
1.3. Research Aims

In an attempt to address the issue of low quantum efficiency in photocatalysts, this work looks

at:

X4

Synthesis of CdS NPs with various particle size using TG as a capping agent.

L)

X4

Studying the effect of solvent (water and ethanol) during CdS NP synthesis.

L)

°

The effect of depositing Au nanoclusters on the CdS surface using two physical techniques
(as opposed to the conventional chemical techniques) such as pulsed laser deposition (PLD)

and sputter coating (SPC) on the observed optical properties of Au decorated CdS NPs.




1.4.Thesis Layout
This dissertation is organized in the following manner:

Chapter 1 - Introduction: it consists of the dissertation overview, problem statement,

objectives, and the thesis layout.

Chapter 2 - Literature review: A general background on nanomaterials is presented and
specifically the quantum confinement effect and how it relates to electron-hole splitting and
recombination. The effect of increased surface area, photoluminescence, and the creation of
Schottky contact between CdS and gold nanoclusters are discussed.

Chapter 3 - Synthesis of nanomaterials: fabrication approaches for the synthesis of
nanomaterials are divided into two groups, the bottom-up and top-down approaches. The
synthesis of CdS NP with the chemical precipitation method is discussed together with the
deposition of gold clusters on 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 5 — Properties of CdS NPs prepared with water solvent: In this chapter, a detailed
report on the structural and optical properties of CdS NPs synthesized with water as a solvent,

IS given.

Chapter 6 — The preparation of CdS NP in ethanol solvent: The effect of changing the solvent
from water to ethanol on structural, morphological and optical properties of CdS NPs are

studied in this chapter.

Chapter 7 — Synergy of Au coated/decorated CdS NPs: In this chapter, the effects of using
physical methods for Au coating of CdS NPs on optical properties are studied.

Chapter 8 — 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 CdS NPs with Au cocatalyst.

2.1 Introduction

This is an introductory chapter to nanoscience, nanomaterials, the quantum confinement effect
and their application to nanotechnology with a specific focus on CdS NPs. The history of this

type of interdisciplinary science together with its importance going to the future is discussed.
2.2. Nanoscience: a brief history.

The word “nano” means very small with a Greek origin translated from the word “dwarf”. In
terms of units of measure, it represents “one billionth” (10°°). A nanometre (nm) is, therefore,
one-billionth of a meter. Figure 2.1 shows the nano-scale relative to material that can be
observed with an unaided human eye. A sheet of paper, for instance, is 100 000 nm thick and

a human strand of hair is about 80 000 nm in diameter.

Nanoscience has been defined by The Royal Society and The Royal Academy of Engineering
as “the study of phenomena and manipulation of materials at atomic, molecular and
macromolecular scales, where properties differ significantly from those at a larger scale” [1].
This is an interdisciplinary field of science that involves disciplines that vary from chemistry,
physics, and biology, to medicine, engineering, and electronics. To help distinguish
developments between the different disciplines, nanoscience has been divided into four diverse
categories: nanomaterials, nanometrology, optoelectronics (information and communication
technology, electronics), and bio-nanotechnology (and nanomedicine). 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
nanomaterials is to investigate the effect that a reduction of material size to the nanoscale,
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

conductivity, luminescent colour, mechanical strength, and even weight change, as reported




before. A metal can become a semiconductor or an insulator at the nanoscale level [1]. For
instance, bulk silver is non-hazardous, whereas silver NPs can Kill viruses upon contact.
Another exceptional property of nanomaterials is that they can be fabricated atom-by-atom
using a method known as bottom-up which is discussed in detail in chapter 3. Finally,
nanomaterials have a large surface area-to-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 of nanomaterials combines expertise from both nanosciences as well
as nanotechnology to develop materials that exhibit dimensional characteristics on the
nanoscale [2]. The nanoscale is conservatively defined (in terms of the dimensions of a system)
as 1to 100 nm. Thus, materials that have particle sizes in this size-range are typically classified
as nanomaterials. The size range generally has a minimum set at 1 nm to evade single atoms
or very small groups of atoms being labeled as nano-objects. The upper limit is conventionally
classified as 100 nm, but this has often been said to be a ‘fluid’ limit: regularly objects with
superior dimensions (even 200 nm) are defined as nanomaterials. One might ask ‘why 100 nm
and not 150 nm or even 1 000 nm?’ This is because the range itself focuses on the effect that
dimensions have on a specific material (for example, the manifestation of the quantum

phenomenon) rather than at what exact dimension this effect 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
size-dependent and dramatically different from the properties of macroscale materials [3]. To
further understand the size ‘nano’, Figure 2.1 shows a scale bar ranging from centimetre objects
like a tennis ball down to a water molecule. Nano sized objects are smaller than bacteria or

cells, however, it is larger than a single atom.
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Figure 2.1. Comparison from macro scale to atoms with the intermediate, scale for

nanomaterials (1-100 nm) [4].

Nanomaterials can be divided into two categories: Naturally occurring nanomaterials

(nanoscience in nature) and the man-made nanomaterials.
2.2.1.1 Naturally occurring nanomaterials

Since Richard Feynman’s famous lecture in 1959 titled “There is plenty of room at the bottom”
[5], there has been a significant escalation of interest amongst scientists and researchers in
nanoscience. However, nanomaterials have been around for millions of years with nature being
the ultimate manufacturer 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 nanomaterials include: Halloysite, carbon

nanotubes, carbon fullerene, and gecko.

Halloysite is 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 highly 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 content [6]. 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 alumina-silica bi-layers seized together by an

intercalated water layer. The silica layer is tetrahedrally bound, whereas the alumina layer is
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octahedrally bound, producing a lattice disparity and subsequent curling force that, 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 fullerene) was created by
nature as the end product of a combustion process made of various fossil fuels. Diesel-fuelled
cars also produce carbon nanotubes as a side-effect in the form of the scum that forms on the

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

Some animals also 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 gecko’s toes, there is said to be one billion tiny adhesive hairs, about 200
nanometres in both width and length [7]. A gecko makes use of the nano hair to cling to surfaces
by employing Van-der-Waals forces between the nano hair and the atoms on the surface to

which it clings. This temporary hold can occur between atoms at the molecular scale [8].

Another factor to consider in this adhesion is the shape of the fibres. Spatula-shaped 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 weak Van-der-Waals 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 Man-made nanomaterials

It is hard to say exactly when humans commenced with the preparation of nanomaterials,
however, the best guess is when they started making fire, resulting in tiny nano-scale particles
of soot in the ashes and smoke. Thus, by the Bronze Age, incidental copper NPs were already
being widely used by human civilization. The earliest man-made NPs are 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 prepare NP
solutions of gold and other metal with reasonable accurate control over particle size and
composition. They successfully made flamboyant coloured antiquarian gold NPs which could

be impregnated into a glass (as shown in Figure 2.2) to make stained glass and jewellery.
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Figure. 2.2. The Lycurgus cup. Gold and silver NPs in the glass resulted in incredible and
unique colour effects [9].

These colloidal gold and silver solutions were ingested as health tonics in many cases,
specifically to treat high fevers and syphilis. By the 4™ century, the Romans had successfully

created a dichroic glass, which upon absorbing light showed different colours.

Nanoscience has advanced dramatically over the years with the improvement of both
analytical- and synthesis techniques that allow control and ability 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, for example, the toxicity of nanomaterials is still under much

scrutiny.
2.2.2 The quantum confinement effect

When the size of semiconductor material is reduced to the nanoscale (nanomaterials), an
electron and a hole are confined into dimensions approaching the atomic Bohr radius. At this
point the density of states of conduction electrons can take only particular discrete values,
resulting in 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 nanoscale, discrete energy levels form which widen the bandgap and shifts the
optical spectrum to shorter wavelengths [10]. Thus, the ability to control the dimensions and

composition of structures enables tailoring nanomaterials’ properties for desirable applications.
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Upon confinement of nanomaterials, properties such as the melting point, fluorescence,
electrical conductivity, and chemical reactivity are all altered as a result of decreasing the
dimensions of the particle. The confinement of nanostructures can be divided into different
classes which will be discussed next.

2.2.2.1 One-dimensional confinement: two dimensional (2D) quantum structures

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

case in quantum wells.
2.2.2.2 Two-dimensional confinement: one dimensional (1D) quantum structures

The motion of electrons is confined in two dimensions, 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.
2.2.2.3 Three-dimensional confinement: 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, semiconductor ‘dots’ with a size range of 2-10 nm, made up of approximately 100
to 100,000 atoms within the QD volume [11]. However, self-assembled quantum dots are

usually 10-50 nm in size [12]. Quantum dots have quantized 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. Consequently, this leads to a higher concentration of charge carriers which

contribute to the band-edge 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 energy distribution of carriers in a
semiconductor [12]. The motion of carriers in a confined semiconductor is determined by the

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 (i.e 2D, 1D, and 0D) [12].

The density of states of bulk, 2D, 1D, and 0D semiconductors are shown in Figure 2.3 with 0D
having well defined and discrete energy levels. Quantum confinement effects become more
pronounced when a semiconductor’s dimensions approach that of the exciton Bohr radius. The
semiconductor groups of 1V, 111-V and II-VI generally have a quantum confinement ranges of
1to 25 nm [13]. An exciton Bohr radius is defined by:

ag = s%ao (2.1)

where ¢ is the dielectric constant of the material, m* is the mass of the particle, m is the rest
mass of the electron, and a, is the Bohr radius of the hydrogen atom [14]. In CdS particles, the
quantum confinement effect is usually observed to be strong in particles with sizes that are
equal to or less than 5 nm in diameter [15][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 dots (Figure 2.4)
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Figure 2.4. Schematic diagram showing continuous energy band semiconductor with that of
discrete energy levels in a OD structure.

There are two factors related to size that differentiate nanomaterials from their bulk
counterparts; the actual particle size discussed above, 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 surface area of NPs plays a fundamental role in the characteristic properties and potential
applications of these NPs. Properties like reactivity, affinity, and sorption abilities are mostly
determined by surface properties of particles. Thus, reducing the size of materials to nanoscale
results in almost all the materials’ atoms being exposed to the surface. For example: in the
case of a 1 cm X 1 cm cube, the number of surface atoms is extremely small, in the order of
~ 1075 with a surface area of 6 cm?. However, by only dividing the cube into eight other
small cubes with half the sides of the original cube, the surface area will be doubled (Figure
2.5). Grassian et al. [17] discussed the consequence of decreasing the particle size to 1.2 nm,
and have shown that this results in 76% of the particles’ atoms being on the surface of the

material.
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in nanomaterials.

The increase in the number of surface atoms with decreasing volume results in a large surface
area-to-volume ratio. Consequently, the overall free energy of NPs is dominated by surface

energy.
2.4 Cadmium Sulfide (CdS)

CdS isagroup 11-VI semiconductor that has a room temperature direct band gap of 2.4 eV with
an absorption maximum at 515 nm [18][19][20]. It is an organic compound and dissolves in
acids while insoluble in water. It displays an intrinsic n-type 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 rare minerals greenockite. The more stable
hexagonal wurtzite structure occurs in greenockite while hawleyite displays the cubic zinc
blende structure [21]. Cadmium and sulfur atoms are four coordinate in a tetrahedral fashion,
in the latter forms with the Cd-to-S bonds, as such showing both an ionic and covalent
character. However, at high pressures a NaCl rock salt structure forms (Figure 2.6) [22] where
each atom is coordinated to six other atoms in an octahedral fashion resulting in every atom
having six neighbouring atoms 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
zincblende and rock salt structure have the stacking sequence of the atoms as ABCABC, i.e.,

called cubic close packing (ccp) [23].
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Figure 2.6. Schematic diagram showing the unit cell of the CdS crystal structure with (a)

wurtzite (hcp), (b) zinc blend (ccp), and (c) rock salt (ccp) phases [23].

The wurtzite phase has been observed in both the bulk and nanocrystalline CdS with cubic and
rock-salt phases only occurring in nanocrystalline CdS [24][25]. Hence, CdS NPs 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 CdS NPs. Thus, the semiconductor NPs show a colour change
of their fluorescence depending on the particle size. This is because the absorption wavelength
of CdS NPs is directly affected by the quantum confinement effect. Since these nanostructures
have the ability to crystallize in different structures upon size reduction, in different reaction

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

Due to its high stability, and excellent structural, physical and chemical properties alongside
its ease in availability, preparation and handling, CdS NPs can be used in a number of different
fields of science. As a consequence of quantum confinement and surface effects, CdS NPs have
unique optical, electronic, chemical, magnetic, and structural properties which are crucial in
nanotechnology applications. In semiconductor electrodes, the distribution of atoms on the

surface is crucial together with the high size/volume ratio [26].
2.5.1 Semiconductor photocatalyst

The band gap of the semiconductor increases with decreasing particle size and this also
decreases the crystallinity of the photocatalytic material. This decrease in particle size also
increases the surface area to volume ratio making it easier for the electrons and hole to reach
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the surface and reduce their recombination. These materials have two properties that are highly
sought in water splitting photocatalysts: large surface to volume ratio and small particle sizes,
which play a huge role in the elimination of electron-hole recombination [27][28].
Photocatalytic activity is directly related to the energetics of the particles since the band gap is
related to particle size (quantum confinement). Thus 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 reaction centres [29]. High crystallinity
decreases the number of defects making it easy for photo-generated charges (i.e. electrons
and/or holes) to reach the surface. Whilst small particle sizes help to decrease the electron-hole
recombination probability by making the distance travelled by the charges to the surface
shorter. But once an electron has migrated to the surface, it may become trapped. Thus the
separation of the charges will reduce the recombination probability. As such, the use of
cocatalysts on the CdS surface not only enhance the stability of the photocatalyst by preventing

photocorrosion but also aids with charge separation [30].

