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ABSTRACT

Various sizes of manganese-doped cadmium selenide quantum dots (Mn-doped CdSe
QDs) synthesized using inverse Micelle technique with organic solvent and surfactant
possesses zinc blende structure with physical size ranging from 3 to 14 nm and
crystallite size 2.46 to 5.46 nm respectively for 0 to 90 mins samples with narrow size
distribution. Mn-doped CdSe QDs observed to growth larger QDs compared to pure
CdSe QDs at significantly same reaction times. The lattice parameter compressed with
QDs sizes growth due to the introduction of lattice strain due to the incorporation of Mn
atoms into CdSe QDs lattice. The Mn-doped CdSe QDs shows a slight blue-shift on
absorption and emission spectra’s compared to pure CdSe even though is possessed
larger QDs. The band gap structure modification prominently affected by the lattice
strain were transition of Stoke's, Rayleigh to anti-Stoke's shifts observed as the Mn-
doped CdSe QDs size growth. The typical red-shift of absorption and emission
wavelength observed with growth of QDs sizes. The role of oleic acid acid as a
surfactant and capping agent shows in FTIR spectra. The lattice strain tailored the
binding energy between the ion prominently on the surface of the QDs with growth of

QDs sizes.



ABSTRAK

Pelbagai saiz Mangan-dop cadmium selenida titik terkurung (Mn-doped CdSe QDs)
yang telah di sintesis dengan teknik ‘inverse Micelle’ mengunakan cecair dan
‘surfactant’ organik mempunyai struktur hablur ‘zinc blende’ dengan saiz fizikal dalam
julat daripada 3 ke 14 nm dan Saiz hablur daripada 2.46 hingga 5.46 nm untuk sampel-
sampel 0 hingga 90 minit dengan taburan saiz yang rendah. Mn-doped CdSe QDs
menghasilkan QDs dengan saiz yang lebih besar berbanding CdSe QDs. Jarak kekisi
hablur mengalami pemampatan apabila size QDs meningkat disebabkan oleh daya
tarikan ke atas kekisi hablur. Menariknya, Mn-doped CdSe QDs menunjukkan anjakan
biru berbanding CdSe QDs walaupun ia menghasilkan QDs dengan saiz yang lebih
besar. Struktur jalur orbit Mn-doped CdSe QDs mengalami perubahan besar disebabkan
oleh daya tarikan ke atas kekisi hablur yang mengakibatkan perubahan dari peralihan
Stoke's, Rayleigh seterusnya anti-Stoke's apabila saiz QDs meningkat. Peralihan dari
panjang gelombang rendah kepada tinggi dilihat daripada spectrum serapan dan
spectrum lepasan dengan peningkatan saiz QDs. Peranan asid oleic sebagai ‘surfactant’
dan ajen penyalut dibuktikan dalam spectrum FTIR. Daya tarikan boleh mengubahsuai
tenaga ikatan antara ion-ion terutamanya di permukaan QDs juga dengan peningkatan

saiz QDs.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Quantum confinement effect in quantum dots (QDs) I1-VI group semiconductors
is prominently factor that contributed to the great optical and electronic properties
(Dongzhi et al., 2007). Thus, it had been intensively use in wide range of industrial
applications such in laser, bio-medical imaging and labels and light-emitting diodes
(Alivisatos, 1996; Lee et al., 2006; Klimov et al., 2000; Leatherdale et al., 2000;
Bruzhez et al., 1998; Crooker et al., 2003; Sung et a., 2006; Murray et al., 1993; Peng et
al., 1998). Cadmium selenide (CdSe) QDs is the 11-VI semiconductor nanocrystal that
profoundly shows almost full range of visible light emission within a reasonable size
range compared to the other colloidal semiconductor nanocrystals (Sung et al., 2008).
Since technology and applications are moving faster with time, the need to produce
more sufficient QDs to fulfill the application need and is crucial to the research field all
around the world. Many reported works on altering the QDs properties by introducing
several doping elements to create core-shell QDs for improving or tailoring the QDs

properties to meet the need of applications (Jiang et al., 2012).

Effort on doping of QDs was arise since it is realize that the pure QDs
experience unpassivated surface due to the low atomic coordination numbers at the
surface compare to interior atoms. Hence, incomplete bonding relative to the interior
atoms forms unpassivated orbitals that are localized and carry a slight negative and

positive charge (Smith & Shuming, 2010). This inhomogenous charge will weakly



interact among them and form a band structure. If the energy of the unpassivated
orbitals band fall within the semiconductor band gap, then electron and holes can be
trapped at the surface of the crystal (Pokrant & Whaley, 1999). Example like in CdSe
QDs system, Cd unpassivated orbitals role as electron trap while Se unpassivated
orbitals role as hole trap. In addition, surface defect can also induce charges carrier trap.
This phenomenon induced non-radiative recombination resulting decrease of
fluorescence quantum yield. Introduction of surface bound organic ligand is generally
used to passivate the surface trap. System like CdSe QDs, the use of tri-n-
octylphosphine oxide (TOPO) and trioctylphosphine (TOP) were use as surface
passivated and as a surfactant that control the growth of CdSe QDs (Peng et al., 1997).
Despite simultaneous surface passivation by organic ligand are difficult for both anionic
and cationic surface trap since the QDs surface is incompletely covered by organic
ligand due to steric hindrance between bulky organic ligand (Peng et al., 1997; Peng et
al., 2000). Furthermore, many have reported the doping of inorganic semiconductor
shell onto the QDs surface enables the simultaneous passivation of anionic and cationic
surface trap since the probability for excitons to decay through radiative path increase

(Pokrant & Whaley, 1999).

