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SINTESISNANOPARTIKEL ZINK SELENIDA DISALUT DENGAN ZINK
SULFIDA MELALUI KAEDAH POLIOL TERUBAHSUAI

ABSTRAK

Nanopartikel Zink Selenida (ZnSe) dan struktur kelompang teras Zink
Selenida@Zink Sulfida (ZnSe@ZnS) telah dihasilkan melalui kaedalol pol
terubahsuai. Nanopartikel ZnSe dihasilkan dengan menggunakan Zink Klanda
serbuk selenida sebagai bahan pemula. Nanopartikel ZnSe yang dihasidian
disalut dengan ZnS untuk menghasilkan struktur kelompang teras ZnSe@ZnS.
Objektif kajian ini adalah untuk menghasilkan nanopartikel yang beksair dan
mempunyai taburan saiz yang sempit dengan mengubah pelbagaietgaram
Parameter-parameter yang dikaji termasuk jangka masa g&#spn, nisbah bahan
permula, kepekatan surfaktan, jisim molekul serta jenis surfajdag berbeza.
Keadaan optimum untuk menghasilkan nanopartikel ZnSe yang bersdizdwtai
mempunyai taburan saiz yang sempit adalah pada suhu 195°C dengan masa
pemprosesan selama 2 minit. Nisbah bahan pemula Zn kepada Seyaaigadalah
1:1. 0.02g surfaktan PEG yang berjisim molekul 10,000 didapati adalah pedingi
dalam menghasilkan nanopartikel ZnSe yang bersaiz purata 2.96 nabdeantsaiz
dalam lingkungan 1.5-4.5 nm. Analisis menggunakan TEM dan SEM telah
mengesahkan bahawa nanopartikel ZnSe dan struktur kelompang ter&®Zir&sse
yang dihasilkan adalah bersaiz kecil, berbentuk separa bulat derpumyai
pengaglomeratan sederhana. Penghasilan nanopartikel ZnSe dan ZnSe@gjamnS de
berjaya telah dibuktikan dengan ujian XRD, EDX dan ESI. Keputusan ujian PL
menunjukkan bahawa puncak pemancaran pada 402 nm manakala UV-Vis
menunjukkan puncak penyerapan pada 464 nm. Penyalutan ZnS ke atas permukaan
nanopartikel ZnSe telah berjaya dan dibuktikan oleh peningkatan keanhayand®

drastik serta anjakan merah oleh ujian UV-Vis.
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SYNTHESIS OF NANOPARTICLESOF ZINC SELENIDE COATED BY
ZINC SULFIDE VIA MODIFIED POLYOL METHOD

ABSTRACT

Zinc selenide (ZnSe) nanoparticles and zinc selenide@zinc sulphide
(ZnSe@ZnS) core-shell structure were prepared using a sunfassisted process.
ZnSe nanoparticles were prepared using zinc chloride and seleniumr pesvttes
precursor sources. The obtained ZnSe nanoparticles were then wathtethS to
form the ZnSe@ZnS core-shell structure. Various parameters yngraessing
time, processing temperature, precursor ratio, concentratiamrfatt&nt, molecular
weight of surfactant, and type of surfactant have been studied in torgeoduce
finer particle with narrow particle size distribution of theSé and ZnSe@ZnS core-
shell nanopatrticles. The optimum condition for the synthesis of ZnS&pa#dicles
was 195°C for 2 minutes with the Zn to Se ions ratio of 1:1. Furtherfdd@2g of
10,000 Mw polyethylene glycol (PEG) was found to be the most eféestirfactant
to form the nanoparticles with the mean diameter of 2.96 nm and @asti
distribution within 1.5 — 4.5 nm. TEM and SEM analysis confirmed that the
synthesized ZnSe and ZnSe@ZnS core-shell nanoparticles had parel size
and a quasi-spherical shape with mild agglomeration. The succebe flmrmation
of ZnSe and ZnSe@ZnS core-shell nanoparticles was furthermedfioy XRD,
EDX, and ESI testing. PL and UV-Vis analysis recorded eomnsand absorption
wavelength at 402 nm and 464 nm respectively. The successful ofaatiSgcon
ZnSe cores were confirmed by the drastic enhancement of Risiigtand red shift

of ZnSe@ZnS absorption peak from UV-Vis testing.
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CHAPTER 1

INTRODUCTION

1.1 Background

Generally, nanotechnology is defined as the systematic matgwyl
alteration of structures, systems, materials, or componentg iratige of atomic or
molecular dimensions from 1 to 100 nm (Sepeur et al., 2008). A nanopasticle
outlined as a particle within the size range of 1 to 100 nanom@&ergeev, 2001).
Nanoparticles are important due to their unique properties when aatiwescale
level. When a material is at a macroscopic level, it shoulayawdisplay constant
physical properties regardless of the size. Nevertheless, tiveamaterial is at the
nano-scale, its properties are altered. For a semiconductor, thize caxplained by
the confinement effect of the electronic motion (length scalexhwisismaller at the
nano scale than the electronic motion in a bulk semiconductor (Cao, 200dleBes
the large surface to volume ratio of nanoparticles also contributdtese unique
properties. Furthermore, Nikesh & Mahamuni (2001) claim that the unique
properties of nano-scale particles was attributed to theetisation energy levels,
the concentration of oscillator strength for particular transitiar] the high

polarisability of electron energy levels.