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 semiconductor. The work function of the
noble metal mostly determines their ability to trap electrons since they are greater than those
of many semiconductors [31]. 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 semiconductor are 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 photogenerated holes in the VB of the
photocatalyst. In this way, there are minimal chances for electron-hole recombination, which

results in stronger photocatalytic reactions.
2.5.2 Luminescence applications

Luminescence was first introduced by a physicist and science historian Eilhardt Wiedemann in
1888. Often considered as ‘cold light’, it is defined as the spontaneous emission of radiation
from an electronically excited species or from a vibrationally excited species not in thermal
equilibrium with its environment [34]. Luminescence has played a key role in understanding

the electronic properties of 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 of rare-earth ions which
are energetically almost fixed, quantum dots enable tuneable line emission [35]. Different types

of luminescence are 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 such as beta particles, X-rays or gamma rays.

o Cathodoluminescence (CL): Itis the emission of light upon excitation by the electron beam.
o Chemiluminescence: Light is emitted as the energy released from a chemical reaction.

o Bioluminescence: Light produced by the certain living 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 above-mentioned luminescence mechanisms has advantages in specific fields. In
this work, the focus is on PL that exhibit strong emission in the visible region while also
considering the effect of surfactants (to be discussed). As mentioned above PL is the
spontaneous emission of photons by de-excitation as a consequence of the possible physical
effects of interaction of light with matter. PL involves the irradiation of a crystal with photons
of energy larger than the optical band-gap energy of that material. In the case of a crystal
scintillator, the incident light creates electron-hole pairs. During the recombination of these
electrons and holes, the emissions will partly transform into non-radiative emission and partly

into radiative emission.
2.5.2.1 Recombination mechanisms

As the electron returns to its ground state (Figure 2.7), it may do so by releasing a photon in
radiative recombination (of the electron-hole pair) or by lattice vibrations (phonons) in non-
radiative recombination [36]. A photon is emitted during the recombination of the electron and
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hole through radiative recombination and the energy of the photon is dependent on the change
in energy state of the electron-hole system. In an indirect band gap semiconductor, energy
transfer in the form of lattice vibrations is required to assist with photon emission. Hence, both
non-radiative and radiative energy emissions occur due to phonon conversion to lattice
vibrations that transport energy in form of heat. Thus in efficiently luminescent materials,

radiative transitions are dominant relative to non-radiative transitions [37].

Excited state —

radiative Non-radiative

Ground state

Figure 2.7. Energy level scheme of a photo-excited electron, S showing both the radiative and

non-radiative return to the ground state.

Depending on the time it takes for a photon to fall back, luminescence can further be classified
as either fluorescence or phosphorescence. Fluorescence has a lifetime less than 108 seconds
and occurs as an exponential decaying afterglow that is independent of the excitation intensity
and of temperature, upon 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 than 10® seconds.
Metastable states created by the defect centres, activators, impurities, and electron 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 pre-requisite to emission. Consequently, PL
responsive material has applications in a wide variety of fields such as washing powder as a
whitening substance to large-scale displays in plasma screens [37]. Luminescence types with
very slow decays that have emission times ranging from minutes to hours may be good
examples of phosphorescence. This type of luminescence is called long-lasting or persistent
luminescence and it is commonly used in road safety and exit marking. PL is, therefore, a more

general term that takes into consideration both fluorescence and phosphorescence [37].
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2.6 Photoluminescence properties of (CdS)

The PL efficiency of CdS is determined by both radiative and non-radiative processes. The
increased surface area in NPs leads to a number of dominant surface defects, hence non-
radiative processes dominate in the excitation decay. The opening of new non-radiative
pathways decreases the PL efficiency, while elimination of non-radiative pathways increases
the efficiency. At the same time, also the kinetics of the PL can be influenced. Deep hole traps
that act as PL centres compete with shallow hole traps for either free or shallow-trapped
electrons [38]. If the density of the shallow hole traps is high, their recombination with
electrons is preferred, and the PL intensity decreases. Adding S? ions, on the one hand, covers

the surface of the NP with excess S?" ions and therefore creates more sulfur dangling bonds.

A commercial CdS crystal with PL measured at room temperature results in two broad emission
bands of PL. A green emission band from free excitons located below the conduction band
results in the strongest peak energies of 2.53 eV (490 nm), PL1 (Figure 2.8). A second room
temperature peak with the lowest energy is located at 696 nm (1.78 eV), known as the red
emission band (PL6). Temperature effects on CdS semiconductor results in four more small
green PL peaks at the low energy side of the main FE peak that were reported below 70 K [36].
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Figure 2.8. Schematic diagram showing optical transitions in the CdS crystal.

At low temperature, the PL spectra regularly show 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 acceptor centres [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 assumed to be a transition
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 donor-acceptor transition as previously discussed in the literature
[40]. At the temperature range between 130 K and 20 K, another peak (PL7) located around
449 nm (2.76 eV) (whose energy is larger than the band gap value) becomes visible. The donor
levels of CdS are attributed to S vacancies in the CdS crystals [41][42] while the acceptor states
are attributed to S interstitials [43].

2.7 Absorption

Upon stimulation of material by photons, several processes such as scattering, reflection,
absorbance, and excitation can occur. Having already discussed the emission of photons
following absorption in PL, this section discusses the amount of light absorbed as a 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 ground state (Figure 2.7). The
electron transitions to a new eigenstate matching 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
eigenstates of the molecule. The absorbance process ends in a very fast radiative process, on
the order of 10 seconds [37][44]. Bulk CdS has an absorption edge at 515 nm (2.4 eV) which
shows dependence on the particle size of the material. Blue shift in the absorption maximum

of CdS with decreasing particle radius has been reported in 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 reduced particle size. Organic
and inorganic capping agents are thus employed to stabilize and passivate NPs surfaces. The
different nature of capping agents is of high importance in the size distribution of NPs. Hence,
an extensive number of different types of capping agents used to stabilize NP surfaces has been
reported in the literature [47][24][48]. Organically capped CdS samples show that sulfur from

the surfactants can effectively passivate CdS, leading to the quantum confinement effect and
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sharp excitonic peaks. During the preparation of CdS NPs, capping agents and/or surfactants
are used to inhibit uncontrolled growth and agglomeration of the NPs [49]. However,
quenching of the PL intensity caused by surfactants is prevalent, due to surfactants’
propensities to act as Lewis acid [50]. The surfactants introduce surface defects that act as
exciton traps which, in turn, alter the luminescence properties of the NP relative to crystals
grown without capping agents. During the nucleation of NPs, the addition of the capping agent
stops the growth process by making a compact, organic layer over the surface of the growing
particles thus creating particles with smaller sizes. How fast the capping agent stops 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 of surfactants adsorbed onto
the NP surface). High concentrations result in short growth periods which produce very small
NPs with large free surface energy.

2.9 Semiconductor-metal junction

Semiconductor devices are largely a combination of dissimilar materials (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 semiconductor-metal
contact forms, two different types of junctions may be formed depending on the semiconductor

work function (@) and its relation with the metal:
= Schottky junction: @ ., > Bsemi
= Ohmic junction: @ , < Bsemi

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. CdS (@g.,,i = 4.28 eV) is an n-type
semiconductor with a lower work function than gold (@ ,, = 5.47 eV) [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 between an n-type semiconductor and a

metal (Figure 2.9 (a)). In such a case, the semiconductor’s Fermi level is higher (lower work
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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)
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Figure 2.9. The Schottky junction between a metal and an n-type semiconductor (a) 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 formation of the contact
between two metals, the charges reside on the surface. This is caused by high electron density
found in metals (typically 1022 cm™3). However, in the case of a metal and semiconductor, the
contact leads to electron removal below the semiconductor surface up to certain depth. This is
due to the low charge density on the semiconductor side (typically 1017 cm™3) leading to the
creation of a depletion region within the semiconductor [52].

During the creation of the Schottky junction between the metal and semiconductor, the two
Fermi energy levels align and 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, in Figure 2.9). Since the depletion region extends within
the semiconductor (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 direction). This means the energy bands bend up
going from an n-type semiconductor to the metal (Figure 2. 9 (b)). Thus it is expected that
quantum widening of the band gap of the CdS, with size reduction, would alter the Fermi level
(thus work function) of the n-type semiconductor. Also, this will lead to electron trapping on
the semiconductor NP surface (in the Au metal clusters) which, in turn, will prevent electron-
hole pair recombination. It is expected that this will be evident in the optical properties and
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thus (upon successful formation of a Schottky junction) the materials’ photoluminescent
intensity should reduce since less electron-hole pairs will recombine. Thus, electrons on the
surface of the NP will be available to interact with water molecules (as an example) for water-
splitting.

2.10 Photoluminescence quenching

PL quenching refers to a process in which there is a decrease in the PL intensity of a given
substance. This is often caused by a number of processes, such as excited state reactions, energy
transfer, complex-formation, and collisional quenching. The quenching of CdS NP PL with the
addition of Au has been reported in a study by Ibraham et al [54]. The decrease in intensity
was reported to occur as a result of the effective segregation 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 recombination.

In this work we investigate the formation of the Schottky junction on CdS-Au nanocomposites
by depositing Au metal on the CdS semiconductor. The deposition is done using two different
physical techniques (pulsed laser deposition and sputter coating). It is expected that the
successful creation of the Schottky junction will manifest itself by decreasing the electron-hole
recombination (PL quenching). Upon trapping of electron on the Au metal (CdS surface) via
the Schottky junction, the electrons should be ready to interact with water molecules in the case

of photocatalytic water-splitting 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, top-down and bottom-up approaches: the top-down approach entails the ‘chopping’
down of bulk material to small pieces of nanomaterial. This approach mainly uses techniques
to selectively remove micro-scale structures from the bulk material. However, this approach
has some challenges in creating uniform NPs and it introduces internal stress and defects with
contamination, making this approach unsuitable for the synthesis of very small materials with
uniform shape [1]. The bottom-up approach, on the other hand, refers to the build-up of material
from a single atom or molecular precursors to large nanostructures of certain shape or size
using physical or chemical forces [2]. In nanostructures, electron movement gets confined in
certain directions when an electron-hole 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 material. NPs’ growth
mechanism determines factors such as the size distribution function of NPs. The physical and
chemical properties of the NPs have also been reported to be influenced by the reaction medium
[3]. Nucleation and growth mechanisms are also dependant on 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 to synthesize CdS NPs include chemical precipitation [4], solvothermal [5], laser
ablation [6], hydrothermal [7], photochemical [8], one-pot synthesis [9] as well as the
mesoporous copolymer template method [10]. Figure 3.1 shows a summary of the bottom-up
approach. In this work, the method is used for the preparation of CdS NPs and co-loading of

gold clusters on the surface.
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Figure 3.1. The layout of the synthesis approach used to prepare CdS NPs with Au coating.
3.2 Bottom-up approach

In this approach, atoms or molecules are arranged into larger nanostructures (Figure 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 uniform size, shape, and particle size-
distribution [11]. Synthesis of nanoclusters in this approach can either be by gas-phase or
liquid-phase methods. The gas-phase method is mostly used in thin film synthesis and entails
the carrying of metal vapour by a gas medium or vacuum onto some substrate. Some gas-phase
techniques include: atomic layer deposition (ALD), chemical vapour deposition (CVD), and
physical vapour deposition (PVD). The ability to build-up atomic layers from scratch allows
for tuning of nanomaterials of certain sizes, structure, shape, and composition [12]. Liquid
phase processes, make use of surface forces to construct nanoscale particles and structures. The
processes involved in this phase include chemical precipitation, sol-gel methods, and methods
relying on self-assembly.
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Figure 3.2. Schematic illustration of fabrication approaches in nanomaterial synthesis.

3.3 Liquid phase synthesis

Liquid phase synthesis (also is known as wet chemical method) is a NP synthesis approach
mostly used in industry. Usually, 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 conditions to stimulate the formation of insoluble NPs, 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 stoichiometric composition of the end products and the NPs synthesized by this
process can be stabilized or functionalized through the use of various surfactants [12]. Some
of the techniques involved in this process are (i) chemical precipitation, (ii) hydrothermal

method, and (iii) the sol-gel 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, cost-effectiveness and the fact that
this method allows for easy synthesis process on large scales for the rapid commercialization
in industry. This technique can be carried out at low temperatures, resulting in bottom-up
growth of NPs with varying size distribution controlled with capping agents. Bottom-up
manufacturing involves building up of a NP 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 solution [13]. During the
precipitation process from the liquid phase, capping agents are added. These are used to
interfere with the nucleating and growth process for particles and thus inhibiting agglomeration
and control size [14]. Capping agents 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 atoms of the NPs, causing
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photoluminescence quenching [15][16]. Surfactants may cause hindrance in charge transfer of

organic photovoltaic hybrid solar application.

3.3.2 Preparation of CdS NPs
@®o

J-s
9 JY ¥

Figure 3.3. Schematic diagram of thioglycerol (TG) capping agent with the relevant atoms.

A number of different sized CdS NPs sets were synthesized using the wet chemical synthesis
technique of chemical precipitation with TG (C3HgO2S) as a capping agent to control the
particle size. The TG molecular structure is shown in Figure 3.3 above. All the reactions were
carried out at room temperature and standard atmospheric pressure. Cadmium chloride (CdCly)
and sodium sulfide (NazS) were used as starting materials, acting as a source of Cd?* and S*
ions respectively. In a separate batch, double distilled water was added as a solvent with
varying TG concentrations to control the growth. Initially, 0.1 mole (M) CdCl2 and 0.1 M Na,S
were added in 50 mL of double distilled water separately with vigorous magnetic stirring [17].
The required amount of TG (as indicated in table 3.1) was then added to the Na.S solution
while stirring. The samples were stirred until the powder completely dissolved in the solvent.
The NaxS-TG solution was then added dropwise to the solution of CdCl, while constantly
stirring using a magnetic stirrer. As particle growth started with the formation of precipitates,
the colour of the solution changed from colourless to: orange in the absence TG (S0), yellow
for0.1 mL TG (S1), lemon-yellow 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 precipitates with varying particle sizes were washed
with ethanol five times 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
°C. After 10 hrs in the oven, 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 argon-rich atmosphere for 2 hrs at 200 °C, 350 °C,
500 °C, and 700 °C.

A second batch of CdS NPs were prepared under similar conditions with ethanol as a solvent
in an attempt to reduce agglomeration. To completely dissolve the starting material, 0.1 mole
(M) CdCl; and 0.1 M NaS were added in 50 mL of ethanol solvent separately with vigorous
magnetic stirring 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 CdS NPs at room

temperature.