Most common doping of CdSe QDs core-shell was the doping of shell with
larger band gap energy compare to the one possesses by the core elements. This is in
objective of creating band gap heterostuctures and significantly improve the surface
passivation (Peng et al., 1997). Example like synthesized of ZnS/CdSe, CdS/CdSe and
ZnSe/CdSe core-shell QDs are efficiently improved the quantum yield to about ~80 %

(Mekis et al., 2003; Ivanov et al., 2004; Reiss et al., 2002).



Equally important, the doped of intrinsically small transition metal atoms such
as magnesium (Mg) (Kwak et al., 2007), manganese (Mn) (Shen et al., 2016; Hou et al.,
2016; Norris et al., 2001), zinc (Zn) (Kwak et al., 2007), copper (Cu) (Meulenberg et
al., 2004), cobalt (Co) (Giribabu et al., 2013) and iron (Fe) (Das et al., 2014) into
variety of II-VI semiconductor QDs to achieve tunable, intense and optical and
electronic properties. Among 11-VI QDs semiconductor core-shell, CdSe QDs doped
with Mn?* catch an interest since it was the simplest way to tune the emission
wavelength due to the significantly smaller Mn atom (~0.8 nm) compared to host CdSe
atom. The Bawendi group, reported for the first time the successful of synthesized Mn-
doped CdSe QDs by organometallic decomposition technique using complex
organometallic compound {Mn,(u-SeMe),(CO)s} (Miculec et al., 2000). A few years
later, Erwin et al. (2005), reported that the surface absorption energy during the QDs
growth are controlled by impurity incorporation. They proposed that the {001} facets in
zinc blende CdSe QDs possesses higher binding energy (~4 — 6 e€V) compred to any
facets in wurtzite CdSe QDs (Erwin et al., 2005; Sung et al., 2008). Based on this, it is
strongly believe that the intention to doped Mn into CdSe are highly restricted to self-
purification in it wurtzite structure (Erwin et al., 2005; Sung et al., 2008). A great
successful of Mn doping in CdSe with a zinc blende structure was predicted by the
density-functional theory (Perdew et al., 1996). Furthermore, Mn-doped CdSe QDs
have thermal stability and strong confinement of excited electrons and holes which lead
to great optical and electronic properties compared to the un-doped CdSe bulk

semiconductor (Kwak et al., 2007).

It has been reported by many researcher on the synthesis of CdSe QDs, such as
single molecule precursor route (Green & O'Brien, 1999; Castro et al., 2003),

solvothermal route (Guifu et al., 2006; Linhui et al., 2013), sonochemical route



(Yupapin et al., 2011), microwave irradiation route (Schumacher et al., 2009),
organometallic precursor route (Murray et al., 1993; Hambrock et al., 2002) and non-
organometallic precursor route (Qu et al., 2001; Bullen & Mulvaney, 2004). The
popular wet-chemical synthesis methods of CdSe QDs using the coordinating solvents
such as TOPO and TOP, which hundreds of papers are published based on this route
(Yu & Peng, 2002). However, only little knowledge has been obtained for the formation
mechanism of the CdSe QDs by the TOP-Based route (Deng et al., 2005). Furthermore,
the costs for large-scale synthesis of QDs are still very high since TOP is expensive. In
addition, TOP is hazardous, unstable, and non-environmental friendly solvent (Deng et
al., 2005). Therefore, to attain the need of mass production, low cost, greener and fast
synthesis process of QDs crucially for various applications, non-TOP based routes are
more favorable (Deng et al., 2005). In this respect, high quality zinc blende CdSe QDs
are synthesized using non-TOP based routes which organic solvent and surfactant such
as paraffin oil and oleic acid were used. Deng et al. (2005) purposed the non-TOP
mechanism of CdSe QDs formation via inverse Micelle approach which they
successfully synthesized the high quality zinc blende CdSe QDs with oleic acid capping
(Deng et al., 2005). For extended studies of CdSe QDs with Mn doping, Kwak et al.
(2007) and Sung et al. (2008) used Mn acetate as a Mn precursor, for synthesizing high

quality zinc blende Mn-doped CdSe QDs (Kwak et al., 2007; Sung et al., 2008)

In this work, we synthesized Mn-doped CdSe QDs using greener inverse Micelle
technique which oleic acid was used as an organic ligand to the QDs surfaces and
controling the QDs. Our work is different with Kwak et al. (2007) and Sung et al.
(2008) because we synthesized and studied the properties of Mn-doped CdSe QDs at

various sizes (Kwak et al., 2007; Sung et al., 2008).



1.2 Important Research Problem

In semiconductor nanocrystal system such CdSe QDs, the crystal surface
condition are extremely crucial since the charge carrier transition at a crystal surface
draw a significant modification on the electronic and optical properties of CdSe QDs.
However, pure QDs such CdSe, will experienced surface defect that acted as a charge
carrier trap resulting the probability increase of non-radiative recombination which
reduces the fluorescence quantum yield (Talapin et al., 2001). In addition, similar to
many other QDs, CdSe QDs possesses high surface area which results in high surface
energy. Therefore, it is thermodynamically unstable or metastable (Devi et al., 2014).
Much effort has been put by researcher to encounter this problem by introducing
dopants into the CdSe QDs surface (Kwak et al., 2007). Surface doping using smaller
transition metal (i.e. Mn, Mg and Zn) onto QDs surface are one of the simplest way to
tune the light emission wavelength (Sung et al., 2008; Kwak et al., 2007). Among them,
Mn incorporation into CdSe QDs promised a high density diluted semiconductor for
spintronic application and provide good traps for excitation electrons which significant
for electronic and optoelectronic devices (Devi et al., 2014). However, doping of Mn?*
into CdSe QDs is limited due to the self-purification for QDs with wurtzite structure

(Perdew et al., 1996).