Therefore, the desired properties of nanoparticles can be obtginatbbing
the particle size and modifying the surface conditions of the namdegiNanavati
et al., 2009). These unique size-dependant properties make it a paanti@ate

for various photoelectronic applications and advanced biological ajptisasuch



as their use in optoelectronic devices, LEDs, lasers biological labels (Andrade et
al., 2008). By coating an organic layer on the nanoparticle througbrthation of a
chemical bond with the particle surface, the nanoparticle isiluisefbiological cell
dissolution, magnetic separation of minerals, and elimination of slgments from

industrial waste (Prozorov et al., 1999).

In the last decade, effort has been dedicated to the preparatiom-afuailty
nanoparticles, and studies have focused on the adjustments of generaheniaé
conditions, such as precursors, ligands, stabilising agents, reactjperadunes, and
the addition of nucleation agents. (Cadmium selenide) CdSe (quantsiQixg are
a very successful example due to their high emission efficiandysize-dependent
photoluminescence (PL) properties. However, the limited efficiemsséons in the
green to near-infrared range have limit its applications (Cheal.,eR004). Apart
from CdSe, CdTe, CdS, and alloy nanocrystals are other exaofplegh-quality
nanoparticles that have been successfully synthesised via orgalicnoetaqueous

approaches (Fang et al., 2009).

The intrinsic toxicity of cadmium has been reported by Xingl.e2008) and
Li et al. (2004). This disadvantage has limit its potential ®applications. Hence,
researchers have looked for a better candidate to replace dmeiuca base
semiconductor. ZnSe has been noted as a better option becaudeveditoxicity,
and it is more environmentally friendly compared to other wide bapdrgderials
(Fang et al, 2009). The band gap energy of ZnSe is 2.7 eV, whicttesthan CdSe
because it is able to offer intense UV blue luminescent propéhascannot be

achieved using CdSe (Hwang and Cho, 2005). Agglomeration and partelarsiz



general problems with the synthesis of nanoparticles. Thus, eftorys have been
made to develop a better synthetic method of producing the colloidal ZnSe
nanoparticles with a controlled size and size distribution (Lomasstohl., 2003).
For example, the wet chemical route is able to synthesise axdictgs at a lower
temperature, while the reverse micelle method is able to prepamgparticles with

3-4 nm patrticle size range.

The surface area of the particle will increase when the cfizee particle
decreases. The high surface to volume ratio of the particle playtal role in
deciding the particle’s electronic and optical properties (Aehial., 2007). This is
due to the large amount of atoms that are localized on the sofffenanocrystals.
Thus, extensive research has been conducted on the surface cheridtey
semiconductor nanoparticles. It was proposed by Koberling et al. (1999%héha
presence of defects on the particle surface has potential taddetine optical
properties of the nanoparticles and results in low photoluminescelncef{igiency.
This is due to the formation of radiation less recombination cettisg occur on the
nanoparticles surface (Koberling et al., 1998). According to Hwang had(2005),
coating a larger inorganic band gap material on the nanoparticlerdaance the
photoluminescence (PL) efficiency and stability. However, Nikeslalef{2001)
reported that the ZnSe@2ZnS core-shell system yielded a remeag@idncement of
the PL quantum vyields. Fang et al. (2009) also recorded a photosoanoe
quantum yield (PLQY) that was 65% and strong stability aftetircpa@a monolayer
of ZnS on the surface of ZnSe quantum dots. An enhancement in thedboaliof
charge carriers was achieved through this core-shell sy$@eth. cationic and

anionic dangling bonds were successfully passivated, and thus, theliatwea



recombination sites were eliminated by capping the nanopantiies higher band

gap inorganic semiconductor.

A high quality core-shell structure can be obtained via the orgaabtime
process, which involves the use of toxic chemicals, such as trioctglphesTOP),
trioctylphosphine oxide (TOPO), hexadecylamine (HDA), and diethyl(ZnEb)
(Xiong et al., 2007; Murase and Gao, 2004). Apart from the toxicity, the
organometallic process requires a high processing temperature itotogtaquality
core-shell nanocrystals. This is limited by its applicationt-effectiveness, and
environmental friendliness. Another point of concern is the latticenath which
become important when choosing the candidate for the coating of ZnSeimua
dots. Large lattice mismatches will lead to the delaminatidhe shell from the core
and result in strains between the core and the shell. Thus, tiie aksmperfect
coating will lead to problems such as the degradation of elecpomperties, which
affect the PL efficiency. Because of this, the 5% lattiematch of ZnS and ZnSe
qualified as the best candidate for the shell of the ZnSe quantur(Soois and Lee,

2001).