Sample Starting material Solvent TG (mL)
SO CdClz, NazS Water 0.0
S1 CdClz, NazS Water 0.1
S2 CdClz, NazS Water 0.2
S3 CdClz, NazS Water 0.3
S5 CdClz, NazS Water 0.8

SO(eth) CdClz, Na2S Ethanol 0.0

S1(eth) CdClz, Na2S Ethanol 0.1

S2(eth) CdClz, Na2S Ethanol 0.2

S3(eth) CdClz, Na2S Ethanol 0.3

S5(eth) CdClz, Na2S 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 heat a metal and swiftly melt it. The heating is
done such that the metal temperature exceeds the melting point but is still below the boiling
point to achieve suitable vapour pressure. Throughout the heating process, the gas flow 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 the metal vapour,
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nano sized particles crystallize. The formed particles are still in liquid 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. When the liquid particles are further cooled in a controlled environment, 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 physical vapour technique that utilizes a focused high power
pulsed laser beam to evaporate a solid target [19]. A pulsed laser beam is focused onto the
desired target material inside a vacuum chamber in the presence of a background gas. A plasma
plume is formed and the metal vapour is deposited on a substrate surface. As a materials
processing technique, laser ablation was utilized for the first time in the 1960s, after the
invention of a ruby laser [20]. The discovery of high-temperature superconductors in late 1986
reinvented the PLD technique. Lasers with a higher repetition 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 implementation as advantages [21].
3.4.1.2 PLD Mechanism

The basic PLD technique setup for this is shown in Figure 3.4. A pulsed laser is focused onto
a dense and homogeneous Au target material to be deposited on a substrate with stoichiometry
intact. For an adequately high laser energy density (31.7 mJ), each laser pulse evaporates small
volumes of the material forming a plasma plume. The vaporized material is emitted from the
target as a forward-directed plume. The ablation plume is deposited on a pressed CdS NPs 4.5

cm away allowing material flux for particulates’ growth.

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 vapour consists of a collection of atoms, molecules, ions, and electrons, with 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 quality of the resultant particulates. Important
parameters include the thickness, and temperature of the substrate together and the absolute

and relative kinetic energies and/or arrival constituents within the plume.

The PLD technique can generally be divided into four stages;
Q) The laser interaction with the target material.
(i)  Formation of the plasma plume from ablation of target materials.
(iii)  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 (Nd:YAG) with a power of 31.7 m] is located outside the vacuum chamber
(pumped to a vacuum pressure of 4.5 x 10~° mbar) and is focused through a quartz glass onto
the surface of an Au target material at an angle of 45° as shown in Figure 3.4. The laser beam
gets focused on the Au target for a period of 1.5 min inside the high vacuum. The laser-to-
target incident angle is chosen as such to avoid further interaction of the laser with the formed,
outgoing plume. Upon interaction of a photon with the 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 several nanometres upon which the energy in metals is
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transferred to the electrons directly and in non-metallic 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 total
energy exceeds the binding energy [22]. Consequently electron excitations occur due to the
oscillation of electrons leading to electron-lattice 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 the lattice in metals is typically in the order 1.5 picoseconds (ps) and strongly
dependent on the thermal conductivity, specific heat, and electron-phonon coupling [23]. For
non-metallic systems, the relaxation time is between 10*2and 10 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 light absorption and thermal diffusivity [24].
3.4.1.4 Formation of the plasma 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 presence of nanoclusters or particulates in the
ablation plume can have an adverse 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 in fluence to induce explosive boiling of the target material.
This process termed phase explosion, [26] is an explosive relaxation of the laser-induced melt
into a co-existent mixture of liquid droplets and vapour. Such hydrodynamic ejection of
droplet-like particulates is one illustration of macroscopic sputtering [21]. Another parameter

that plays a critical role in a laser-induced plasma plume formation is the pulse length.
3.4.1.5 Deposition of the plasma-vapour 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 the surface atoms 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,
Ts was kept at room temperature during deposition. Along with supersaturation, S these are the

major parameters in PLD. The two parameters are related by

S = kgTsIn(R/Re) (3.1)
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With kg being the Boltzmann constant, R the rate of deposition and Re the equilibrium
deposition value at temperature T [27]. Thus, supersaturation is directly related to the substrate
temperature. Consequently, a small increase in the substrate temperature 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 substrate dramatically decreases the value of the sticking
coefficient [28]. The (relatively) high sticking coefficient value causes the atom to stick
properly to the substrate. Another significant factor in keeping the substrate temperature at
room temperature is to ensure that the Au nuclei remains (relatively small) leading to Au 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: the evaporated particles in the plume arrive on the substrate surface and are adsorbed.
After this, the particles diffuse 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, like high substrate
temperature, diffusional interactions within the film/particulate and with the substrate,
underneath the growing film/particulate surface, may consequently modify film composition
and film properties [21]. In general, the process of nucleation and growth is separated into three

modes as shown in Figure 3.5:
1. Volmer-Weber growth mode
2. Frank-van der Merwe growth mode
3. Stranski-Krastinov 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 resulting in nanoclusters. The intermolecular forces of attractions between
the atoms attaching to the substrate 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 islands [29].
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Frank-van der Merwe growth mode

This mode is also known as layer-by-layer growth, the interface energy is relatively low and
layers form readily from nearly any size nuclei [29]. 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 mode are similar 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 fundamentally complete amalgamation and thus laying the foundation for

the next film layer [30].
Stranski-Krastinov growth mode

Also known as the three-dimensional island growth mode follows a two-step process: Firstly
films of the adsorbed material grow layer-by-layer up to several monolayers 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
adsorbate, island continues [31][32][33].

() (b) (©)

ikl

Figure 3.5. Thin film growth modes (a) Stranski-Krastinov, (b) Volmer-Weber, and (c) Frank-
van der Merwe mode.

The selection of the growth mode in a substrate-film 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 VVolmer-Weber mode to be the dominant
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
successful deposition, the Au decorated CdS thin film is then crushed for homogeneously

distributed CdS-Au nanocomposites.
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3.4.2 Sputter coating

!

—— Au target

00
0
Art //‘ D Sputterd Au atoms
* e

Argon gas—» —» Vacuum

WH CdS NPs

Figure 3.6. Schematic diagram showing the sputter coating setup for the CdS NPs with Au.

Sputtering is the expulsion of atoms by showering a solid target with energetic ions. It is a
consequence of collisions amongst the incident energetic ionic-particles that result in recoil
atoms from the target surface [34]. Upon reaching a low-vacuum pressure of 6 x 10~2 mbar,
argon gas is pumped into the vacuum chamber as illustrated in Figure 3.6. A high voltage
applied to an Au target ionizes nearby Argon. Once ionized, the Ar* ions accelerate toward the
Au target and sputter Au atoms. Sputter coating is a widely used technique to coat electron
microscope samples with metals (mostly Au). A conductive layer of Au is created to prevent
charging, reduce thermal damage and improve imaging [35]. In this work ejected Au atoms by
ionized argon plasma were deposited onto the CdS NPs’ surface placed in the path of the
resulting plume in a process that lasted for 1 min. Consequently, this technique is classified as
a physical vapour deposition 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 environment [36]. A 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 Sigmund [34] gives the sputter yield close to threshold (at low ion energy) as:

3 4M1 M E
Y= —q—2—2_—
41'[2 (M1+M2)2 US

(3.2)
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Where E is the ion energy, with M1 and M2 masses of the ion and the target atom (atomic mass
units (amu)). The surface binding energy of the target atom is Us and « a dimensionless
parameter depending on the mass ratio and the ion energy. For low energy, and mass ratios
M2/M1 lower than 1, « is 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 M; = M,. Momentum transfer happens from induced ion
1 2

collisions and must overcome the surface barrier (given by the surface binding energy Us) for
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) NPs are discussed in detail. To study the crystallinity and structural properties of
the synthesized material X-ray diffraction (XRD) was employed. Generated X-rays are
diffracted in crystal planes during interaction with 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 generate images from resulting secondary electrons. Energy
dispersive X-ray spectroscopy (EDS) that is complementary to this technique detects the
generated X-rays and gives information about the composition of materials. With transmission
electron microscopy (TEM) electrons are transmitted through the sample to study the above-
mentioned properties 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 transform 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 opportunity to study,
among other things, the work functions. Photoluminescence (PL) and ultraviolet-visible
spectroscopy (UV-Vis) are used to study the luminescence properties and absorbance
properties respectively. With PL, the presence of related defects is indirectly detected as well.
ToF-SIMS is used to study molecular composition and stoichiometry, this technique allows the
identification of the smallest nanoclusters. It employs pulsed ion Beam (Bi®**) to remove

molecules from the sample surface.

4.2 X-ray Diffraction (XRD)
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XRD is a technique used to study the crystal lattice’s structural properties for various
crystalline materials. This technique can be used to determine the degree of crystallinity, phase

identification, lattice parameters, and grain size in crystalline materials.

Detector

Figure 4.1. Schematic diagram showing X-ray diffractometer setup.

The discovery of X-rays in 1895 by Wilhelm Rontgen [1], and X-ray diffraction in materials
(noting that X-rays have a wavelength similar to the interatomic distances in crystals) by Laue
in 1912 [2] marked the beginning of this widely used technique. Figure. 4.1 shows an X-ray
diffractometer consisting of three basic components in its most primitive form: an X-ray tube,

a sample holder, and an X-ray detector [3].

The X-ray tube 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 electrons with just about enough energy to escape its surface. The high potential
difference then accelerates the electrons from the filament to the anode and this electron beam
strikes the anode with energy identical to the X-ray tube voltage (40 kV, 40 mA). These
electrons are shaped in such a way that they strike the anode along a thin line of 0.4 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 the outer shells then fall to fill the unoccupied
inner shells and in the process they lose their energy in the form of X-ray photons with
characteristic energy and wavelength. In a copper (Cu) anode, the energetic electrons knock
out the K-shell electrons. Outer shell electrons then fall to fill the K-shell vacancies, in the
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process emitting Kg and K, (combined Kq1 and Kq2) X-rays. These X-rays have characteristic
wavelengths of 0.1393 nm and 0.1542 nm respectively. When these X-ray photons exit the
tube, they both reach the specimen. To produce a monochromatic X-ray source, a nickel (Ni)

filter is often used.
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Figure 4.2. Characteristic X-ray emission for a Cu-source with and without a filter (Ni).

The Cu and Ni metals have a K excitation energy difference between the K, and Kg peaks. As
a result, the higher energy Cu Kg X-rays have about enough energy to excite the Ni metal.
These X-rays are then strongly absorbed by the metal, while the Cu K, X-rays do not have
enough energy and are weakly absorbed [5]. Consequently, the Cu Kg X-rays don’t go through
the filter as their intensity is almost completely eliminated (Figure 4.2). The K, X-rays
intensity, on the other hand, is slightly reduced. The presence of the Ni filter thus results in a

simpler diffraction pattern since it produces monochromatic X-rays.

The generated K, X-rays pass through the filter and are directed into the specimen, where upon
photon-matter interaction are diffracted in the crystal planes. Diffraction of monochromatic X-
rays can be defined mathematically by Bragg’s law, given by equation 4.1. When the

diffraction conditions meet the requirements of this law, constructive interference is achieved.

nZ = 2d sin 0 (4.1)
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The law relates the lattice spacing in a crystalline specimen with the X-ray wavelength and its
diffraction angle. It is named after Sir W.H. Bragg and his son Sir W.L. Bragg who formulated
itin 1913 [6].

Constructive
interfered

Crystal wave

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

In equation 4.1, A is the radiation wavelength of the X-rays, d is the lattice inter-planar spacing
and 6 is the angle between the diffracted X-ray and a lattice plane. The integer, n is the
diffraction order, often unity. However, it is not really the planes in the crystal that scatter the
X-rays (since planes are abstract mathematical constructs) but rather the atoms with their
electronic clouds [7][8]. The diffracted X-rays (Figure 4.3) are then directed to a detector which
is strategically placed in the path with the highest number of these X-rays. Since the scanned
material is randomly orientated, the X-rays are moved through a diffraction angle range 26, to

ensure that all the possible diffraction planes are obtained.
4.3 Electron microscope

This type of microscope makes use of an accelerated beam of electrons as its radiant source.
Since the electron have a shorter de Broglie wavelength, up to a 100 000 times shorter than that
of visible light photons [9]. It has a higher resolving power relative to other light microscopes,
enabling it to reveal finer 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 specimen generating an

image by interacting with the specimen on its way.
4.3.1 Scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS)

In SEM a focused electron beam is rastered over the specimen surface to produce images. Upon
interaction of the electron beam with the specimen, different types of information can be

acquired from the specimen, depending on the type of interaction [10]. This technique can give
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information about the topography (surface features of material) as well as morphology (shape

and size of the NPs making the material) [11].
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Figure 4.4. SEM setup illustration [12].

Components of the SEM are shown in Figure 4.4. 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 sharp 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 metal tip facilitating 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 faster these electron travel down the column, the more power
they have to penetrate the specimen. The system requires ultra-high vacuum conditions to keep
the tip free of contaminants and oxidation.

The system uses stationery electromagnetic (EM) lenses to control (the diameter) and focus the
generated electron beam down the column. There 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 specimen. The field strength of the EM lenses can be varied by altering the current flux.
When the electron beam interacts with the specimen (Figure 4.5), elastic and inelastic scattering

events occur as a result.
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During interaction of the electron beam with the 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 of the interaction of the electron

beam with the specimen surface, along with the depth of the characteristic signals.

This change in direction is without a significant energy loss (less than 1 eV) in the electron
beam. These are known as the elastic scattering events. In these events, if an electron is repelled
back out of the specimen it is called the backscattered electron (BSE). BSE images obtained
with this technique show compositional contrast that occurs due to different atomic number
components and their distribution. However, in other events, during the interaction between
the electron beam and the electric field of the specimen atom, the electron imparts its energy
to the specimen atom. These are the inelastic events and often results in the expulsion of a

secondary electron (SE). SEs usually have energy in the order of less than 50 eV [13].