1.3 Significance of Research

CdSe semiconductor QDs has shown almost full range visible light emission
within a reasonable size range compared to other colloidal semiconductor nanocrystals
(Sung et al., 2008). Thus, this work significantly extended the research of CdSe QDs by

introducing Mn?* into various sizes of CdSe QDs and enhanced the electronic and



optical properties of the QDs for various applications such as light-emitting diodes,
lasers and biological labels (Sung et al., 2008; Klimov et al., 2000). In addition, the
greener inverse Micelle technique was applied using organic ligand that is oleic acid.
This organic surface bound improved the QDs surface trap passivation of Mn-doped
CdSe QDs which then increase the quantum vyield (Talapin et al., 2001). Moreover,
inverse Micelle technique is successfully used to doped Mn into CdSe QDs without the
risk of self-purification of Mn dopants as reportedly experience by wurzite CdSe QDs
(Sung et al., 2007). Mn-doped are predicted to optimize the surface simultaneously
pasivation of anionic and cationic surface trap states that cannot be overcome by
organic ligand (Talapin et al., 2001). In addition, Mn®* corporation will introduce strain
to the CdSe QDs lattice which enable the tuning of inter-band energy structure. This

will promise the tunable of overall optical and electronic properties (Kwak et al., 2007).

1.4 Research Objectives

Obijectives of this research are:
1. To synthesize colloidal Mn-doped CdSe QDs via inverse Michelle technique
2. To characterize Mn-doped CdSe QDs using several analytical techniques

3. To investigate the effect of varying the QDs size with its properties



CHAPTER TWO

LITERATURE REVIEW

This chapter describes the comprehensive background studies of Mn-doped
CdSe QDs including the possible synthesis techniques. The quantum confinement effect
also included in this chapter hence it is highly critical to describe the properties of the
QDs and doped QDs at various sizes. The possible mechanism of synthesizing Mn-
doped CdSe QDs is also included in this chapter for fundamental understanding of the

chemical reactions involved.

2.1 Quantum Dots

Quantum dots (QDs) were discovered in the mid of 1980°s when scientist found
unusual behavior of confined semiconductor atoms after the laser are stimulated to a
large amount of porous silicon samples. They discovered a hew phenomenon of a red
light emission from silicon atom after been stimulated with laser. Prior to this, it is only
possible with connecting a diode to the electricity source (Brus, 1983; Brus, 1986; Reed
et al., 1988). Ekimov (1981) was the first discovered the present of QDs in a glass
matrix (EKimov , 1981; EKimov et al., 1985; EKimov & Efros, 1988). Then Brus (1986)
discovered the QDs in a colloidal solution. He derived the relationship of size and
bandgap for semiconductor nanoparticles by apply a particle in a sphere model

approximation to the wave function for bulk semiconductors (Brus, 1986).

However, the term ‘quantum dots’ (QDs) is originally created by Reed in 1988

which defined as three-dimensional confined semiconductor quantum well (Reed et al.,



1988). In his paper, the electronic transport through QDs shows fine structure in
resonant tunneling which due to the discrete density of states in zero-dimensional

system (Reed et al., 1988).

Generally, QDs is defined as a semiconductor materials which having nanoscale
dimension (1- 100 nm) and highly confined in three spatial dimensions of either
electron pair or electron-hole (Dabbousi et al., 1997; Hamizi & Johan, 2010). The
electronic properties of QDs lie between bulk semiconductor and materials with discrete
molecules with almost similar sizes (Noris & Bawendi, 1996; Peng, 2000; Suyver et al.,
2000). The optoelectronic properties of QDs such as band gap are highly tunable as a
function of particles size and shape. Thus, it is possible to manipulate the emission or
absorption wavelengths by controlling the particles size to meet the specific application
(Murray et al., 2001; Brus, 2008). This serves as a basis to produce efficient
semiconductor lasers and optical amplifier, which are precisely tuned (Suri & Mehra,
2007). Furthermore, QDs promise the properties which could be harnessed for a wide
range of electronic and optical applications such as solar cells, transistor and laser diode

(Jiet al., 2003; Kasuya, 2004).

Beyond the optical and electronic applications, QDs has been applied in in-vivo
and in-vitro bioimaging and diagnostic of living cell as a substitute of conventional
organic dyes. The tunability of QDs fluorescence as a function of size are widely
available for biomedical application such as in surface enhanced raman spectroscopy
(SERS) and magnetic resonance imaging (MRI) contrast agent (Lee et al., 2013; Dahan

et al., 2003; Sapford et al., 2006).



2.2 Synthesis Techniques of QDs Materials

There are two major approaches for fabrication of QDs semiconductor materials

which is bottom-up and top-down methods (Bera et al., 2012).

In basis, the top-down method is the thinning or refining of bulk semiconductor to
form the QDs. Electron beam lithography, reactive-ion etching and wet chemical
etching is typical of top-down methods. Focused ion or laser beams are also used to
form arrays of QDs, however incorporation of impurities into the QDs and structural
imperfections by patterning have been it a major drawback. QDs are also widely
fabricated using etching technique. Dry etching for example is a plasmonic process,
which is operate by filling the etching chamber with a reactive gas species and a radio
frequency voltage is applied to in order to break down the gas molecules to form more
reactive fragment. These high Kinetic energy species hit the surface and form a volatile
reaction product that will etch a patterned sample. In reactive ion etching (RIE), the
energetic species consist of ion, and with a masking pattern, selective etching of the
substrate can be produce (Bera et al., 2006). A Galium arsenide/Aluminium gallium
arsenide (GaAs/AlGaAs) quantum structure (~40 nm) has been successfully fabricated
using RIE by mixing boron trichloride and argon (Scherer et al., 1987). Furthermore,
RIE also reported to be use in production of close-packed arrays of zinc telluride (ZnTe)
QDs with interdot distance of 180 - 360 nm using methane (CH,) and hydrogen (H>)
(Tsutsui et al., 1993). Focused ion beam (FIB) techniques also can be use in fabricating
QDs. This techniques use molten metal source such as gallium (Ga) are sputter to the
surface of the semiconductor substrate in order to fabricate QDs with shape, size and
inter-particle distance that mold by the size and dimension of ion beam (Chason et al.,