Generally, controls against agglomeration, particle size, andclpasize
distribution are problems faced by most researchers. Therefong, shadies have
focused on how to prepare the nanoparticles with small particleasze narrow
particle size distribution. Therefore, a surfactant was introdtedchprove these
properties. Surfactant plays a key role in the synthesis procesgsieethey serve as
a protective agent to the nanoparticles (Shi et al., 2008). AccordiBgdq2004),

surfactant produces steric hindrance between nanoparticlesrndoa thin layer



on the surface of the nanoparticles. This steric hindrance istabiehibit the
nanoparticles from agglomeration and control the particle growth (Cao, .2004)
Therefore, the addition of surfactant is able to produce nanopanvdlessmaller
particle size (Gong et al., 2008). However, the addition of the cdarfia has
limitations. The surfactant tends to complicate the cleaning gsocd the
nanoparticles. The absorbed surfactant is difficult to compleghove from the
surface of the nanoparticles by centrifugation. Perhaps secorndamng processes,
such as annealing, are needed to burn away the surfactant freurfihee of the
nanoparticles (Wu and Chen, 2003). Furthermore, the selection of ablesuit
surfactant for a particular reaction is a tedious task afand error. There are many
matter have to be taken into consideration when choosing a suitalaletaotr For
example, the solubility of the surfactant in a solvent, the moleewdaght, and the
amount of the surfactant needed. Thus, in some cases, the agglomeration of

nanoparticles still cannot be avoided even with the presence of a surfactant.

1.2 Problem Statement

Newly formed ZnSe nanoparticles are subject to the surfaeetdiiring the
synthesis process. This surface defect will act as thetdrapegrade the optical
properties of the nanoparticles. Hence, surface modification has to be domeve re
the defects. This can be achieved by coating a larger band gmpséactor such as
ZnS on the surface of the ZnSe nanoparticles to form a coresshedture. This
core-shell structure is believed to be possible to enhance the dommoe intensity
of the nanoparticles (Chen et al.,, 2004). However, the feasibility i®fntiethod

remains questionable.



Many synthesis methods of ZnSe and ZnSe@ZnS nanoparticles have been
reported to date. Among these methods are the organometallmdnetverse
micelle, micelle, solvothermal, hydrothermal, and the wet ct&nnoute. However,
all of these methods have to seriously consider the cost, toxmiggursor
availability, environmental issues, and ease of the experimemp gelines and

Guyot Sionnest, 1996; Burda et al., 2004; Fang et al., 2009).

As reviewed, the synthesis of ZnSe@ZnS core-shell nanoparsgileg an
organic solvent still remains less unexplored. In this project a method was
designed to synthesize ZnSe and ZnSe/ZnS nanoparticles at mu&n low
temperatures using Se power as a selenium source and usingZXn source,
respectively. In contrast to the previous studies, this greendnesymtmethod is
performed at much lower temperatures which are below 200°C, use mootdaw-

toxic chemicals as precursors, do not use inert gas and complicated equipment.

1.3 Objectives

1. To synthesis the ZnSe core nanoparticles with smallest sizeanolvest
size distribution via modified polyol method. This is achieved by wgryi
different parameters to optimise the outcome.

2. To synthesise the ZnSe@ZnS core-shell nanopatrticles.

3. To study the morphology, crystal structure, and optical propeftie @ZnSe

and Znse@ZnS core-shell nanoparticles.



1.4 Project Overview

In the present study, ZnSe and ZnSe@ZnS nanopatrticles are syuthveisie
the assist of a surfactant. The project was divided into twormarts. The first part
involved the synthesis of the ZnSe nanoparticles, and the second part dntreve
coating of ZnS on the ZnSe nanoparticles to form the ZnSe@ZnSlwafestructure.
In the first part, parameters, such as the processing tirtie, af precursors,
processing temperature, effect of different concentrationseafurfactant, the effect
of different molecular weights of surfactant, and the effectifierent types of
surfactant on the synthesis of ZnSe nanoparticles, were studiefdardmeeters were
optimised to obtain the narrowest particle size distribution andntiiaiest particle
size of ZnSe nanoparticles for subsequent production of the ZnSe@ ZnShedir

structure in the second part.