The lost energy in the inelastic interaction of the electron beam with the specimen will produce
two types of X-rays: firstly, characteristic X-rays occur when the beam ejects core-shell (inner)
electrons from the specimen atoms. This results in an outer shell electron to fall to the lower
energy state, into the remaining core hole. This electron emits its energy as a characteristic X-

ray photon. The produced X-rays are characteristic of elements (related by atomic number),
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and thus allows one to identify the elements and their relative proportion. This requires a
separate system (EDS) to measure these X-rays. The system is comprised of three basic
components: (i) An X-ray detector which detects and converts X-rays into electronic signals,
(i) a pulse processor which measures the electronic signals to determine the energy of each X-
ray detected; and (iii) a multiple channel analyser which displays and interprets the X-ray data
[15].

Another type of X-rays that are produced is the continuum (Bremsstrahlung) X-rays. These are
produced when the beam electrons interact with the Coulomb field of the nucleus of the
specimen atom [14]. During the interaction, the beam loses energy that can be given off as
continuum X-rays. Consequently, this energy loss has a continuous distribution of energy that
is not characteristic of the atomic number; i.e. independent of the material used to generate X-

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 towards an ultra-thin material.
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 quantum mechanical behaviour of 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
wavelength significantly 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 of thousands of times smaller than the smallest resolvable object in a light microscope
[16].

The technique can be described using three basic components (Figure 4.6): (1) an electron gun,
(2) the image-producing system, and (3) an image recording-system. The electron gun is used

to produce a beam of electrons that is focused on a condenser system on to the specimen. The
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image-producing system has in it, the objective lens and retractable specimen stage, and
intermediate and projector lenses through which the electron is passed to form a real, and highly

magnified image.
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Figure 4.6. Schematic diagram showing TEM setup [18].

The formed image is however still not seen with a human eye and thus the electron 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 images. In addition, a vacuum system,
consisting of pumps and their associated gauges and valves, and power supplies are required
[17].

Electrons are generated by heating the cathode made of either a tungsten filament or, in high-
performance instruments, lanthanum hexaboride (LaBe). In between the cathode and anode, a
voltage is applied to accelerate the electron. Only after the high voltage electrons stabilize, can
they pass through a central aperture. This is done at constant energy to ensure a reasonable

operation as the control and alignment of the electron gun are crucial to obtaining good 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 copper grid 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 (1-5 mm) below the stage. At this point, there is a real, intermediate
image that will be further magnified by the projector lens or lenses. A single 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 obtained. To allow a greater range of
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 image will only be visible to a human eye by either
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 (UV-Vis)

The technique relies on the interaction of light with matter, giving information about the band
structure of the sample. Absorption in the ultraviolet-visible region of the electromagnetic
spectrum gives molecules in a low-energy atomic orbital enough energy to make electronic
transitions to higher-energy orbitals. However, to make the transition, the molecules/ atoms
must have exactly the same energy as the energy difference between the two energy orbitals
[19]. A photon of light with energy (hv) is used to promote the molecules/ atoms. The initial
intensity (I,) of the light that is passed through the sample (shown in Figure 4.7) 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 transmittance (T) as the ratio
1/1, and often conveyed as a percentage (%T). The transmitted light is related to absorbance
(A) by the following equation:

A = —log (%—T) (4.2)

100
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Figure 4.7. Schematic diagram showing electromagnetic radiation being transmitted through

the transparent material.

A typical UV-Vis spectrophotometer has two light sources to cover the ultraviolet (190-400
nm) and visible (300-2500 nm) spectral regions, with deuterium (D2) and tungsten (W) lamps

respectively.

Light source UV

Diffraction I W
grating I 4/,' Mirror 1
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Figure 4.8. Schematic diagram showing components of the dual-beam of the UV-Vis

spectroscopy system.

Figure. 4.8 shows components of a dual-beam UV-Vis spectroscope. A 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 splits every single wavelength
(monochromatic) beam into two equal intensities (beams). One of these beams will be passed
through the reference cuvette containing a transparent solvent. The other beam will go through
the sample cuvette, which contains the sample to be studied. The sample is dissolved in a
transparent solvent identical to that in the reference cuvette. Electronic detectors labelled 1 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 defined by I,,
and is expected to have little or no light absorbed as it passed through the solvent [20]. Some
of the sample beam intensity is expected to be absorbed, with the measured intensity defined
as I. The spectrometer normally scans through both the ultraviolet (UV) and the visible (Vis)

portions of the spectrum very quickly.
4.5 Photoluminescence (PL)

PL is a non-destructive 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 photo-excitation, and the energy imparted onto the material
can be given out through the emission of light (luminescence) again. In such a case where a

photo-excited specimen emits light, it is referred to as photoluminescence.

The photo-excitation process is responsible for promoting electrons within the material to a
higher energy state (So to S2) as shown in Figure 4.9. However, after some time (as will 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 vibrations, in a non-radiative process. On its way to
the equilibrium state, the electrons pass through other energy states in between in this process.
The energy of the emitted light relates to the energy difference between So (equilibrium states)
and Sz (excited states). Consequently, the input of the radiative process is related to the intensity
of the emitted light [21].
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Figure 4.9. The principle of PL spectroscopy [22].

Some of the emitted photons have lower energy than the absorbed energy. There are two
common types of phenomenons that cause this: fluorescence and phosphorescence.
Fluorescence have a short life time of 108-10"* s. In phosphorescence, the energetic electrons
undergo intersystem crossing into a state with different spin multiplicity. This phenomenon
undergoes a radiational transition with a lifetime from 10#-102 s, which is much longer than

fluorescence.
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Figure 4.10. Sketch showing a setup of the 325 nm HeCd laser PL system.

In Figure 4.10, a HeCd laser (orange) passes through a filter that permits only 325 nm
wavelength to pass, making sure it’s of a single wavelength. The 325 nm laser is reflected off
a mirror that transmits 10% of the incoming laser, reflecting 90%. On its way to the sample,

the laser light goes through a chopper that varies 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 light (yellow) are emitted in various
direction. The emitted light is focused with a UV-transparent lens to the EC7 filter. This filter
is located in front of the spectrometer entrance and blocks the 325 nm wavelength, allowing
higher wavelengths in. When light enters the spectrometer (Figure 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 focusing mirror, to the
detector. Each wavelength leaves the grating at a 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 wavelength. Once the individual wavelengths reach the
photomultiplier tube (PMT), it produces an electron that is accelerated and the number of
electrons multiplied. This detector produces large signals, large active areas, and fast rise times
but the problem is that it requires high voltages and gains instability due to a temperature which

causes background radiation.
4.6 X-ray photoelectron spectroscopy (XPS)

XPS is a surface characterization technique developed by Seigbahn in 1960. The technique is
used to study surface elements present in the material, together with the nature of chemical
bonds that hold these elements together. XPS can successfully detect any element in the
periodic table excluding hydrogen and helium [23]. This technique has three basics
components that are used to carry out a photoemission experiment (shown in Figure 4.12): (i)
an X-ray source with fixed radiation energy, (ii) an electron analyser, this should be able to

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

The analyser sorts out the emitted photoelectrons according to their specific kinetic energies.
There are many different designs of an electron energy analyser but the preferred option for
photoemission experiments is a concentric hemispherical analyser (CHA) which uses an
electric field between two hemispherical surfaces to disperse the electrons according to their
kinetic energy [24]. (iii) A high vacuum chamber is used to avoid collision of the
photoelectrons with gas molecules in the atmosphere. To generate X-rays with fixed radiation
energy, a source that gives rise to Mg K, (hv = 1253.6eV ) and Al K, (hv = 1486.6 eV)
radiations are often used. In Figure 4.13, the sample is bombarded with Al X-rays. The X-rays
interact with core shell electrons of different atoms in the sample. Once these electrons around
the nucleus have enough energy they escape as photoelectrons with a well-defined kinetic, Ej,

given by:
Ek = hv — Eb - (45)

where hv is the X-ray photon energy, E}, is the electron binding energy, and @ the work
function that is the energy needed for the electron to free itself from the surface. It depends on
the spectrometer and the substrate [25]. Photoelectrons coming from dissimilar types of orbitals
and atoms or even similar ones in different binding states have binding energies that differ.

Equation 4.5 relates the kinetic energy of these photoelectrons with their binding energy.
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Figure 4.13. Schematic depicting ionization of electron as it pertains to XPS [26].

A typical XPS spectrum is a plot of the number 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 values that directly identify each
element that exists in or on the surface of the material being analysed. These characteristic
spectral peaks correspond to the electron orbital configuration of the electrons within the atoms,
e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons in each of the characteristic peaks is
directly related to the amount of element within the XPS sampling volume.

4.7 Fourier transform infrared spectroscopy (FTIR)

A Fourier-transform infrared (FTIR) spectroscopy uses the interference 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, and
frequency, that are interconvertible by the mathematical method of Fourier-transformation
[27]. The spectrometer was designed to overcome limitations of dispersive instruments, which
mainly have a 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 an interferometer was developed. The interferometer has a unique

type of a signal it produces which contains all the infrared frequencies “encoded” into it.
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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 reduced to a few seconds instead of several minutes [28]. In most
interferometers, a beam splitter is 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 (typically of few millimetres) 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 of the mirror, the signal which reaches the interferometer is a result of the two beams
‘interfering’ with each other. This results in a signal known as an interferogram. This is a signal
that has information about every infrared frequency which comes from the source. This means
that by measuring the interferogram one measures all the frequencies simultaneously. Fast
measurements are thus ultimately obtained with the use of interferometer. However, it is still
impossible to interpret the measured interferometer signal as an analyst would still need a
frequency spectrum (a plot of the intensity at each individual frequency) in order to make an
identification. Decoding the individual frequencies is accomplished with a well-known
mathematical technique called the Fourier transformation. This transformation is performed by

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

The normal instrumental process in Figure. 4.14 is a five-step process: (1) the source; with a

glowing black-body source that emits infrared radiation. The beam goes through an aperture
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which controls the amount of energy presented to the sample (and, ultimately, to the detector).
(2) The interferometer; ‘spectral encoding’ takes place here as the beam enters the
interferometer, bring about an interferogram signal. (3) The sample; depending on the analysis
type required, the signal entering the sample compartment is transmitted through or reflected
off the surface of the sample. In this compartment, specific frequencies of energy, which are
uniquely characteristic of the sample, are absorbed. (4) The detector; the 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 takes place. 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 100 cm™ through a sample,
with some radiation absorbed and some passed through. The 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 4000 cm™ to 400cm™, representing a molecular
fingerprint of the sample. Each 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 (ToF-SIMS)

ToF-SIMS is an analytical technique that uses a focused, pulsed particle beam to provide
detailed elemental and molecular information about the surface of a sample. ToF mass
spectrometry is based on the fact that ions with the same energy but different masses travel
with different velocities. SIMS is a very sensitive surface technique because the emitted
particles originate from the uppermost one or two atomic layers of a sample. The subsequent
time-of-flight mass analysis of the emitted ions provides detailed information on the elemental

and molecular composition of the surface.
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Figure 4.15. Schematic representation of ToF-SIMS instrument [30].

ToF-SIMS instruments typically include these components (Figure 4.15): an ultrahigh vacuum
system, which is needed to increase the mean free path of ions liberated in the flight path; a
particle gun, that typically uses a Bi* source; 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 surface is bombarded by primary ions of some keV energy.
The primary ion energy is then transferred to target atoms via atomic 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 molecules is soft enough to allow even large and non-volatile
molecules with masses up to 10,000 u to escape without or with little fragmentation [29]. The
emitted particles consist of mostly neutrally charged particles, with a small proportion of
negatively or positively charged ions. The charged ions are accelerated by an electrostatic field
to similar energy. These accelerated ions then reflect off a reflection stage with a single electric
field region that reflects the ions to the detector (Figure. 4.16). lons with lighter mass travel
with a higher velocity and reach the detector before heavier ions do. Measuring 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) and rastered to 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 secondary ion species [31].

Data obtained from ToF-SIMS 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 imaged area); 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 NPs prepared with water as solvent.

- J

5.1 Introduction

Cadmium sulfide (CdS) is a water-insoluble group II-VI semiconductor, which can be
dissolved with dilute mineral acids, like sulfuric acid, hydrochloric acid, and nitric acid. It is
known to crystallize in three crystal phases: wurtzite, zinc blende, and high-pressure rock salt.
The wurtzite phase has the highest stability amongst the three structures. This phase has been
observed and reported in both bulk and nanocrystalline CdS, whilst its cubic and rock-salt
counterparts were only observed in nanocrystalline CdS [1][2]. During size reduction of bulk
CdS particles to the nanoscale, there are deviations from its usual chemical, structural and
physical properties. The quantum confinement effect also affects other properties of CdS NPs
such as the melting point, electronic absorption spectra, crystal structure, and band gap energy
to name a few [3][4]. The large CdS band gap energy of 2.42 eV (bulk) at room temperature
allows for applications in optoelectronics, photonics, photovoltaics, and photocatalysis. The
nanocrystalline structure of nanomaterials plays a critical role in determining their electronic
properties. It has been reported that the reaction conditions during the preparation of this
material can be influential in the resultant crystal structure upon size reduction, [5][6]. In this
work CdS NPs have been synthesized using a chemical precipitation method. Crystal size
growth is controlled by varying the number of TG molecules (i.e concentration) during the

nucleation process.
5.2 Experimental
Sample preparation

CdS NPs were synthesized with a wet chemical synthesis technique of chemical precipitation
using TG (CsHgO-S) as a capping agent to control the particle size. All the reactions were
carried out at room temperature and standard atmospheric pressure. Cadmium chloride (CdCly)
and sodium sulfide (NazS) were used as starting materials, acting as a source of Cd?* and S*

ions respectively. Double distilled water was added as a solvent with varying TG
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concentrations to control the growth. Initially, 0.1 mole (M) CdCl; and 0.1 M NaS were added
in 50 mL of double distilled water separately with vigorous magnetic stirring [7]. The required
amount (discussed below) of TG was added to the NaxS solution while stirring. The samples
were stirred until the powder completely dissolved into the solvent. The Na,S-TG solution was
then added dropwise to the CdClI2 while constantly stirring using a magnetic stirrer. As particle
growth started with the formation of precipitates, the colour of the solution changed from
colourless to orange for the 0.0 mL TG (S0) sample, yellow for the 0.1 mL TG (S1) sample,
lemon-yellow for the 0.2 mL TG (S2) sample, lemon for the 0.3 mL TG (S3) sample, and
whitish-lemon for the 0.8 mL TG (S5) sample. The five CdS precipitates with varying TG
concentrations were washed with ethanol several times to remove impurities and unreacted
reactants. The precipitate was then collected by centrifugation for 5 minutes at 5000 rpm and
then dried in an air oven for 10 hrs at 50 °C. After 10 hrs in the oven, the quantity of the powder
decreased significantly suggesting the removal of impurities and large quantities of water
through evaporation. The S3 sample was further annealed to observe and study the effects of
change in temperature on crystallinity. Annealing was carried in an argon-rich atmosphere for
2 hrs at 200°C (A200), 350°C (A350), 500°C (A500) and 700 °C (A700) respectively.