1997). However this is a slow, low throughput process and requires expensive



equipment that leaves residual surface damage (Bera et al., 2010). Another method to
fabricating pattern QDs is electron beam lithography followed by etching or lift-off
processes. This method was successfully employed for the synthesis of 111-V and I1-VI

QDs with particle sizes as small as 30 nm (Bera et al., 2010).

The bottom-up methods can be subdivided into wet-chemical and vapor-phase
methods (Bera et al., 2012). The main components in the wet-chemical methods are the
chemical precursors, surfactant and solvent (Murray et al., 2000; Zherebetskyy et al.,
2014). In basis, wet-chemical method is the precipitation methods in solution with
precise control of parameters such as synthesis temperature, precursor concentration,
ratios of anionic to cationic species, micelle formation and synthesis time, which is
crucial in order to get desirable average QDs size, shape and composition. Furthermore,
it can be in a single solution or mixture of solutions. The precipitation process always
involves both nucleation and controlled growth of QDs (Murray et al., 2000;
Zherebetskyy et al., 2014). Nucleation can be classified as homogeneous, heterogeneous
or secondary nucleation. Homogeneous nucleation occurs when solute atoms or
molecules combine and reach a critical size without the assistance of a pre-existing solid

interface (Burda et al., 2005).

Initially, wet-chemical method in QDs production was pioneered by Louis Brus in
the late 1970s when he was in Bell Labs, and carried on by some of his post docs,

notably Paul Alivisatos and Moungi Bawendi (Bera et al., 2006; Klimov et al., 2000).

Sol-gel is one of the techniques that fall into the wet-chemical methods category
which have been used for many years to form QDs (Bang et al., 2006; Spanhel &

Anderson, 1991; Bera et al.,, 2008). The three main steps in sol-gel technique are
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hydrolysis, condensation (sol formation) and growth (gel formation). Sol is product of
condensed metal precursor (alkoxides, acetates or nitrates) that been hydrolyzed in a
solvent that dispersed by Brownian motion. Next, the polymerization process is conduct
to produce a gel (Bera et al., 2010). Previously, many II-VI and IV-VI type of QDs
successfully prepared by using this method such as cadmium sulfide (CdS) (Spanhel,
1987), zinc oxide (ZnO) (Bang et al., 2006; Spanhel & Anderson, 1991; Bera et al.,
2008) and lead sulfide (PbS) (Sashchiuk et al., 2002). Example of this sol-gel method
was the production of ZnO QDs by mixing the Zinc acetate in alcohol and sodium
hydroxide (NaOH), followed by control aging in air (Bang et al., 2006). This incomplex
and economical method is suitable for mass production. However, sol-gel process
produced wide size distribution and a high concentration of defects which make it

sparingly use for QDs production (Sashchiuk et al., 2002; Bera et al., 2010).

Microemulsion is another popular wet-chemical method that is popular because
of its simplicity and can be operates at room temperature. There are two type of
microemulsion which is normal microemulsion (oil-in-water) and inverse
microemulsion (water-in-oil). It is quit straight forward that inverse microemulsion
produce inverse micelle, and this methods is popular among the scientist to produce
QDs compared to normal microemulsion. To create emulsion of inverse micelle, two
unmixable liquid that is polar solvent (i.e. polar water or polar alcohol), non-polar
solvent (i.e. non-polar long-chain alkane) and surfactant are mixed and stirred. As a
result, the nano-size water or alcohol droplets dispersed in the n-alkane solution which
is due to the contribution of surfactant that increases the surface tension of the water or
alcohol droplet. Surfactant like Aerosol OT (AOT), cetyl trimethyl-ammonium bromide
(CTAB), sodium dodecyl sulphate (SDS) or triton-X are the common surfactant use in

this method. Surfactants are terminated by hydrophilic and hydrophobic groups on

11



opposite ends, which form numerous tiny droplets called micelles that are
thermodynamically stable in the sustained oil medium. These micelles role as
‘nanoreactors’. Highly rapid stirring micellar solutions lead to a continuous exchange of
reactants due to dynamic collisions (Bera et al., 2010). The QDs size growth is
restricted by the micelle size which is controlled by the molar ratio of water and

surfactant (W) (Hoener et al., 1992).

The relation between W and the radius (r) of the micelle has been reported as are

shown in Eq. (2.1) (Hoener et al., 1992).

(r+15)3 1= % 2.1)

The reverse micelle technique of microemulsion has been used to prepare I1-VI
core and core/shell QDs, such as cadmium sulfide (CdS) (Colvin et al., 1992), zinc
sulfide-doped cadmium sulfide- manganese (CdS:Mn/ZnS) (Yang & Holloway, 2003;
Yang et al., 2004; Yang & Holloway, 2004; Yang et al., 2005), CdSe-doped zinc sulfide
(ZnS/CdSe) (Kortan et al., 1990), zinc selenide-doped CdSe (CdSe/ZnSe) (Hoener et
al., 1992), ZnSe (Reiss et al., 2004) and IV-VI QDs (Ogawa et al., 1997). It is possible
to control the size of the QDs using this method by changing the molar ratio of water to
surfactant. In addition, the QDs size distribution is narrow compared to the sol-gel
method. However, QDs produced by microemulsion shows low yield and present of

impurities and defects (Bera et al., 2010).