Standard characterisation techniques, such as (scanning electroscoyy)
SEM, (transmission electron microscopy) TEM, (x-ray diffac)i XRD, (electron
spectroscopic imaging) ESI, (ultraviolet—visible) UV-Vis spestopy, and
photoluminescent spectroscopy, were performed on the synthesised addSe

ZnSe@ZnS nanoparticles.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to nanotechnology

Generally, nanoscience is defined as the study of phenomena \wihsodle
from 1 to 100 nm. Nanotechnology on the other hand is about the abilityate,cre
control and manipulate materials that in this range with the ogaroduce new
materials with specific properties (Blackman and Binns, 2009). Nemudéogy
covers a broad field of research and interdisciplinary and mulpdrsary efforts are
required. The area includes physics, chemistry, biology, engineenedjcine and

materials science, and impacts on other disciplines as well (Cao, 2004).

Nanoscience is not a new thing. It was mentioned as early as #1857 b
Faraday in his studies on gold particles (Laguna, 2008). The motivatibrs study
was from the red color of the gold particles, which shows admntra&st to the yellow
appearance of gold in its bulk form that we are familiar with.edwer, by a similar
argument, the use of nano-size small metal particles in prodwftistained glass
that are widely used in church windows or in pottery glazes demonaould date
nanotechnology back to mediaeval times or even earlier (BEtkamd Binns,

2009).

Nano-objects are the material that have a size that isnetkate between
atoms (or molecules) and bulk matter. The properties of the nancobye in big

contrast relative to the bulk material due to the surface propetties believed that



even for a clusters that have 1000 atoms; more than one-quarter abrie ae
concentrated on the surface. Therefore, the size, shape and campositihe
nanoparticle is strongly related to the properties of the namdpar{Blackman and

Binns, 2009; Mathew et al., 2007).

Recently, nanotechnology plays more important roles in both biomolecular
detection and medical diagnostics fields. It provides a fasteme reliable,
quantitative, lower cost and multi-channel identification for biomarergenes and
proteins is the factor that rate-limiting step for the clihiceeployment of
personalized medicine (Blackman and Binns, 2009; Sharma et al., 2006). In
electronic application, the density of chips on a component is abke itcreased by
the application of nanotechnology. The respond time of the component wamnshort
due to the shorter distance that has to be traveled byedbiiedl signal. Thus, the
performance of the component becomes faster. The preparation, gaopeties
and the factors that influence these properties are importantvaeid inderstand on

these criteria can utilize the materials more effectively (Man2007).

2.2 Nanomaterial

Nanomaterials are the materials where sizes of the indiviulaling blocks
are within the nanometer scale which is below 100 nm in at ¢estdimension.
This definition is applicable for many research proposals, wharematerials
deserve high priority. Nanomaterials could exist in zero-dieasi (e.g.,
nanoparticles), one-dimensional (e.g. nanorods or nanotubes), or two-dinaknsi

(usually realized as thin films or stacks of thin films) (Cao, 2004).
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Figure 2.1: TEM images of (a) silver nanowire (Xu et al., 2006), (b) carbon nanotube
(Kwok & Chiu, 2005).
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Figure 2.2: TEM images of (a) CdSe nanoparticles (b) CdSe@CdS core-shell
nanoparticles (Deng et al., 2006).

2.3 Nanoparticles

A particle having one or more dimensions of the order of 100 nmaseri$
considered as nanopatrticles. The study on how to reduce the size ofdiatials to
the nanometer scale has led to an interesting class of novelialsathat have
characteristics between the classic bulk and molecularipiésies. Nanoparticles
with radii of less than the mean distance between the @heatrd hole are showing
guantum confinement, known as the bulk exciton Bohr radius (Song an@Q@®e.

The spherical nanocrystals electronic states can be explainezbrizydering a
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spherical particle, where the electron and the hole are linmtadsimall area. In this
model, the electrons and holes that carried by the chargermfieed by a potential
that is infinite at the nanocrystal surface. Hence, nanoscopic@eductors exhibit
larger band gaps relative to the bulk material and have discretatdxstates (Skaff

and Emrick, 2004).

Band gap energies of nanoscopic semiconductors are strongly depemdent
its size. The radius of the nanocrystal is inversely proportiondh@éoband gap
energy, such that as the radius of the nanocrystal decreasbanthgap increases.
This allows tuning the emission wavelength of the nanoparticledpysting the

particle size within the quantum-confined regime (Skaff and Emrick, 2004).

Semiconductor nanocrystals have been reported from a variety of
compositions, including CdSe (Knox et al., 2006), CdS (Wei et al., 2007), EZabe (
et al.,, 2008), and InP (Lampert et al., 2006). Excitation of an eleatoom the
highest occupied molecular orbital (HOMO) to the lowest unoccupietkaular
orbital (LUMO) leads to the rapidly moving charge carriers.ifuexcitation, a
little lattice distortion was experienced by thesé tsybridized systems and thus
preclude the formation of defects and allow the charge carwersove freely
through the nanocrystal. Additionally, the radiationless internal exsion or the
conversion of electronic energy to heat is slower. Thus, the conanrattiall these
factors along with the quantum confinement effect result todbd tuminescence in
nanoparticles that is unavailable in bulk semiconductors. However, theeseence
intensity are degraded as defects will formed during the systhesparation. These

defects were act as a trap to capture the electron andritbfenally lead to the non-
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radiative emission and thus degrade the luminescence propekasdisd Emrick,

2004).