Characterization

Structural properties of the CdS NPs were recorded and analysed using a Bruker D8 Advanced
X-ray diffractometer (XRD) over the range of 20° < 206 < 60° equipped with monochromatic
CuKa radiation of 1 = 1.54056 A. To study the morphology, a Jeol JSM-7800F field emission
scanning electron microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80 energy
dispersive X-ray spectroscopy (EDS) were employed. While the photoluminescence (PL)
spectra were measured using a PL laser system equipped with a 325 nm HeCd gas laser to
excite the material at room temperature, with a spectrometer, a photomultiplier tube (PMT)
detector, and a lock-in amplifier. For UV-Vis absorption, the dried powders were dispersed in
dimethyl sulphoxide before collection of data with Lambda 950 UV-Vis spectrometer in the
wavelength range of 250-700 nm. The molecular structure of the samples were analysed with
a Nicolet 6700 Fourier transform infrared (FTIR) spectroscopy. The chemical states were

studied with a PHY 5400 X-ray photoelectron spectroscopy (XPS).
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5.3 Results and Discussions

Figure 5.1. CdS NPs with different capping agent concentrations resulting in varying
colours: SO (no TG), S1 (0.1 mL), S2 (0.2 mL), S3 (0.3 mL) and S5 (0.8 mL). A colour

wheel is added as a guide to the eye.

The NPs synthesized via the precipitation method [1] displayed an observable colour change,
which was indicative of the formation of CdS NPs. The colour of the precipitate varied with
the concentration of the capping agent (TG) which was used to control the NP size. The sample
labelled SO has no capping agent added and it displayed an orange colour (SO) as shown in
Figure 5.1. The addition of 0.1 mL of TG in the experiment caused colour change from
transparent to yellow (S1). Since these NPs absorb and emit photons at different wavelengths
depending on their size, it was observed that the colour of the prepared CdS samples changed
as more TG was introduced into the solution. The smallest NPs that was formed (and will be
discussed later) was for sample S5 with a TG concentration of 0.8 mL and the resultant powder
displayed a whitish-lemon colour. This served as a preliminary, visual confirmation of the shift
in absorption edge as a result of the quantum confinement/size effect caused by reducing
particle size [8].
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Structure and morphology analysis
5.3.1 XRD

5.3.1.1 Crystal phases
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Figure 5.2. (a) The XRD patterns of the as-prepared CdS NPs with different sizes: SO, S1, S2,

S3, and S5. (b) And the resolution of the 28° peak.

XRD is an effective technique for determining the crystallinity and the crystalline size of
materials. In this section the as-prepared CdS NPs: SO, S1, S2, S3, and S5 were further
investigated with XRD. S3 was also annealed to investigate the effects that annealing
temperatures may have on the crystalline structure of the sample. Figure 5.2 (a) shows the X-
ray diffraction pattern of the as-prepared CdS NPs. The observed scattering angle (260) values
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] respectively.
Bandaranayake et al [5] reported that this is indicative of a cubic zinc blend CdS rather than of
amorphous CdS NPs, which only have a single very broad neighbour peak near the (111) line.
However, after resolving the broad peaks into their constituent components, overlapping peaks
showed shoulders around 28° (i.e Figure 5.2 (b)) and 47° corresponding to the hexagonal
wurtzite phase (101) and (103) planes respectively. Thus the as-prepared CdS samples exhibit
a mixed-phase of both zinc blende cubic and wurtzite hexagonal phase [10].

When compared to the standard [ICSD#: 031074] [11][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 between 20° and 30°. However, the assignment of CdS phases has proven 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% [13]. Thus, the existence of the cubical zinc
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 size and surface stress

The structural stability of CdS can also be qualitatively deduced from the XRD patterns. It is
observed that the peak centered around 27° broadens when adding more of the TG capping
agent, i.e. from sample SO to sample S5. This increase in the peak’s full-width half maximum
(FWHM) is a result of a decrease in particle size (which will be shown later) since the TG
concentration increases and it is known that increasing NP surfactant concentration decreases
particle size. As such, Debye Scherer-broadening is observed for this peak. In single-crystallite
samples, crystal size relates to the particle size whereas, in polycrystalline samples, particles
are larger than their crystalline constituents [14]. In single crystal samples, the crystallite size

is calculated using the Debye Scherer formula,
D = 0.91/Bcos0O (5.1)

D is the crystallite size, A is the X-rays’ wavelength of the CuK, line (1.54 A°®), 0 is the
diffraction angle, and g is the full-width at half-maximum (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 discussed earlier.
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From Figure 5.2 it is observed that the particle size decreases with increasing TG concentration.
This is apparent in the increasing broadness of the peak centred between 25° and 30° from SO
to S5 confirming that the crystallites are indeed nano-sized. 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 confinement effect [16]. Surface stress is directly related to the

surface energy [17] which is known to increase with decreasing particle size.

5.3.1.3 Influence of annealing temperature on the crystal phase.
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Figure 5.3. XRD patterns of the S3 sample after annealing at a different temperature: A200,
A350, A500, and A700.

Annealing temperature effects on the S3 structure are shown in the XRD pattern of Figure 5.3.
The effects discussed here for sample S3 are expected to be the same for all the other CdS

samples. It was observed that as the annealing temperature increases, a shift in the peak position
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to lower diffraction angles occurred, which indicates a reversal of the quantum confinement
effect.

The main broad peak centred on 26° splits into three peaks at 500 °C attesting to improved
crystallinity. The reduced peak FWHM indicates an increase in particle size. Since an increase
in particle size is known to reduce the surface energy [18] this will have the effect of countering
the above mentioned-shift to lower angles in this case. Annealing at 350 °C and temperatures
below this show a cubical zinc blende phase compared to the as-prepared S3 NPs. This is met
by a phase transformation at temperatures above 350 °C to the preferable wurtzite hexagonal
phase [19]. Thus the particle size of CdS NPs can be controlled with either a capping agent,
the annealing temperature, or the combination of both. With the latter two having the advantage
of enhanced crystallinity of the particles. Reducing the NP size with TG leads to enhanced
surface energy as a consequence of quantum confinement effect. However, this decrease can
be countered by annealing at temperatures above 350 °C, countering the quantum confinement

effect and enhancing the crystallinity of material through sintering.
5.3.2 SEM

The scanning electron microscope images in Figure 5.4 show micrographs of CdS NPs of
different sizes taken with similar magnifications (10 000). The images show highly
agglomerated NPs. This is similar to what is observed in the literature for as-prepared CdS NPs
[20][21]. Particle agglomeration is influenced by a number of factors, including properties of
the medium that the particles are suspended in [22]. Large concentrations of the capping agent
slow down the reaction and precipitation process by making a compact shell/layer over the
surface of the as-grown sample, which results in the formation of smaller NPs on increasing
the capping agent concentration [1]. The high surface area to volume ratio resulting from the
small NPs provides very high surface energy. To reduce and minimize the surface energy, the
NPs agglomerate. Uncontrolled agglomeration of NPs may occur due to Van der Waals weak
forces between particles [18]. By annealing the NPs at relatively high temperatures, the TG
molecules start desorbing from the CdS surface. This is also shown in FTIR spectra (Figure
5.15) by the decrease in the intensity of the organic molecules at temperatures approaching
350 °C and their complete disappearance above this temperature. The removal of these
molecules leaves dangling bonds on the NP surface which are highly reactive and lead to
particle growth through sintering. Sintering [23][24][25][26] is understood in terms of the

Gibbs Thompson relation.
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Due to the large chemical 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 images of Figure 5.5 which show the growth in particles
from much agglomerated small particles (on the nanoscale) in Figure 5.5(a) to very large
particles in Figure 5.5(d) with apparently smooth surfaces. Thus, there is a relatively large
change in the particle’s morphologies as the annealing temperature increases (Figures 5.5(b) to

(c)) and it is in this regime where phase transformation takes place.
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Figure 5.4. SEM images of as-prepared CdS NPs varying according TG concentration (a) SO,

(b) S1, (c) S2, (d) S3, and (€) S5.
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Figure 5.5. SEM images of annealed CdS samples at (a) A200, (b) A350, (c) A500 and (d)
AT700.

5.3.3 EDS

Energy dispersive X-ray spectroscopy was employed to investigate the elemental composition
(%) of all elements contained in the as-prepared CdS samples and the effect of varying the
annealing temperatures was studied. Figure 5.6 shows the elemental composition of the as-
prepared samples, and the annealing effect is shown in Figure 5.7. Present constituents consist
of Cd, S, O, C, and Cl in all samples. The ClI is from the unreacted CdCl. starting material,
while O and C are from both TG (C3HgO2S) and the atmosphere. On the other hand, the
presence of S originates from both the sulfur source (Na2S) and the capping agent (CsHsO>S),
these are differentiated later in the XPS results. The elemental composition (%) ratio of sulfur
to cadmium (S/Cd) showed an increasing trend of 0.24, 0.24, 0.27, 0.28, and 0.31 for SO, S1,
S2, S3, and S5 respectively 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. EDS spectra of the as-prepared CdS NPs of varying size with TG concentration (a)
S0, (b) S1, (c) S2, (d) S3, and (e) S5. The S, C, and O peaks all increase with increasing TG
concentration.

Annealing of the S3 sample resulted in a decrease in this elemental composition (%) of S as
follows: 0.28, 0.26, and 0.25 for S3, A200, and A700 respectively. The EDS results showed an
increase in S concentration with increasing TG concentration while annealing temperature
decrease S content. This is so since, some of the surface capping TG molecules are easily
removed with increasing temperature.
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Figure 5.7. EDS spectra of the annealed CdS samples at (a) A200, (b) A350 (c) A500 and (d)
AT700.

534 TEM

The agglomerates sizes are reduced as the capping agent concentration increases (Figures
5.8(a) to 5.8(e)) resulting in an improved NP size distribution. Figure 5.9 shows the particle
distribution function of the NPs with average particle sizes of S0, S1, S2, S3, and S5 listed in
table 5.1.

Figure 5.10 shows TEM images of the S3 sample annealed at different temperatures. At low
temperatures, the NPs are still agglomerated with boundaries that are not well defined. An
increase in particle size is observed for the sample annealed at temperatures higher than 350°C

compared to when annealed at lower temperatures (Figure 5.10(c)).

At the transformation phase, the particles sinter into spherically shaped particles with well-
defined boundaries. Increasing the annealing temperature not only changes the morphology but
also the size distribution of the NPs. Figure 5.11 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 CdS NPs with varying TG concentrations: (a) 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
samples varying in TG concentration; (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

The average particle size for samples; A350, A500, and A700 are shown in table 5.1. The 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 below become even finer with annealing. There
is a relatively large increase in the particle size after the transformation phase (A350) which

results from the decrease in the FWHM with increased crystallinity (Figure 5.3).
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Figure 5.10. TEM images of S3 NPs after annealed at different temperatures (a) A200, (b)

A350, (c) A500 and (d) A700.
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Table 5.1. Structural and crystallite summaries of the five prepared samples with different TG
concentrations (S1-S5) and no TG (S0).

Sample | Observed | Crystallite size | Particle size Annealed Particle
phase (nm) (nm) samples size (nm)
S0 Mixed — 148+ 64 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 7.0+ 2.0

Optical analysis
5.3.5 UV-Vis

Figure 5.12 shows the UV-Vis spectra of CdS NPs obtained by absorption of electromagnetic
radiation. The room temperature spectra were obtained by dispersing the NPs in dimethyl
sulphoxide (DMSQ) and measuring between 300 and 600 nm. The spectra have a distinct
absorption edge. The absorption edge of SO (without TG) is at about 480 nm (Figure 5.12).
This is at lower wavelengths when compared to the reported value for bulk CdS (515 nm) [12].
The addition of 0.1 mL of TG (S1) shifts the absorption edge of the CdS NPs to 418 nm. S5
(0.8 mL TG) showed the biggest shift from bulk CdS absorption edge to 380 nm. This trend of
a shift in absorption edge with an increasing capping agent concentration is persistent
throughout and is known as the blue shift [28]. Blue shift is a contribution of the quantum
confinement effect where a decrease in particle size, leads to an increase in the particle’s

observed band-gap energy.
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Figure 5.12. UV-Vis absorption spectra of CdS NPs; (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

A distinct peak with a sharp edge on a UV-Vis absorption spectra is usually associated with a
small size distribution [29]. This is observed in the obtained spectra, the absorption edge

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

83



5.3.6 PL

Figure 5.13 shows the photoluminescence spectra of as-prepared CdS NPs with increasing TG
concentration. The spectra depicts defects present in the NPs and how they’re affected by the
capping agent. The EDS results in section 5.3.3 showed that the increasing 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 annealing temperature. The enhancement
in defect concentration due to the presence of interstitial sulfur has been reported previously
by Singh et al. [14] and Pedrotti et 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 CdS NPs with different TG concentrations; (a) S1, (b) S2, (c) S3,

and (d) S5.