Another significant wet-chemical method is call hot-solution decomposition
process which involve high synthesis temperature. Bawendi and his co-workers, (1993)

is the first to intensely discuss on high temperature (~300 °C) pyrolysis of
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organometallic compound in 1993 (Murray et al., 1993), which is nowadays among the
established method in synthesizing QDs (Hamizi & Johan, 2010). This method required
a mixture of precursors solutions of group Il [i.e. alkyl (Murray et al., 1993), acetate
(Qu et al., 2001), carbonate (Qu et al., 2001) and oxides (Qu et al., 2001; Qu & Peng,
2002) and VI [i.e. phosphene or bis(trimethyl-silyl)] elements by simultaneous injection
of group Il precursor solution into group VI precursor solution under a rapid stirring
condition (Bera et al., 2010; Murray et al., 1993; Hamizi & Johan, 2010). The
coordinating solvent such as trioctyl-phosphine oxide (TOPO), trioctyl-phosphine
(TOP) (Murray et al., 1993) and oleic acid (Zhengtao et al, 2005; Hamizi & Johan,
2010) are add in the process of preparing precursors solution which is aim to produce
well-dispersed QDs, increases surface passivation, and provides an adsorption barrier to
slow the growth of the QDs (Bera et al., 2010). As a result, homogeneous nucleation
and slow subsequent growth of QDs through ‘Ostwald ripening’ can be achieves. In
Ostwald ripening, smaller sizes QDs that possesses higher free energy lose it mass to
larger QDs, and gradually disappear. The final size of the QDs is mainly controlled by

the reaction time and temperature (Bera et al., 2010; Hamizi & Johan, 2010).

This method is widely used in synthesizing I1-VI (Lee et al., 2006; Bae et al.,
2004; Hines & Sionnest, 1998; Yu et al., 2003; Chen et al., 2005), IV-VI (Bakueva et
al., 2003) and I11-V QDs (Battaglia & Peng, 2002). This method promises a sufficient
thermal energy to anneal defects and results in monodispersed QDs (Bera et al., 2010).
A series of QDs size can be collect at different time interval from the same precursor
bath since growth of the particles is relatively slow using this method (Hamizi & Johan,
2010). Moreover, large amount of QDs can be obtain using this methods (Bae et al.,
2008), beside can also be use to produce QDs alloy (Zhong et al., 2003). However, the

toxicity of some organometallic compound use in this method essentially needs a great
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precaution while handling the compound (Bera et al., 2010). Table 2.1 shows the
chronological summary of various QDs synthesized using hot solution decomposition

method with vary in chemical precursor and synthesis parameter.

QDs can also grow in water by applying sonic waves or microwaves to the water
bath containing a mixture of precursor. The precursor and the water molecules will be
separate by the energy from these waves leading to a growth of QDs (Zhu et al., 2000;

Qian et al., 2005; Bera et al., 2010).

QDs in the size range of 1 - 5 nm are reported synthesized using the ultrasound
waves. Ultrasound wave trigger the formation, growth and implosive collapse of
bubbles in a liquid to produce QDs (Zhu et al., 2000). An acoustic cavitation induced a
localized hotspot through adiabatic compression within the gas inside the collapsing

bubble, enabling the reactions that form QDs (Zhu et al., 2000; Bera et al., 2010).
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Hydrothermal synthesis approaches (Yang et al., 2008; Xie et al., 1996) and
similar approach (Rogach et al., 1996) have been used to synthesis QDs. This synthesis
approach involved the controlled of pressure and temperature during the crystallizations
of aqueous inorganic salts. Lowering the temperature and/or pressure will generally
caused the solubility of inorganic salts to dropped, results in formation of crystal
precipitates (Yang et al., 2008; Xie et al., 1996). Tailored reactants, temperature,
pressure, reaction and aging time can produce various sizes and shapes of QDs (Bera et

al., 2010).

Vapor-phase methods are one or the bottom-up methods in producing QDs beside
wet-chemical method. These methods begin with process of layers are grown in an
atom-by-atom. Consequently, self-assembly of QDs occurs on a substrate without any
patterning (Leonard et al., 1993; Swihart, 2003). Indium gallium arsenide (InGaAs) and
aluminum indium arsenide (AllnAs) QDs are successfully synthesized using this vapor-
phase method (Lobo & Leon, 1998). Despite produced QDs in inhomogeneous sizes,
this synthesis approach effectively produced QDs arrays without template (Bera et al.,

2010).

2.3 Materials in QDs

History of QDs begins when it was first discovered in glass crystals by Russian
physicists, EKimov and Onushchenko (1981) at early 1980°s (Ekimov & Onushchenko,
1981). Efficient advancement in the science and technology of QDs was driven after
1984, when Brus (1984) derived a relationship of size and bandgap for QD by applying
a particle in a sphere model approximation to the wave function for bulk

semiconductors (Brus, 1984; Brus 1986). However, it took nearly a decade for a new
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encouragement in QD research until the successful synthesis of colloidal CdX (X =S,
Se, Te) QDs with size-tunable band-edge absorption and emissions by Murray et al.
(1993) (Murray et al., 1993). To this date, CdX is the most investigated QDs owing to it
excellent optical and electrochemical properties. Realized of it high potential in
biological applications, the toxicity of Cd ion in CdX was paid more and more attention

(Beraet al., 2010).