2.4 ZnSe Nanoparticles

[I-VI semiconductors are combination of an element from group 2 and an
element from group 6 of the periodic table of elements (Remls, 2004). Generally,
the bandgap (Eg) of group II-VI semiconductors is constituent atepsndent. The
bandgap (Eg) of the semiconductors will become narrower when thetwemnist
atoms become heavier. For the nanoparticles with the diametguprokenately 2-

10 nm, the quantum size effect will increase the bandgap comparthe toulk
semiconductor. It also will lead to various fluorescent colors atafig small
differences in the particle size (Hosokawa et al., 2007). One ohtis¢ successful
examples of the 1I-VI semiconductors is ZdSe nanoparticles. ZrsSkutaband gap

of 2.7 eV (Balasubramanian et al., 2009). The band gap energy of 2.7 eV and
emission wavelength of 460 nm is a property that is not observedther
nanocomposite like CdSe and CdS (Hwang and Cho, 2005). It is a [I-VI
semiconductor and show intense UV blue luminescent properties witholoeity.

Due to these unique properties, it is widely used in photoelectappiecation and
advanced biological applications. Hence, efforts have been made tm obta

nanoparticles of ZnSe (Xing et al., 2008; Fang et al., 2009).

Semiconductor nanoparticles can have high emission yields cowéeng
visible and near infrared (NIR) spectrum due to quantum effébtsquantum yield

and emission life-time of the band gap luminescence are dependdrmt contdition
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of the surface of the nanoparticles. It is learned that therdbesized bare ZnSe
nanoparticles tend to have many surface defects, which cause rativeadi
deactivation after excitation. Also, such nanoparticles are esgijlpmerated which

will cause imperfect chemical bonds between nanoparticles (Cao, 2004).

2.5ZnS Nanoparticles

Zinc sulphide is one of the II-VI semiconductors. The nanopartictes fr
this group is attracting much attention due to their size-dependent pinotelectro-
luminescence properties like ZnSe and these unique properties pffanising
applications in optoelectronics. ZnS has a wide band gap thus it iat@tive for
the optoelectronic application especially in nanoscale form. ZaSai¢able in two
crystal structure which is zinc blende and wurtzite. Besides,has3a direct band
structure with band gap energy of 3.68 eV (Denzler et al., 1998; Saraed al.,

2008).

2.6 Core-shell Structure

Core-Shell

Figure 2.3: Model of ZnSe core and ZnSe@2ZnS core-shell structure.
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It is unavoidable that the surface of the new formed nanoparticle tends t
have some lattice defects during the nanocrystal synthesissprdeer example,
surface atoms could miss at least one chemical bond. The consegiiehese
defects will dramatically reduce the fluorescence quantund yiethe QDs due to
the non-radiative annihilation of the excited electron-hole pairs igsetliefects.
However, by doing some modification on the surface of the QDssobme this
problem. It means by removing or reducing the non-radiative surfaoenbénation
sites and confine charge carriers are believed to be possiblahence the

luminescence vyields of the QDs (Chen et al., 2004).

Generally there are two type of passivation method thatvesyal employed
in the QDs. The first one is through band gap engineering whielsasstructing the
loose bonds to passivate the surface defects. This passivation eahiéeed by
coating the QD nanopatrticles with a larger band gap semicondActmod lattice
mismatch is required to obtain a good result. This topology is catheg-shell
structure. The second method is the adsorption of Lewis bases on tkarfate.
For example, passivate the surface of CdSe and CdSe/ZnS quantumwittots
otylamine is the best to describe this method. In this project, fodufall on the
first method which is passivation through band gap engineering @0éd,). In a
core-shell QDs, the shell semiconductors play two simultaneouss fidie first role
is passivate the surface traps of the core and the second orectsas a protective
layer against external aggressive agents (Arregui, 200@) to this ability to protect
the active core against external aggressive agents, so thghetireonfiguration is

more robust to photobleaching, pH changes, or other potentially aggressive media.
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There are numerous reports of core-shell quantum dots that waogfet to

and some examples are ZnS (shell) on CdSe (quantum dots) (SamiRarkindon,
2009; Dabbousi et al., 1997), CdS on CdSe (Wang et al., 2006; Cherniavskiaya et a
2003), ZnS on InP (Ryu et al., 2009), ZnCd8e2nP (Micic et al., 2000) and there
are not much research is done on ZnSe@2nS (Figure 2.3). Thesvara sspect
have to take into consideration when choosing the correct sheltiahdior the QDs

so that the semiconductor shell permits the light emitted frmrcore quantum dot
does not absorbed by the shell layer. Wider bandgap semiconductor witilla

lattice mismatch with the core semiconductor is suitable to form coresshsiture.