Luminescence between 3.1-1.91 eV emission wavelengths is known as the green emission
(GE) band in CdS NPs [11]. 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 acceptor level [31]; (2)
recombination of electrons from the donor level with holes trapped on an acceptor level. The
yellow emission (YE) is due to the recombination via surface localized states, the radiative
transition from donor levels. These include Cd atoms located at interstitial sites (Icq) to the
valence band [32][33], or a donor to acceptor level transition from interstitial Cd-Cd vacancy
complex (lca-Ved) [34]. In CdS NPs, Cd vacancies and interstitial atoms act as electron
acceptors while S vacancies as well as interstitial atoms of cadmium act as donors [14]. After
the annealing experiment, where sample S3 was annealed at various temperatures in an argon

rich environment as discussed 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 of 350 °C (where phase
transformation occurred), the GE intensity decreased with increasing temperature. This attests
to (as mentioned before) the S defect concentration decrease. This is accompanied by a shift of

the peak to higher energies, caused by the decrease in particle size (i.e. the quantum
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confinement effect). However, above the phase transformation temperature, the second peak
of very high intensity is observed between 2.07-1.55 eV. The red emission (RE) is assigned to
sulfur vacancies [35]. The emission mechanism for this band is either by trapping of hole
carriers or recombination with trapped holes [36]. The increase in the ratio of Cd to S leads to
an apparent excess in Cd atoms due to the absence of S atoms in the form of S vacancies leads
to an intrinsic n-type conductivity [37]. The defect concentration of this peak increases with

increasing annealing temperature, with the peak moving to lower energies.

Samples A200 and A350 (Figure 5.14) have a yellow-orange emission (YOE) peak caused by
structural impurities that are persistent at low temperatures. Above the phase transformation
temperature, this peak disappears leaving the intransigent 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 consistent with the EDS results reported earlier.

Table 5.2.CdS 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 2.37 212 1.84 -

S5 242 2.14 1.81 -
A200 2.92 2.00 1.79 1.57
A350 2.95 2.13 1.96 1.73
A500 243 - 1.69 1.49
A700 243 - 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 transformation phase, there is a blue emission (~2.76 eV) peak,

which is red-shifted to 2.43 eV (GE) above this temperature. However, the occurrence of the
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GE peak above the transformation phase confirms the anti-blue shift that goes with the

structural change of the as-prepared CdS NPs [38].

The temperature effects on PL emissions are summarized in table 5.2, the decreasing particle
size results in a blue shift in the GE peaks and 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 emission colour of CdS NP may be tuned by changing the NP size (either
via the capping agent concentration or by giving the material a heat treatment) and thus
changing the phase - structure of the NPs.

Surface analysis

5.3.7FTIR
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Figure 5.15. FTIR spectra of CdS NPs (a) with different capping agent concentrations; S1, S2,
S3, and S5, (b) the effect of annealing temperature on S3; A200, A350, A500, and A700.

Dry CdS NP powder was mixed with KBr to improve transparency and characterized with

FTIR. This technique 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 the system. FTIR spectra of
Figure 5.15 shows both the (a) as-prepared and (b) the annealed CdS samples. At high
wavenumbers (between 3800 cm™ and 3000 cm™) an O-H stretching mode of water is observed
at 3434 cm™ [39]. The presence of lattice water is observed by the peak at 1629 cm™. The
difference between these water may be explained in terms of orientation. The lower
wavenumber water is related to the vibration of bonds preferentially elongated along the c-axis
whereas the higher wavenumber water relates to the vibration of the bonds elongated along the
a-axis [40]. Hydrogen-bonded stretching bands are observed at 2500 - 3200 cm™. These
stretching modes are observed due to the presence of the intramolecular hydrogen bonds in the

capping agent (TG) and at 3200 - 3600 cm™ due to intermolecular hydrogen bonds [14][41].

The peak at 2962 cm is a stretching vibration of CH2. The S-H stretching mode should be
observed at 2552 cm™ for unreacted, pure TG.[42]. Therefore, the absence of this peak
indicates that TG has successfully reacted and has bonded to the CdS NP through the sulfur
head-group onto a surface Cd atom. Asymmetric stretching of COz is also observed at 2361
and 2342 cm™ respectively. The C-O stretching at 1067 cm™ is evidence of the presence of the
TG in the system as these elements are present in this organic molecule and the C—C stretching
mode at 883 cm™ further confirms this. Successful removal of the lattice water is achieved
above the temperature of 350 °C. This is evident in Figure 5.15 (b), sample A500. In this
spectrum, the O-H vibrational peak centred around 3434 cm™ is no longer present, indicating
that most (if not all) of the water molecules trapped inside the CdS NP crystals structure has
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

NPs is 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 spectra are presented in Figure 5.16 for CdS NPs with different particle sizes.

The spectra indicate the presence of cadmium, sulfur, oxygen, carbon, and chlorine.

The composition is similar to that obtained by EDS. Another important observation on the
spectra is the apparent reduction in the background intensity as a function of particle size. This

IS even more apparent at the higher binding energy. This is yet another confirmation of the
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change in the size of the particles [29]. The surface contains C (285.75 eV) peak and O (533.25
eV) peaks. Figure 5.17 shows S (2p) spectra of the CdS NP 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 CdS NPs showing a decrease in the background intensity with
decreasing particle size (from SO to S5).

The spectra exhibit spin-orbit splitting of the 2p12 — 2ps/2 doublet with a fixed peak area ratio
of 1:2. The energy separation between the doublet is in agreement with what is found in the
existing literature and is 1.2 eV [43]. The fitted doublet (Figure 5.17) shows weak S? and RS-
H components with binding energies of 161.87 eV and 164. 22 eV respectively. The observed
S% peak shows the successful formation of CdS and the RS-H peak further confirms the bond
formed by TG on the CdS surface and goes on to show that the sulfur observed is distinctly
from these two sources. The different species within these NPs in 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 size [29]. A shift in this peak position is observed in S5 with S* and RS-
H located at 162.22 and 164.14 eV respectively. This observation is an indication of the
quantum confinement effect as well as lattice strain influence the valence and the core electrons
differently. This shift in binding energy of valence band with respect to Fermi level and

narrowing of valence band spectra has been reported a number of times in recent years [44].
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Figure 5.17. X-ray photoemission spectra of S 2p core levels in CdS of various TG
concentrations. (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

5.5 Conclusion

In this chapter CdS NPs have been successfully prepared using water as a solvent in a chemical
precipitation method. Water solvent allowed fast dissolution of the starting material, which
brought about a colour change during the particle growth process indicating a variation in size.
The structure of the NPs was mainly dependent on size. Increasing the TG concentration
reduced the particle size, while also increasing the density of the sulfur defects. This increase

in the concentration of sulfur interstitials was responsible for the increase in the peak sum

e
90



luminescence intensity of the CdS NPs, while annealing of these NPs introduced sulfur
vacancies as the TG capping agent which is responsible for the increase in sulfur content, broke
away from the NPs surface. Particle growth due to dangling bonds drove the sintering process
to reduce surface area as one of its effects of annealing, together with phase transformation at
temperatures above 350°C. Particles that resulted from sintering showed well-defined
boundaries. The work showed that one can successfully tune the luminescence properties of
CdS NPs by varying particle size to obtain the desired emission colour. Annealing of these NPs

introduced infrared emissions with very high intensities.
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CHAPTER 6

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

6.1 Introduction

In this chapter, we report on the synthesis of CdS NPs with the chemical precipitation method
using ethanol as a solvent. The change in solvent is to study the effect of solvent in crystal
structure, morphology, and luminescence of the CdS NPs. The starting materials in synthesis
(CdClz, NazS, and TG) proved difficult to dissolve in ethanol compared to water (as discussed
in chapter 5). During the preparation of the NPs, electrons are confined in three dimensions.
The reduction of particle size to less than 10 nanometres are referred to as quantum dots (QD)
since this is (usually) the size range where quantum confinement effects become prominent
[1]. The ability to vary the particle size in NPs allows for tuning of their fundamental electronic
and optical properties which are different relative to the bulk [2] [3]. Related work has shown
that the optical properties of CdS depend on their preparation methods and conditions [4].
Electrical transport properties are also a function of the NP size as it requires a large variation
in energy to remove or add charge in nanocrystals. Another influential characteristic is the

influence of the surface characteristics on the optical properties of the quantum dot.
6.2 Experimental

CdS NPs of different sizes were synthesized using the chemical precipitation method and TG
(C3HsO2S) was used as the capping agent to control the particle size. All the reactions were
carried out at room temperature and pressure. Cadmium chloride (CdCl2) and sodium sulfide
(Na2S) were used as sources of Cd and S ions respectively. Ethanol was used as the solvent
with varying TG concentrations to control the growth of NPs. Initially, 0.1 M of CdCl, and
Na>S were added in different pyrex glass beakers and mixed with 50 mL of ethanol separately
[5]. The solutions were stirred vigorously with magnetic stirrers at room temperature. Different
concentrations of TG (0.0, 0.1, 0.2, 0.3, 0.8 mL) were added to the Na>S solution while stirring.
The solutions were stirred for an hour to completely dissolve the starting material. The NaS-
TG solution was then added dropwise to the CdCl, while constantly stirring using a magnetic
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stirrer. Particle growth started with the formation of precipitation, the colour of the solution
changed from colourless to 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 several 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 hrs at 50 °C.
Characterization

Structural properties of the CdS NPs were recorded and analysed using a Bruker D8 Advanced
X-ray diffractometer (XRD) over the range of 20° < 26 < 60° equipped with monochromatic
CuKa radiation of 1 = 1.54056 A (40 kV, 40 mA). To study the morphology, a JEOL JSM-
7800F field emission scanning electron microscope (FE-SEM) fitted with Oxford Aztec 350
X-Max80 energy dispersive X-ray spectroscopy (EDS) were employed. While the
photoluminescence (PL) spectra were measured using a PL laser system equipped with a 325
nm HeCd gas laser to excite the material at room temperature, with a spectrometer, a
photomultiplier tube (PMT) detector, and a lock-in amplifier. For UV-Vis absorption, the dried
powders were dispersed in dimethyl sulphoxide before collection of data with Lambda 950

UV-Vis spectrometer in the wavelength range of 250-700 nm.
6.3 Results and discussion

6.3.1 XRD

6.3.1.1 Crystal Phases

Figure 6.1 shows the XRD diffraction patterns of the as-prepared CdS NPs with different TG
concentrations. The observed diffraction angles (26) values for SO indicate six prominent
peaks at 24.9°, 26.6°, 28.2°, 36.7°, 47.9°, and 51.9° assigned to the (100), (002), (101), (102),
(103), and (112) diffraction planes, respectively according to the database of Inorganic Crystal
Structure Data [ICSD#: 067789]. This indicates the existence of a single wurtzite hexagonal
phase. However, the presence of the seventh peak at 43.8° corresponding to the (110)
diffraction plane indicates the presence of the cubic zinc blende phase [ICSD#: 031074]. With
the introduction of TG, CdS XRD diffraction peaks found at 26 values of 27.4°, 43.8°, and
51.8° matched the diffraction pattern from (111), (220), and (311) planes respectively. This
corresponds to the cubical zinc blend crystal structure. However, the low intensity shoulder

observed at 47.9° of the (103) diffraction plane indicates the presence of the hexagonal phase.
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Figure 6.1. The XRD pattern of the as-prepared CdS QDs of different sizes for SO, S1, S2, S3,
and Sb5.

Consequently, the as-prepared 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 has resulted in a well-defined 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 phases. In Figure 6.1
there are intense diffraction peaks observed at 31.8°, 45.5°, and 56.6° which are due to the
presence of a Cd(OH). phase [6], 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 47°. At the moment it is not clear where these peaks 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. CdS NPs crystallite 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 concentration in Figure 6.1 provides
information about crystallite size. The Scherrer broadening observed indicates a decrease in
particle size from SO to S5 (Table 6.1). The decreasing particle size with increasing TG
concentration attests to the capping molecule’s ability to control the size of the NPs during
synthesis. The resultant particle size was calculated using (eq. 5.1) the (002) and (111) peaks
in hexagonal and cubic structure respectively. There is, however, a very small diffraction angle
difference between the two peaks [7]. The crystallite size of the NPs (in table 6.1) indicates
size induced hexagonal to cubic phase transformation that occurs in sizes between 6 nm and 3
nm. Banerjee et al. [8] reported that this transformation occurs at approximately 4 nm for CdS.

This is also in the size range in which quantum confinement is anticipated for CdS NPs [9].
6.3.2 UV-Vis

UV-Visible absorption spectroscopy is a good technique to monitor the optical properties of
the NPs. The UV-Vis spectra of CdS NPs is shown in Figure 6.2. The spectra demonstrate a
blue shift (in all five samples) with respect to bulk CdS. Bulk CdS has a well-known absorption
edge at 515 nm [10][11] while for the as-prepared NPs, the absorption edge shifted to higher
energies indicating widening in the band gap. The introduction of the capping agent clearly
improves the stoichiometry of the NPs as S1, S2, S3, and S5 have a distinctive absorption edge
peak relative to SO. The absorption edge shift is systematic with TG concentration (shown in
table 6.2). It is evident that the shift to shorter wavelengths is due to increased TG
concentration. The S5 sample shows the largest blue shift which is associated with the strong
quantum confinement effects. As the crystal size becomes very small compared to the Bohr
exciton radius, the energy levels within the electronic structure of the CdS become quantized

and result in the blue-shift of the band-gap.
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Figure 6.2. UV-Vis absorption spectra of CdS NPs. (a) SO, (b) S1, (c) S2, (d) S3, and (e) S5.

Table 6.2. Absorption edge of different CdS NPs differing according to the concentration of

TG.
Samples SO S1 S2 S3 S5
Absorption edge (nm) 478 410 408 407 400
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6.3.3 PL
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Figure 6.3. PL spectra of CdS NP with different TG concentrations: SO, S1, S2, S3, and S5.