For traditional QDs, Cd is the key element for their composition. However,
major drawback to Cd based QDs potential in applications is the leaking of Cd ions
which are culpits to the cytotoxicity problem. This is the main problem in it future in
applications to cellular or in vivo study. Due to high demand in biocompatible QDs, the
emphasis has shift toward the fabrication of Cd-free QDs such as silicon QDs (Si QDs),
carbon dots (C-dots), graphene QDs (GQDs), Ag,Se, Ag.S, InP and CulnS,/ZnS. Some
of them are not new emerging member, such as Si QDs, which appeared even as early
as 1990°s. In addition, this Cd free QDs reported to possesses excellent properties which
promise a wide applications as luminescent probes for biosensing and bioimaging (Bera

et al., 2010).

Si has been known to have indirect semiconductor band gap and poor optical
properties for a long time. It was until the 1990°s when efficient light emission from Si
was reported by Canham (Canham, 1990) and a year later, Lehman and Gosele (1991)
proposed the explanations on the features of porous Si absorption spectra by using
quantum confinement (Lehman & Gosele, 1991). This emerged the interest of
researcher on Si QDs. There are three discrete photoluminescence bands for Si QDs,
which is in the infrared, red and blue light range. The main advantage of Si QDs is their

good biocompatibility. Si QDs were reported to be at least ten times safer than Cd-based
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QDs under UV irradiation (Fujioka et al., 2008). Moreover, Canham (2007) proposed
utilize of the nanoscale Si as a food additive (Canham, 2007). Till present, numerous
methods have been reported to produce colloidally and optically stable, water-
dispersible Si QDs, incorporating a range of bottom—up and top—down approaches
(Bruhn, 2012). However, a main obstacle in bioimaging applications is their oxidative
degradation in the biological environment. For a Si QDs in solution phase, surface
modification is necessary. Erogbogbo et al. (2011) prepared Si QDs using a nanoparticle
synthesis, surface  functionalization, polyetylynglicol (PEG)ylated micelle
encapsulation, and bioconjugation process. This surface modification process are
reported to successfully produced Si QDs that has a high potentials in multiple cancer-
related in vivo applications, including tumor vasculature targeting, sentinel lymph node
mapping, and multicolor NIR imaging in live mice, which showed great potentials of Si
QDs as biocompatible fluorescent probes for both in vitro and in vivo imaging

(Erogbogbo et al., 2011).

Carbon dots (C-dots) are a new class of carbon nanomaterials with sizes below
10 nm, which were first reported to be successfully produced during purification of
single-walled carbon nanotubes through preparative electrophoresis (Xu et al., 2004).
Since the discovery of their outstanding optical property, C-dots have attracted wide
attentions and shows great potentials in biological applications. C-dots has a unique
optical property of excellent up-converted PL (UCPL) besides a normal or down-
converted photoluminescence (PL). This enables the design of high-performance,
complex catalyst systems based on C-dots for efficient exploitation of the full spectrum
of sunlight (Shen et al., 2012; Cao et al., 2007; Li et al., 2012; Ming et al., 2012). In
addition, C-dots can exhibit PL emission in the near infrared (NIR) spectral region

under NIR light excitation, which is particularly significant for in vivo bio-
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nanotechnology due to its low auto-fluorescence and high tissue transparency in the
NIR region (Lim et al., 2006; Tang et al., 2012). Apart from its strong fluorescence, C-
dots also shows distinct properties such as electrochemical luminescence (Ding et al.,
2002; Zhu et al., 2009; Zhou et al., 2010 (a)), photo-induced electron transfer property
(Zhang et al, 2012; Wang et al, 2009), photo-catalysis (Li et al., 2012), optoelectronics
(Ponomarenko et al., 2008; Girit et al., 2009), which all extend their applications in
various areas. Graphene QDs (GQDs) are one of the C-dots materials which have also
attracted a lot of interest from researchers over the past few decades because of their
fascinating optical and electronic properties. Graphene is a zero band gap material in
principle, but the band gap of graphene can be tuned from 0 eV to that of benzene by
varying their sizes (Yan et al., 2010; Shen et al., 2012). The one dimension graphene
sheets could be converted into zero dimension GQDs, which assume to possess
numerous novel chemical and physical properties due to the apparent quantum
confinement and edge effects (Zhou et al., 2012 (b); Pan et al., 2010). Although GQDs
are considered as a member of C-dot family, GQDs shows several distinctions features
compared to general C-dots (Li et al., 2013). The C-dots are either amorphous or
crystalline, while GQDs possess graphene lattices inside the dots, in spite of the dot
sizes (Baker & Baker, 2010). Additionally, luminescent C-dots contain discrete, quasi-
spherical carbon nanoparticles with sizes below 10 nm, while GQDs are always defined
as the graphene sheets with lateral dimensions than 100 nm in either single, double, or a
few (3 to <10) layers (Shen et al., 2012; Ponomarenko et al., 2008). In general, the
average sizes of GQDs are mostly below 10 nm, and the largest diameter of GQDs
reported is 60 nm, which is reliant on the preparation methods (Liu et al., 2011). In
addition, GQDs shows properties of photoluminescence, good electron mobility and
chemical stability, electrochemical luminescence, and photocatalyst which contributed

to the fabrication of numerous sensors and bioimaging (Li et al., 2013; Shen et al.,
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2012). Beside Si QDs, C-dots and GQDs, other kinds of Cd-free QDs have also been
intensely developed due to their good biocompatibility and excellent optical properties.
Examples of this others Cd-free QDs is InP (Yong et al., 2009), InP/ZnS (Tamang et al.,
2011), CulnS,/ZnS (Chen et al., 2013; Li et al., 2009), Ag,Se (Gu et al., 2012), Ag,S
(Hong et al, 2012) which shows outstanding potentials in biological imaging

applications (Chen et al., 2013; Li et al., 2009).