Referring to Prasad (2004), there are many interestingnfinfiom the
formation of CdSe-ZnS core-shell quantum dots. One of them is & reaadhift in
the adsorption spectra of the CdSe-ZnS core-shell quantum dots edmpathe
bare CdSe. This small red shift is due to the partial lea&hgjee electronic wave
function into the shell semiconductor. When ZnS is coated on the CdSetleore
wave function of the electron is spread into the shell but the wavédaraf the
hole is remains localize in the CdSe core. This effect caubmdpandgap getting
narrower thus leading to the red shift of the adsorption. Therelite between the
bandgaps of the core and the shell semiconductor will influence theshréd
phenomena. The red shift becomes smaller as the difference bdtveebandgaps
increases. In addition, the red shift is more obvious for a snsflerquantum dot
where the spread of the electronic wave function to the dineditgre is increased.
When the ZnS shell layer is increased for the same size @a®geum dot (~4nm),
an increase red shift of emission peak compared to the absorptiors ezderved

through photoluminescence spectra, with an increase in broadeningpefatheThe
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reason behind this effect is mostly due to the inhomogeneous distmiledtthe size

and preferential absorption into larger dots (Prasad, 2004).

The shell layers of the core-shell QDs play an importalet in define the
luminescence quality of the QDs. So, there are some aspectstchdaske into
consideration when growing the shell semiconductor on a core semitmnduc
Among them are growing temperature and concentration of thetlgrepecies.
Homogeneous nucleation must be avoided when growing a layegef laand gap
semiconductor on the surface of a nanoparticle. To achieve heteougenucleation,
supersaturation should not too high for nucleation but high enough for growth. This

can be done by controling the concentration of the growth species.

There are two methods can be applied to control the supersaturatios of
growth species. The first one is by adding the growth precunso the reaction
mixture which contains the cores nanoparticles drop wise. The secahddnie by
varying the growth temperature. Lower temperature can producdlesma
nanoparticles (Hwang and Cho, 2005). It was mentioned earlier timaaubionic and
cationic surface dangling bonds can be eliminated by growing tredl s
semiconductor on a core nanoparticle. For example, the wurtzite Gtfsedte-
shell nanoparticle is ideal in many aspects. The smaltdathismatch of 3.9 %
between CdSe and CdS is small enough to allow heteroepitasiathgrand large
enough to prevent alloying. Besides, the difference in bandgapgésdaough for
shell growth to enhance the quantum yield and the stability of dhes.cFor the
synthesis of CdSe/ZnS core/shell nanostructures, the temperatdreza for each

CdSe core was coated are as follows: 140°C for 2.3 and 3.0 nm diarh66GS for
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3.5 nm, 180°C for 4.0 nm, 200°C for 4.8 nm, and 220°C for 5.5 nm. The particle size
is dependent on the synthesis temperature and thus the temperatioeegi@wth on

smaller nanoparticles is lower (Cao, 2004).

2. 7 Method for the preparation of nanomaterials

Figure 2.4 illustrates the top-down, intermediate, and bottom-up approaches
to prepare bulk nanostructured solids. Generally, top-down and bottom-up nautes a
two major approaches for the synthesis of nanomaterials andath@structures
fabrication. Milling is a typical top-down method in making nanopasicivhereas
the colloidal dispersion is a good example of bottom-up approach in ttreesinof
nanoparticles. Lithography is so unique and it can be considesedamsbination of
both top down and bottom up approaches. This is because of the growth dfrthin f
is categorized as bottom-up whereas etching is top-down approacke whi
nanolithography and nanomanipulation are commonly referred as a bottom-up
approach. In modern industry, both approaches play a very impastardand most

likely in nanotechnology as well.

—— Top down — \
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&QGD $S /
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Sol-gel and self-assembly

Figure 2.4: The top-down, intermediate, and bottom-up approaches to make bulk
nanstructured solids (Ashby et. al., 2009).
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There are advantages and disadvantages in both approaches, ingpediecti
the surface structure is the biggest problem that is faced idaowp approach. In
top-down techniques, two of the common problems are the damage of
crystallographic structure to the processed patterns in lithograptiyadditional
defects that are introduced during etching process. For examplee mahowires
fabrication, the nanowires that are produced using lithographys meihtairca lot
of impurities and structural defects on their surface. In mxidithe surface was
rough. This surface defects cause low conductivity which is causétehpelastic
surface scattering. As a result from these phenomena, aercdssat will be
generated and thus increase the difficulties to the device dmsigfabrication. Top-
down approach will continue to play an important role in the nanastascand
nanomaterials fabrication even though it will lead to surfageerfection and other

defects (Pallab, 2009).