The photoluminescence spectra of CdS NPs varying in size are depicted in Figure 6.3. The
luminescence spectra show a very broad peak between 3.1-1.38 eV. S0, S1, S2, S3, and S5 are
centred at 2.14, 1.99, 1.94, 2.07, and 1.97 eV respectively. There is an observed shoulder in the
infrared region of the spectra. A red-shift is observed with increasing TG concentrations.
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Deconvolution of the broad peak gave various emission bands; a YE, the RE, and the IRE are
all attributed to defects. The YE is attributed to recombination via surface localized states, the
radiative transition from donor levels. These include Cd atoms located at interstitial sites (lcqd)
to the valence band [12][13], or a donor to acceptor level transition from interstitial Cd-Cd
vacancy complex (Ica-Ved) [14]. Misawa et al. [15] described the origin of the RE by a site-
substitution model based on the creation of trap states by substituting the sulfur atoms
responsible for GE with different counter-ions. The model involves a Cd vacancy pairing with
a substitutional Cl on an adjacent S site producing a multifaceted centre Vcq.ci. The state of the
band is dependent on particle size. In the SO (no TG present) sample the red PL is at 1.77 eV,
as a consequence of a deeper trap which functions as an accepting vacancy PL centre [16].
Holes are trapped into this centre through a nonradiative process and combine with electrons
in the excited electronic level. With decreasing particle size in the S5 (TG present) sample, the
Vcd.cicomplex centre acts as a shallow trap located near the conduction band. Electrons from
this state combine with holes in the valence band to give low energy RE at 1.71 eV. The
unreacted Cd species observed in XRD results are consistent with the proposed model by
Misawa et al. A small infrared emission peak occurs at high wavelengths (1.55-1.49 eV)
causing a shoulder in the overall peak. Luminescence around this region has been reported by

Rao et al to occur as a consequence of shallow surface state [17].
6.3.4 SEM

SEM taken at similar magnifications were used to study the particle morphology of CdS NPs
synthesized in an ethanol solvent. Figure 6.4 shows dispersed NPs with size varied as a function
of TG concentration. The medium of suspension in CdS synthesis has been reported to play a
crucial role in reducing the agglomeration of prepared samples [18][18]. CdS NPs prepared
with ethanol as solvent showed improved dispersity compared to NPs prepared 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 of the as-prepared CdS NPs with 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 atoms (Figure 6.5). Present elements are cadmium (Cd), sodium (Na), chloride (ClI),
sulfur (S), carbon (C), and oxygen (O). The presence of Na and Cl indicates that the starting
material did not completely dissolve, this attests to the observed XRD results showing a sharp
Cd(OH)2 peak.
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B Map Sum Spectrum

Figure 6.5. EDS of as-prepared CdS NP varying according to capping agent concentration (a)
S0, (b) S1, (c) S2, S3, and S5.

The Cd and S peaks confirm the formation of CdS. The atomic ratio percentage for S to Cd in
the above samples were; 0.91, 0.88, 0.79, 0.97, and 0.85 for SO, S1, S2, S3, and S5 respectively.
From the EDS results, it is clear that the concentration of sulfur depends on the amount of NaxS
dissolved in the solvent. The dissolution concentrations of the starting material are also
important in the intensity of the red luminescence.

6.4 Conclusion

In this chapter CdS NPs have been successfully prepared with an ethanol solvent. The starting
material (powder), however, took an hour to dissolve (solution turn colourless) in the solvent.
XRD results showed some Cd(OH)2 peaks indicating incomplete dissolution. This led to the

creation of shallow traps in the PL spectrum. As a consequence, in this chapter the IRE was
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successfully observed without the need for annealing, as was observed in CdS NPs prepared
with the water solvent. Anticipated with the decreasing NP size there was a blue shift observed
in the absorption edge of the CdS, which manifests the quantum confinement effect. This work
also showed the role of the solvent in reducing surface energy that was brought about by the
decreasing NP size. Thus, it can be concluded that the ethanol solvent results in more dispersed

NPs relative to the water solvent.
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CHAPTER 7

Optical sensitivity of CdS-Au NCs prepared by physical techniques.

7.1 Introduction

The combined and often synergetic properties of nanocomposites have inspired research in the
fields of nanoscience and nanotechnology. The optical sensitivity of semiconductor material is
enhanced by combining them with metal components [1]. The new material performs much
better than the individual components. Light-induced charge separation at the
semiconductor/metal junction has been extensively studied in the field of photocatalysis. This
synergetic effect has also been used in the development of highly sensitive, selective, fast and
affordable materials for applications in the fields of photoelectrochemical (PEC) sensors [2],
photocatalysis [3][4], biosensors [5], solar cells [6] and nanotechnology. One of the significant
role players in the preparation of the nanocomposites is the light absorption ability of the
semiconductor component. A large number of semiconductor structures have been used in the
ultraviolet absorption region which makes up only 4% of the incoming solar light, limiting
their use in the light-induced growth of the metal component. The recent advancement in the
understanding of quantum confinement effects in semiconductor nanostructures has amended
the absorption properties of these materials. Tailoring of these structures using the confinement

effect allows the absorption in the visible region.

In this work, the deposition of gold (Au) component on the cadmium sulfide (CdS) surface
was done using two physical techniques. This has been done to better control the size and shape
of the metal components while observing the optical sensitivity of these structures to the
changes. A number of growth mechanisms have been developed to prepare these
nanocomposites, addressing the challenge of growing two different nanostructures into one
nanocomposite in a controlled 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 facets, the material
miscibility, and the surface accessibility/reactivity [7]. The famous facet selective growth
mechanism is known to grow the metal component on preferential nucleation and growth sites

exploiting the well-defined semiconductor crystal structure [8][9]. Furthermore, Au QD have
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been previously reported to be responsible for fluorescence quenching of dyes over a broad
range of wavelengths [10][11][12]. This is due to the creation of a Schottky contact allowing
the light-induced charge transfer of electrons from the semiconductor component. Thus, the
metal prevents electron-hole recombination at the CdS surface which is crucial in the
enhancement of the photocatalytic activity of semiconductors [13]. This also allows a relatively
large increase in photocurrent over the semiconductor NPs which is important in making

photosensitive detectors [14].
7.2 Experimental
7.2.1 Preparation of CdS pellet

The CdS NPs prepared in chapter 6 were used to make a CdS pellet. The pellet was prepared
using a 30-ton hydraulic press L-30 (Ser. No. 0365R). 200 g of the dried CdS powder was
transferred into a bore and leveled with a smooth cover to prepare a smooth pellet. A pressure
of 9 ton was then gradually applied with the hydraulic press for a period of 5 mins. Upon
reaching the 9 tons, the hydraulic was allowed to press the powder for an additional 10 mins to

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

Deposition of Au nanoclusters on the CdS surface was done by PLD. A laser beam with a
power of 31.7 m] was located outside the vacuum chamber (pumped to a vacuum pressure of
about 4.5 x 10~ mbar) and focused through a quartz glass onto the surface of the Au target
at an angle of 45°. The laser beam was focused on the Au target for a period of 90 seconds
inside the high vacuum. The laser-to-target incident angle was chosen as such to avoid further
interaction of the laser with the generated, outgoing plume. The distance between the Au
sample stage and the CdS target was kept at 4.5 cm with the rotating CdS stage kept at room
temperature. The pellet was rotated with depositing Au to ensure a uniform distribution of the
Au nanoclusters throughout the CdS sample. After this deposition, the CdS pellet was crushed
into powder and thoroughly mixed (with a mortar and pestle). Thereafter the powder sample
with Au nanoclusters uniformly mixed throughout, was again pressed into a pellet (as before)
and more Au nanoclusters were again deposited via 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 CdS NPs but also to ensure their uniformity throughout the
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powder sample. After every deposition process, the pellet was thoroughly crushed to make

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

In this approach, Au nanoclusters were deposited by SPC. This technique is often used in SEM
sample coating to avoid sample charging. After evacuating the sputter coater vacuum chamber
to a base pressure of 6 x 10~2 mbar, inert argon gas was introduced into the chamber. A high
voltage (1.3 kV) applied to an Au target, ionized nearby argon molecules. Once ionized, the
Ar* ions accelerated toward the Au target and sputtered Au atoms. Ejected Au atoms (by the
ionized argon gas) were then deposited on the CdS surface placed in the path of the resulting
plume in a process that lasted for 90 seconds. To ensure uniformity, a tray with the powder was
taken out after the 90 seconds and the powder thoroughly mixed. The process was (like before)

repeated 3 times.
Characterization techniques

Identification of atomic or molecular ionic species and the distribution of the Au nanoclusters
on the CdS NPs surface were studied using ToF-SIMS in negative ion polarity (-SIMS) in both
the spectroscopic and imaging mode. ToF-SIMS images were taken of an area of 100 x 100
pum? with an average of 50 scans taken at a rate of 26.21 sec/scan. The structural, absorption,
and luminescent properties of CdS-Au NCs were studied using the following characterization
techniques: X-ray diffraction (XRD), ultraviolet-visible (UV-Vis), photoluminescence (PL)
and Time of flight secondary ion mass spectroscopy (ToF-SIMS). The XRD data were
collected over the range of 20° < 26 < 60° with a Bruker D8 Advanced XRD equipped with
monochromatic CuK« radiation of 2 = 1.54056 A. For UV-Vis absorption, the dried powders
were dispersed in dimethyl sulphoxide (for a homogeneous solution) before collection of data
with Lambda 950 UV-Vis spectrometer in the range of 250-700 nm. PL data was collected

using a PL system equipped with a 325 nm HeCd laser at room temperature.
7.3 Results and discussion
7.3.1 ToF-SIMS

ToF-SIMS is used to detect the presence of the Au metal on the CdS NP surface and study the

stoichiometry. It employs a pulsed ion beam (Bi®**) to remove molecules from the sample
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surface. The removed molecules are from atomic monolayers on the surface (secondary ions),
enabling ToF-SIMS to produce the mass spectrum of elemental and molecular secondary ions
present [15]. The mass spectra of CdS-Au NCs was performed in negative mode (using
negatively charged primary ions) to collect negative secondary ion spectra. Two operational
modes were used in this work, surface spectroscopy and surface imaging of the negative atomic

and molecular ions present in the samples.

Surface spectroscopy (negative polarity)
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Figure 7.1. The ToF-SIMS negative mode spectra showing the spectrum of (a) C-, (b) O, (c)
S, (d) CI, (e) CdS', (f) Au in CdS-Au NCs prepared by PLD technique.

Figures 7.1 and 7.2 (a-f) show the ToF-SIMS negative mode surface spectra for ions and
molecules present in the CdS-Au NCs. The negative secondary ions present are C°, O, S, 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 ToF-SIMS negative mode spectra showing the spectrum of (a) C-, (b) O, (c)
S, (d) CI, (e) CdS', (f) Au in CdS-Au NCs prepared by SPC technique.

The C, O, S (a-c) originate from TG. However, S* could be coming from two sources: (i)
Na.S that is used to prepare CdS NPs, and/or (ii) another confirmation of the formation of CdS.
The high concentrations of the Cl ions (d) is anticipated to be due to the incomplete reaction
of the starting material. Figure 7.1 confirms the presence of Au™ in CdS-Au NCs prepared by
the PLD technique, however, there is a very low concentration of the metal relative to other
species present in the NCs. The SPC NCs prepared over the same amount of time (90 s) of
sputtering does however show more concentration of Au metal. Figures 7.1 (f) and 7.2 (f) have
different scale bars, indicating that the concentration of Au nanoclusters in SPC is almost 10
times more than in PLD, as such the peak at 196.79-196.90 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 TOF-SIMS images of (a) C’, (b) O, (¢) S, (d) CI, (e) S, (f) CdS",
(9) Aur, (h) total, and (i) sum of rest for a 100x100 um? area of CdS-Au NCs prepared by PLD

technique.

To study how the Au atoms are distributed over the CdS powder, surface maps were generated.
Secondary ions surface imaging mode generated maps of the sample by scanning the primary
beam over 100x100 um? area and collecting negative secondary ions at each point within the
area. Figure 7.3 (a-i) shows negative ToF-SIMS maps of CdS-Au prepared with PLD and
Figure 7.4 (a-i) shows images of CdS-Au NCs prepared with SPC. Along the images is a
vertical scale bar that represents the signal intensities of each ion. Regions of high ionic
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concentrations are indicated by high intensities (yellow) while regions with low ionic

concentrations of the
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Figure 7.4. The negative ToF-SIMS images of (a) C-, (b) O, (¢) S, (d) CI', (e) S%, (f) CdS’,
(9) Aur, (h) total, and (i) sum of rest for a 100100 um? area of CdS-Au NCs prepared by SPC

technique.

present elements have low intensities (brown). Figure 7.3 (f) and (g) show the ionic
concentrations of CdS™ and Au- respectively. There is a lower concentration of Au in the CdS-
Au NCs prepared with PLD with a ratio of Au™: CdS™ of 1:3. This serves as a confirmation of
the presence of Au peak in Figure 7.1 (). There is a sharp increase in the concentration of Au
[Figure 7.4 (g)], specifically when compared to CdS™ [Figure 7.4 (f)] in SPC. The ionic
concentration ratio of Au: CdS™ in SPC goes to 10:7. Again in these maps CI ions have a very
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high concentration, these are from the Cd?* (CdCl,) source. This is followed by S~ which
originates from the capping agent, TG (CsHsO2S). S* has a very low concentration relative to
S.

100 x 100 pm? 100 x 100 pm?

Cds- j Cas-

t 8 Au-

Figure 7.5. The negative overlayer image of CdS™ and Au™ ions showing the distribution of Au
in the CdS-Au NCs prepared using (a) PLD, and (b) SPC.

It is therefore evident that the Au metal has been successfully deposited on the CdS
semiconductor surface with the two deposition techniques. However, the above ToF-SIMS
results show that the quantity of Au metal deposited varies depending on the technique used.
SPC produces a high Au concentration while PLD produces a lower concentration. To further

investigate the distribution and shape, overlayer images were studied.

Figure 7.5 shows the overlaid images of CdS™ (red) and Au™ (green) for PLD (a) and SPC (b).
The images show the distribution of Au on the CdS surface in the negative mode over an area
of 100x100 um?. Very small evenly distributed Au atoms are observed on the PLD prepared
NCs while the SPC sample appears to have agglomerated atoms of Au that appear to be evenly
distributed across the area of the sample. Thus, the nucleation and growth processes involved
in the two deposition techniques are different. This could be explained in three ways: firstly,
for the PLD technique, the powder sample is compressed into a pellet and in the SPC technique
Au is deposited on a powder sample. Secondly, SPC has a higher deposition rate between these
techniques. In PLD, the forces between the Au atoms and CdS substrate are much stronger than
the intermolecular forces of attraction between the Au atoms on the CdS surface. This allows
for an even distribution of Au across the CdS NP surface. Furthermore, for SPC there is a high
flux of Au atoms arriving in a smaller particle surface the Au atoms are deposited too close and
some of them on top of each other. This leads to the migration of atoms to form larger

agglomerates with less surface energy. The third factor is the grinding process involved in PLD.
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Grinding the pellet could reduce the size of both the CdS NPs and that of the Au metal. Thus,
SPC has larger Au agglomerates, while in PLD they are smaller and perfectly circular in shape.
The large agglomerates are not all equal size since they are formed by a coalition of smaller
Au atoms that were too close to each other. The distance between the Au atoms is likely to also
be shorter in SPC.