As an alternative to QDs, fluorescent metal nanoclusters which known to
possess very small size, superior biocompatibility, and excellent photostability, have
become a new class of fluorescent labels for biological applications. Among them, gold
(Au) and silver (Ag) nanoclusters attract much more attentions. Initially, little attention
was paid to this metal nanocluster due to extremely low quantum yield (QY) of 10™°
observed in PL from the noble metals. However, the enhancement on the QY up to 107
to 10" have been attracted interest among researchers (Mooradian, 1969). Until now, a
lot of Au and Ag NCs stabilized with different scaffolds (protein, peptide, and
oligonucleotide) have been developed and applied for the detection of thiol compounds
(Huang et al., 2011), metal ions (Su et al., 2010; Lan et al., 2010), protein (Sharma et
al., 2011; Li et al., 2012), deoxyribonucleic acid (DNA) (Yeh et al., 2012), ribonucleic
acid (RNA) (Dong et al., 2012) as well as intracellular and in vivo bioimaging. Dickson
and co-workers (2009) successfully transferred poly (acrylic acid)-stabilized Ag NCs
(PA-SCs) to anti-actin Ab/C12 and anti-a-tubulin/C12 conjugates to get fluorogenic
silver cluster biolabels for cell surface labeling (Yu et al., 2009). Wang et al. (2013)
reported fluorescent Au NCs could be spontaneously biosynthesized by cancerous cell
incubated with micromolar chloroauric acid solutions, a biocompatible molecular Au
(111) species, which could not take place in noncancerous cells (Wang et al., 2013). They

further realized in vivo self-bioimaging of tumors by subcutaneous injections of
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millimolar chloroauric acid solution near xenograft tumors of the nude mouse model of
hepatocellular carcinoma or chronic myeloid leukemia. This shows potential of
fluorescent metal nanoclusters for in vivo bioimaging (Wang et al., 2013). Specially,
DNA-stabilized Ag NCs possess apparent advantage in DNA biosensing because of the
uncomplicated assembly of DNA sequence. Werner and colleagues designed a
nanocluster beacon to detect a DNA series related to the human Braf oncogene based on
an interesting phenomenon that the red fluorescence of DNA-stabilized Ag NCs could
be improved 500-fold when placed in proximity to guanine-rich DNA sequences (Yeh

et al., 2010).

2.4 Doping in QDs

Doping in QDs by intentionally incorporating impurities into the colloidal
semiconductor is a noteworthy approach to modifying the electronic, optical and
magnetic properties of the QDs (Stowell et al., 2003; Norris et al., 2008), especially for
technological applications such as optoelectronic, magnetic, biological and spintronic
applications (Bryan & Gamelin, 2005; Norris et al., 2008). These impurities will interrpt
the band structures by producing local quantum states that lies inside the band gaps.
Significantly, quantum confinement effect in QDs will permits the dopants to be auto-
ionized without thermal activation. This auto-ionization takes place when quantum
confinement energy exceeds Coulombic interaction between carrier (hole or electron)

and impurity (n-type or p-type) (Bera et al., 2010).

Various transition elements such as, chromium (Cr) (Yu et al., 2007),
manganese (Mn)( Beaulac et al., 2009), iron (Fe) (Rajabi et al., 2013), cobalt (Co)

(Radovanovic & Gamelin, 2001), cooper (Cu) (Stouwda et al., 2009) and silver (Ag)
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(Sethi et al., 2009), and other elements, such as, phosphorus (P) (Hao et al., 2009),
boron (B) (Fan et al.,, 2014), sodium (Na) (Orlinskii et al.,, 2004) and litium (Li)
(Orlinskii et al., 2004) were doped into QDs, for various applications. Optical properties
of QDs can be tailor by changing the amounts (Yang et al., 2005) and the positions
(Yang et al., 2006) of dopants in the QDs. In addition, doping QDs with transition metal
ions such as Mn?* induces diluted magnetic semiconductor phenomenon that can be
useful in spintronic devices due to the effect of giant Zeeman splitting, which results
from the exchange interaction between the transition metal ions and the electronic states

of the QDs host (Yu et al., 2010; Efros et al., 2001).

Doped Mn into 11-VI QDs has captured huge attention of scientists for more than
a decade because of it good potential in improves the in solar cell and spintronic devices
efficiency (Huynh et al, 2002; Awschalom & Kikkawa, 1999). Mn possesses
paramagnetic properties that will provides a means of coupling the optical and magnetic
properties of these materials via sp-d inter-band exchange interaction. Mn?* acts as a
paramagnetic centre (S=5/2) which will substitutes cation from group Il cation in the
semiconductor lattice (Oluwafemi et al., 2010). The interaction between the
semiconductor host and the Mn, creates a new class of materials which will arise
interesting magnetic and optical properties that are not possesses by either bulk diluted
magnetic semiconductors (DMS) or pure QDs (Levy et al., 1996; Miculec et al., 2000;
Norris et al., 2001). Mn reported to has been successfully doped into CdS, ZnS and
ZnSe QDs that exhibits zinc-blende structure (Levy et al., 1996; Norris et al., 2001; Li
et al., 2006). Despite, Mn doping into CdSe QDs has been highly restricted (Erwin et
al., 2005; Kwak et al., 2007) due to intrinsic properties of CdSe, Mn adsorption binding

energy and parasitic binding of Mn by strong surfactants (Oluwafemi et al., 2010).
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Mikulec was first reported to has been successfully doped Mn into CdSe QDs
using custom designed precursor via a high temperature pyrolysis (Mikulec et al.,
2000). In this reaction, organometallic decomposition of Mny(u-SeMe),(CO)s,
trioctylphosphine selenides (TOPSe) and dimethyl cadmium (CdMe;) in TOPO was use
to produce zinc blende Mn-doped CdSe QDs. A number of attempts to use simpler

precursors containing only manganese were not succeed (Oluwafemi et al., 2010).