Bottom-up approach is nothing new in materials synthesis buttitl isfeen
emphasized in nanotechnology literature. Typical material syatlset build atom
by atom on a very large scale, and has been widely used inrieddst a long time.
For examples, the production of salt and nitrate in chemical induksé&ygrowth of
single crystals and films deposition in electronic industry. The chépoagposition,
crystallinity, and microstructure of a material are higinffuenced by the synthesis
approaches due to the kinetic reasons. Hence, the materiaxibits difference

physical properties (Cao, 2004; Joshi, 2008).

Generally, bottom-up approach always refers to build-up material from

bottom like building from atom by atom, molecule by molecule |aster by cluster.
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In organic chemistry, polymer is synthesized by linking itigividual monomers
together. Growth species like atoms, ions and molecules are assetabtrystal
structure from one after another after impinging onto the growtface during
crystal growth. Top-down approach has its limit on synthesis nanometerials.
The tools that possessed are too big to deal with such tiny subjects. Thus, the bottom
up approach reserves an important place in the fabrication and pngcessi

nanostructures and nanomaterials (Cao, 2004; Koch, 2003).

When put top-down approach and bottom-up approach under comparison, the
latter one provide a better chance to obtain nanostructures wigh geality. These
including less defects, more homogeneous chemical composition, andsheitier
and long range ordering. The reason for these advantages aretbaebtitom-up
approach is driven mainly by the reduction of Gibbs free enetigys the
nanostructures and nanomaterials produced more thermodynamic equilibmium
contrary, top-down approach will introduce internal stress, surfefects and

contaminations in the nanomaterial produced (Cao, 2004; Gabriel, 2004).

2.8 Nucleation and particle growth theory

2.8.1 Nucleation

The chemical growth of bulk or nanometer-sized material is ptatagi of a
solid phase from solution. By well understand the process and parsintieder
control the precipitation helps to improve the engineering of thevtgroof

nanoparticles to the desired size and shape. For a particulantsdhere must be
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certain solubility for a solute, whereby addition of any excedate beyond the
solubility level of the solute will result in precipitation and formation of narsialy.
Hence, for nucleation to occur in nanoparticle, the solution must besatyated.
This can be achieved either by directly dissolving the solutkeaated temperature
and then cooling to low temperatures or by adding the requirecanéma¢d form a
supersaturated solution during the reaction. The precipitation procegsllya
consists of two steps which are nucleation and particle grstaties (Wang et. al.,
2003). Generally, the nucleation processes can be divided as followgéoeons
nucleation, heterogeneous nucleation, and secondary nucleation. Homogeneous
nucleation occurs without a solid interface by combining soluteculgs to produce
nuclei. Homogeneous nucleation is initiated by the driving force tred
thermodynamics because of the supersaturated solution is notistalide overall

free energy (Wang et al., 2003; Sugimoto, 2001).

AG = — = mr3kpT In(S) + 4mrly (2.1)

where V is the molecular volume of the precipitated speciestheisadius of the
nuclei, ks is the Boltzmann constant, T is the temperature, S is theasaturatio,
and v is the surface free energy per unit surface area. When/8>>has a positive

maximum at a critical size, r* as shown in Figure 2.5. Thisimam free energy is
the activation energy required for nucleation to happen. The freqyenal
decrease for the nuclei larger than the critical size. f@dsction in free energy is
needed for the growth and form stable nuclei that grow to forticlest The critical

nuclei size r* can be obtained by settimgGIdr = 0
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* 2vy

ro= m (22)

For a given value of S, all particles with r > r * will gramd all particles with r <r*
will decomposed. From the Equation (2.2), the critical nuclei sizes mhversely

proportional to the saturation ratio S (Wang et. al., 2003).

AG

AG *

v

Figure 2.5: lllustration of the overall free enery@ as a function of the growth
particle size, r (Blackman and Binns, 2009).

2.8.2 Growth

After the nuclei are successfully formed from the solutitkeytgrow by
deposit the soluble species onto the solid surface. This is termedblasular
addition. When the concentration falls below the critical level, ntioleavill stops.

At the same time, the particles will continue to grow by thaeoular addition
process until the concentration of the species is equilibrium. Thelgrate for the
smaller particle was faster than larger particles atdtage. This can be explained by

assuming the larger ones are slightly bigger than the csima| thus the free energy
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that driving the growth is larger for the smaller particlese@arly monodisperse size
distribution can be obtained if the nucleation and growth is termingiezkly.
Beside this method, an alternative strategy to obtain monodispetrsieudien is by
repeated injections of the metal precursor(s) to maintain @wasad condition

throughout the reaction (Blackman and Binns, 2009; Burda et al., 2005).