7.3.2 XRD
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Figure 7.6. The XRD patterns of as-prepared CdS NPs and Au coated NPs with PLD and SPC
techniques.

X-ray diffraction was used to study any change in crystal structure of CdS as a consequence of
deposition of the Au metal. The diffraction pattern of CdS (Figure 7.6) shows six diffraction
peaks at 26.7°, 31.8°, 43.8°, 45.5°, 51.8°, and 56.6° respectively. Three diffraction peaks from
these (the most intense); 31.8°,45.5°, and 56.6° are due to the presence of a Cd(OH)2 phase

[16], thus indicating an incomplete reaction of the starting material. According to the database
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of Inorganic Crystal Structure Data [ICSD#: 031074], the CdS NPs have a cubic zinc blend
structure from diffraction planes (111), (220), and (311) attributed to 26 values of 27.4°, 43.8°,
and 51.8° respectively. Au QDs have been reported to have diffraction peaks at 36.5°, and
43.9° assigned to diffraction peak indexes from (111), (200) respectively [2]. These peaks are
absent in both the PLD and SPC prepared samples.

Table 7.1. Particle size calculation for CdS NPs and CdS-Au NCs prepared with PLD and SPC.

Samples Diffraction angle 20 (°) FWHM (°) D (nm)
CdsS 26.79 3.4877 2.3
CdS-Au (PLD) 26.69 3.8709 2.1
CdS-Au (SPC) 26.70 3.4944 2.3

There is also an unknown sharp peak observed at 27°, which is accompanied by a broad peak
at 47° for the as-prepared CdS and SPC samples. Both these peaks are not clearly visible in the
PLD sample. Along with this, the intensity of the Cd(OH). peaks is decreased which shows the
role the technique has played in the crystal structure of the NC. The calculations of crystallite
size for the CdS NPs and the CdS-Au NCs were calculated with equation 5.1 and compared in
table 7.1.

The table indicates that the CdS crystallite size is not significantly influenced by the deposition
of Au metal on the surface. This could mean that the deposited Au metal is very small in size.
Therefore, the XRD signal of Au is lost in the background noise. The Au particles are therefore
rather nanoclusters consisting of only a few atoms. The crystals of the PLD nanocomposites
were slightly reduced in size, and this is likely to be due to the repeated pressing and crushing
in the technique. The fact that the structure or size of the semiconductor is not changed indicates
that any change that occurs in the nanocomposite properties is not a consequence of the CdS

nanoclusters, but rather a result of the combination of both the CdS and Au nanoclusters.
7.3.3 Models of the two deposition technique used to make CdS-Au NCs

Figure 7.7 shows the attachment of Au nanoclusters on the CdS semiconductor surface. PLD
has smaller and perfectly spherical nanoclusters that are uniformly distributed across the
semiconductor surface. This technique shows a stable thermodynamic configuration, which is

important in charge transfer and electronic properties of these NCs. On the other hand, the SPC
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technique resulted in coalesced nanoclusters. This is a common challenge in the preparation of

semiconductor/metal structures.

PLD SPC

CdS semiconductor

N

Au metal\

Figure 7.7. Models showing the difference in the CdS-Au NCs prepared using the PLD and
SPC techniques.

An electrochemical Ostwald ripening combines multiple metal clusters into a single bigger one
and thus taking away the uniformity in these structures [17]. Selective deposition of the Au
nanoclusters is also influenced by the crystal morphology and surface capping which provides
different chemical reactivities for different facets of the NPs. This can lead to specific growth
of the Au nanoclusters on the more reactive part of the CdS material. Habas et al [18] reported

the selective growth of metal islands on a highly reactive sulfur-rich facet of CdS.
7.3.4 UV-Vis

UV-Vis absorption spectra of the as-prepared CdS NPs, as well as the Au nanoclusters,
decorated CdS are shown in Figure 7.8. The NC spectra show combined and synergetic effects
of these structures. The absorption ability of the NCs is enhanced depending on the technique
used. Coating with the SPC technique shows the highest absorption ability relative to the PLD
technique. This relates to the size and shape of the Au nanoclusters. Both these techniques
enhanced the absorption abilities of the as-prepared CdS NPs. The absorption intensity
enhancement with the presence of the Au nanoclusters has been reported to be as a result of
increased scattering from the metal. This allows CdS to absorb more light while injecting more
electrons into the semiconductor conduction band [14][19]. Coherent and incoherent

interactions on the Schottky junction result in a shift of the exciton transition and therefore a
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blue shift is observed. The CdS NPs have an absorption edge located at 411 nm, while the PLD
and SPC coated CdS-Au nanoclusters have absorption edges at 409 nm and 406 nm

respectively.
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Figure 7.8. UV-Vis absorption spectra of CdS NPs and CdS-Au NCs prepared using PLD and
SPC.

Banin et al. [7] suggested that the change in optical properties of the NCs could be as a
consequence of the formation of new electronic states in the semiconductor-metal interface.
These states facilitate the creation of active reaction sites (trapping sites) for photogenerated
charges thus promoting charge separation. This is known to play a significant role in increasing

the quantum efficiency of semiconductor NPs for water splitting photocatalysts [1].
7.3.5PL

In Figure 7.9 the PL spectra of pure CdS NPs is compared to the NCs of CdS-Au prepared with
the two different techniques. The PL spectrum of the as-prepared CdS NPs has an emission
peak at 1.98 eV with a shoulder in the infrared region (from 1.46 eV). CdS-Au PL spectra show
a shift of this peak position to higher energies: 2.03 eV and 1.99 eV for PLD and SPC
respectively. Luminescence quenching is persistent in this spectra. This is a consequence of
the creation of trapping sites created by the Schottky junction between the CdS semiconductor
and the Au nanoclusters. The Au nanoclusters serve as electron sinks because of the large work
function of Au metal relative to that of CdS NPs [20]. A Schottky junction facilitates the charge
transfer from the semiconductor to the noble metal [21][22]. At a lower Fermi level, the Au

nanoclusters readily capture the photogenerated electrons from CdS conduction band reducing
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radiative recombination with holes at the valence band. Ibraham et al.[2], reported that CdS-

Au has decreased charge recombination with more effective charge separation.
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Figure 7.9. The PL spectra of pure CdS NPs are compared to NCs of the CdS-Au prepared
with two different physical techniques, PLD and SPC.

The emission in CdS NPs also excites surface plasmons to cause surface plasmon resonance
(SPR) of the surface electrons of the Au nanoclusters, which in turn create local electric fields
that can modulate the exciton states in the CdS NPs by enhancing the radiative decay rate.
Together with the SPR effect occurring in CdS NPs, the Au nanoclusters introduce additional
non-radiative electron-hole recombination routes with exciton energy transfer (EET) to the Au
nanoclusters from CdS NPs [23]. Consequently, the competition between SPR and EET results
in luminescence quenching by hindering recombination of electrons and holes in the
semiconductor CdS NPs [24].

The high concentration of Au on the CdS NPs prepared with the SPC technique thus allows for
more electrons to be transferred from the semiconductor conduction band to the metal valence
band as shown in Figure 7.10. This large transfer of electron is evident in the highly quenched
PL for SPC while in PLD there is less quenching. Zhao et al.[14], reported that such high
efficiency in charge separation results in a fast rise of photocurrent. The design and fabrication
of the junction between the light harvesting CdS semiconductor and noble metals are therefore

critical in improving photocatalytic activity [4].
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Figure 7.10. Electron transfer diagram of the process that possibly occurs for samples prepared
by the two techniques: PLD and SPC.

7.4 Conclusion

In this work, we have presented the influence of two physical techniques in depositing an Au
metal on a CdS semiconductor surface. The shape and size of the resultant Au nanoclusters
affected the optical, and thus electrical sensitivity of the CdS-Au NC. PLD resulted in very
small Au nanoclusters that were uniformly distributed when compared to the SPC technique
which has larger nanoclusters. This difference in the nanocluster size and shape enhanced light-
induced charge transfer from the CdS conduction band to Au valence band. This electron
transfer was due to the successful creation of a Schottky junction. Interactions in this junction
were responsible for the blue shift in the absorption edge of these new semiconductor-metal
structures. The NCs clearly have new optical properties that were not just the combination of
CdS and Au. The deposition method, together with shape and size influenced the optical

sensitivity of these nanocomposites.
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CHAPTER 8

Summary, conclusion, and future work.

8.1 Summary

In chapter 5 the synthesis of CdS NPs using a chemical precipitation method was discussed
and the consequences of using water as a solvent were studied. Quantum confinement effects
on the five samples prepared with this method was first observed by the colour change of the
powder samples after preparation. In the absence of TG, the powder was orange in colour and
turned yellow upon introduction of TG. While increasing its concentration, the yellow colour
became weak until it turned whitish-yellow upon adding the highest concentration of TG. This
change in colour resulted in a widening of the FWHM in the XRD spectra of the prepared NPs,
and it was observed that the particles have a mixed phase of both cubic and hexagonal. It has
also been previously reported that these two phases are difficult to separate as their main XRD
peaks coincide within 1%. In the same chapter, we also discussed the observed agglomeration
of the CdS NPs due to their high surface energies. It was shown that the increase in capping
agent concentration led to NP size reduction and this altered the optical properties of the
material since the TG molecules acted as a second source of S ions with the ratio of S-to-Cd
increasing with increasing TG. Thus the capping agent successfully controlled the size of the
NPs, reducing their size into the quantum dot regime. Annealing of one of the samples showed
that a phase transformation occurs at about 350 °C. This resulted in sintering of the NPs, which
led to an overall increase in the average particle size. These annealed particles also displayed

luminescence in the infrared region of the electromagnetic spectrum.

In chapter 6 we reported on the preparation of the CdS NPs with an ethanol solvent. The
influence of the medium was studied to compare with the work done in chapter 5 where water
was used as a solvent. However, in the preparation of these NPs, the starting material was
difficult to dissolve in ethanol as was confirmed by X-ray diffraction results. Some starting
material still showed peaks with high intensities suggesting only a small concentration of CdS
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NPs formed, relative to the starting material. The capping agent (TG) controlled the size of the
NPs and again a variation with increasing TG concentration was observed with the NPs
crystallizing in the cubic zinc blende phase. A blue shift in the absorption properties was
observed and was also indicative of a decrease in particle size. For the CdS NPs prepared in
ethanol, luminescence in the infrared region was observed. This luminescence peak was also

observed when water was used as solvent, but after annealing.

In chapter 7 the deposition of the Au nanoclusters on the CdS NP surface, prepared using
ethanol as solvent (and where the Au nanoclusters will act as co-catalyst) was discussed. This
was done using two different physical techniques: PLD and SPC. The influence of these two
techniques on the optical properties of these nanocomposite systems was investigated. It was
expected that the presence of the Au metal on the semiconductor, CdS NPs, would lead to the
creation of a Schottky junction. The presence of the Schottky junction and its resulting effect
was observed in the absorbance and PL spectra. The samples prepared via sputter coating
showed the highest absorbance indicating a higher rate of transfer of electrons from the CdS
surface upon excitation, exists relative to the samples prepared via PLD. This resulted in PL
quenching as the Au nanoclusters and the resulting Schottky junction prevents recombination
of the electrons transferred to the metal with the holes left in the semiconductor. ToF SIMS
showed that sputter coating of Au nanoclusters onto the CdS NPs results in more agglomerated
Au nanoclusters on the CdS NP surface, while PLD produces uniformly distributed

nanoclusters that also have a smaller average particle size.
8.2 Conclusion

In this work, we successfully prepared CdS NPs of varying particle sizes using two different
solvents: water and ethanol. The solvent’s ability to reduce the surface energy of the NPs
allowed crystallization of more stable NPs and these were compared in terms of their
agglomeration. The solvent also influenced the dissolution of the starting material thus leading
to different optical responses of the two batches of the CdS NPs. Infrared luminescence from
the water solvent prepared CdS NPs was achieved by annealing the samples, whereas using
ethanol solvent led to the creation of shallow surface defects that were responsible for this

luminescence peak.

This work showed the quantum size phenomenon, allowing the ability to tune the
semiconductor structural, and optical properties by varying the particle size. CdS NPs showed
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a change of crystal phase from mixed to cubic zinc blende with size reduction and upon phase
transformation temperature the particle size increased resulting in a hexagonal structure. Thus,
the variation of particles size showed a blue shift in the absorption spectra with decreasing
particle size. The effect of using ethanol as a solvent thus showed the single crystalline phase
of cubic zinc blende structure and resulting infrared emission. The ethanol-based NPs were
used to deposit Au metal nanoclusters as co-catalyst and a Schottky junction was successfully
formed between the CdS and Au using two physical techniques. The junction resulted in
electron transfer from CdS to the Au nanoclusters upon excitation, which enhanced the
absorption ability of the semiconductor. Electron transfer was accompanied by PL quenching,
which occurred as a consequence of reducing electron-hole recombination. The PLD prepared
nanocomposites displayed evenly distributed Au nanoclusters on the CdS surface whereas SPC
resulted in agglomerated Au nanoclusters, which appeared to give it its superiority in its optical

enhancement.
8.3 Future work

In future we hope to answer a question of the role played by the shape and size of co-catalyst
nanoclusters on the semiconductor surface. The preparation of nanocomposites is of high
importance in science and engineering. These are usually prepared with chemical methods and
we would like to eliminate the solvent by using a physical technique like PLD, which is famous
for not altering the stoichiometry of materials. We hope to learn to control the size and shape
of the metal nanoclusters on the semiconductor surface and study the effect on the optical and

electrical properties of the structures.
8.4 Conference presentations

» The 63rd Annual Conference of the South African Institute of Physics, Bloemfontein,
25-29 June 2018. Poster
Poster title: Quantum confinement effect on structural, morphological and optical
studies with temperature effects on TG capped CdS NPs.

» The 1st NANOSMAT-AFRICA CONFERENCE, Cape Town, 19-23 November 2018,
Oral presentation
Presentation topic: Optical sensitivity of CdS-Au nanocomposites prepared by physical

techniques: pulsed laser deposition and sputter coating.
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