When the particle growth, the reactants are depleted. Thideadl to the
different growth rate of small and large particles. In tlaise¢c Ostwald ripening will
occur. The saturation ratio (S) is decreasing and the correspamndioal nuclei size
(r*) is increasing (Equation (2.2)). Particles that are smaller than thignitcal size
will continue to shrink and finally disintegrate, while the largee avill continue to
grow. A broad size distribution of particles will happen if stop rib&ction at this
point. If the reaction is allowed to continue until the supersaturaioepleted, the
smaller nuclei will vanished completely and form to monodispersetitiea with
relative large particle (micrometer-size) (Blackman &mdns, 2009; Burda et al.,

2005).

Another factor that has to be considered is secondary growth vehitie i
growth of particles by aggregation with other particles. Grolghthis process
occurs by stable particles combining with smaller unstable inuidie growth by
secondary growth is faster than that by molecular addition KBlao and Binns,
2009). Finally, it should note that nanoparticles are small and are
thermodynamically stable. Therefore it is necessary to lig@hihem either by
adding surface-protecting reagents, such as organic ligands gammorcapping

materials, or by placing them in an inert environment, such as agamormmatrix or
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polymer. A suitable choice of capping material is important to geoa barrier to
counteract the attraction between nanoparticles due to the vaNadds attraction
(or magnetic attraction in the case of magnetic materials) (BlackmaBiams, 2009;

Wang et al., 2003).

2.8.3 Van der Waals attraction potential

When particles are small, typically below micrometers, aneddispersed in a
solvent, van der Waals attraction force and Brownian motion play tamgomles.
Van der Waals force is a weak force. It becomes significdmr@nvat a very short
distance. Brownian motion ensures that the collision of nanopartidiesach other
happen all the time. The combination of these two effects would eaithet

formation of agglomeration of the nanopatrticles (Cao, 2004; Koch, 2003).

Van der Waals interaction between two nanoparticles isstime of the
molecular interaction for all pairs of molecules composed of oneaul@ in each
particle, as well as to all pairs of molecules with one nudéem a particle and one
in the surrounding medium such as solvent. Integration of all the van das Wa
interactions between two molecules over two spherical particfesadius, r,
separated by a distance, D, as illustrated in Figure 2.6 gneesotal interaction

energy or attraction potential:

A( 2r? 2r? D+4rD
oy =— - + + —_—
6 \D2+4rD  DZ2+4rD+4r2 D2+4+4rD+4r?

(2.3)
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Where the attraction nature of the interaction between two gart@gck denoted by
the negative sign, and A is a positive constant termed the Harnakstant which
has a magnitude on the order of 19to 10%° J and depends on the polarization
properties of the molecules in the two particles and in the medinich separates

them.

Liquid
Solid 1 Solid 2

Figure 2.6: Pair of particles used to derive the van der Waals interaction2(@s).

The attraction force between two particles is inevitable havwe tovercome
from agglomeration. As a result, developing a barrier potentialdaet two particles
are believed able to prevent agglomeration. There are two methedsidely
applied to prevent agglomeration of particles which is electrostapulsion and

steric exclusion (Cao, 2004; Chow and Gonsalves, 1996).

2.8.4 Inhibition of the agglomer ation of the nanoparticles

Smaller particles will have higher surface energy and theynadically
unstable. Thus, nanoscale particles always minimize the totalcsuofr interfacial
energy of the system by agglomerate to form either lumpsecondary particles.
When the particles are strongly stuck together, these hard aggtemare called
aggregates. Agglomeration of small particles can occur at vastages including

synthesis stage, drying stage and subsequent processing of tloegaithus
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stabilize the particles from adverse agglomeration at eapho$tparticle production
is very important and needed. Stabilizing agent of surfactante to stabilize the
particles in the synthesis process or disperse as-synthegiggaimarated fine

particles (Astruc, 2008).

As discussed earlier, fine particle have larger surfacergy and
thermodynamically unstable. Thus, to become stable, it tends to izenihe total
surface energy of the system by agglomeration. The agglomehatppen with the
assistance of the attractive van der Waals force. Therafdezparticle repulsive
forces are required to prevent the agglomeration of theselgsr@ommonly, there
are two methods are used to prevent the agglomeration of the narlepaifthere
are electrostatic stabilization and steric stabilization (Claod Gonsalves, 1996).
Electrostatic stabilization provides the dispersion by producérestatic repulsion.
The repulsion force is arising from the interactions betweeasléwtric double layers
surrounding the particles. There are always an unbalance chargauticn always
exists between a particle surface and the solvent. Elecitostabilization of
dispersion occurs when the electrostatic repulsive force overdbmedstractive van
der Waals forces between the patrticles. This stabilizatiohadas suitable in dilute
systems of aqueous or polar organic media. The electric double iegewvery
unstable. It will easily destroy when there is a change inctimeentration of the
electrolyte and then result in particle agglomeration (Chow an&ves, 1996; Orr,

1998).

The second method of stabilization involves the steric forceda®ant

molecules can adsorb onto the surfaces of particles and ybphilic chains will
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