Zinc blende CdSe was suggested to have higher banding energy of the {001}
facet compare to any facets in wurtzite CdSe . This theory was proposed by Erwin et al.,
(1996) which is based on the density-functional theory (Erwin et al., 2005; Perdew et
al., 1996). Thus, they suggested that it would be possible to dope zinc blende CdSe QDs
with Mn compare to wurtzite CdSe QDs. Recently based on the Erwin et al. proposition,
Kwak et al. successfully synthesized Mn-doped zinc-blende CdSe QDs via an inverse
micelle technique and concluded that wurtzite CdSe cannot be doped with Mn due to
self purification (Kwak et al., 2007). On the other hand, Erwin et al., try to solve this
restriction and reported a synthesis of Mn-doped wurtzite CdSe by using a weak
binding surfactant in 2005 (Erwin et al., 2005). However this reaction involves severe
conditions such as injection of hazardous and toxic metal-alkyls. In addition, these
metal-alkyls are easily volatile compound having a low boiling point, explosive at
elevated temperature, and pyrophoric. Therefore this synthesis process requires standard
airless techniques. Hence, it is agreeable that this method is for a research setting but

undesirable for commercial exploitation (Oluwafemi et al., 2010).
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2.5 Quantum Confinement Effect

In the early 1980s, Ekimov and Onushchenko (1981) at the loffe Physical-
Technical Institute in St. Petersburg detected the unusual optical spectra from glass
samples containing CdS and CdSe, this was first hints that quantum confinement in
zero-dimentional was possible (Ekimov & Onushchenko, 1981). The samples were
exposed to high temperatures which induced precipitates of the nanocrystallites on the
glass. The quantum confinement of electrons in these crystallites shows the uncommon

optical behaviour (Ekimov & Onushchenko, 1981; Reed, 1993).

For better understanding about quantum confinement effect, imagine an electron
trapped in a box. Quantum mechanics states that the electron has wave properties, like
the ripples on water or the vibrations of a violin string. Similar to a violin string tied
down at both ends, the electron wave is bounded by the walls of the box. The
wavelength of the string’s vibrations (or the electron’s) must fit within these confines.
In the case of the violin string, the point at which it is tied down changes as the
violinist’s finger slides up the fingerboard. The length of the allowed waveform
shortens, and the frequency of the string’s vibrations increases, as does that of all its
harmonic overtones. If the size of an electron’s confining box is made smaller, the

electron’s lowest energy level (the analogue of the fundamental pitch of the violin) will

increase (Reed, 1993).

For semiconductor nanocrystallites, the fundamental “pitch” is the threshold
energy for optical absorption, and the harmonic overtones correspond to new absorption
features at higher energies. In a vacuum, the effects of confinement will begin to occur

when the electron is trapped in a volume about 10 A across. This size implies an
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electron wavelength of 20 A and therefore energy of about one fortieth of an electron
volt (eV). In this case, semiconductor physics is an aid for the nanotechnologist. The
wavelength of an electron depends on its energy and it’s mass. For a given wavelength,
the smaller the mass, the larger the energy, and the easier it is to observe the energy
shift which causes confinement. The electrostatic potentials of the atoms in the
crystalline lattice are superimposed to provide a medium in which the electron waves
propagate with less inertia than they do in the free space. The “effective mass” of the

electron is thus less than its actual mass (Takagahara & Takeda, 1992; Reed, 1993).

In GaAs the effective mass is about 7 % of its effective mass in a vacuum,
whereas the effective mass is 14 % in a Silicon. Consequently, quantum confinement in
semiconductors occurs in a volume about 100 A. The threshold of optical absorption for
nanocrystallites shifts to higher energies, away from the red end of the spectrum, as the
crystallite becomes smaller. This effect appears most significantly in CdSe clusters,

which is the progression from deep red to orange to yellow (Reed, 1993).

Quantum confinement generally results in a band gap widening as a function of
size of the QDs decrement. The band gap in a material is the energy necessary to form
an electron and a hole at rest (i.e., with zero Kinetic energy) at a distance far enough
apart that their Coulombic attraction is negligible. If one carrier approaches the other,
they might form a bound electron-hole pair such as exciton, which energy is a few meV
lower than the band gap. This exciton behaves similar to a hydrogen atom, except that a
hole, not a proton, forms the nucleus. Apparently, the mass of a hole is much smaller
than that of a proton, which affects the solutions to the Schrédinger wave equation. The
distance between the electron and hole is called the exciton Bohr radius (rg). If me and

mp, are the effective masses of electrons and holes, respectively, the exciton Bohr radius
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for bulk semiconductor can be expressed by Eq. (2.2), where €, h, and e are the optical
dielectric constant, reduced Planck’s constant and the charge of an electron, respectively

(Bera et al., 2010).
2
g = LE (i+ i) 2.2)

If the radius (rqo) 0f @ QDs approaches rg ( i.e., gt = g, OF Igot < I'g), the motion
of the electrons and holes are confined spatially to dimension of the QDs which causes
an increase of the excitonic transition energy and the shows blue shift in the QDs band
gap and luminescence. The exciton Bohr radius is a threshold value, and the
confinement effect becomes significant when the QDs radius is smaller. For small QDs,
the exciton binding energy and biexciton binding energy (exciton-exciton interaction
energy) is much larger that for bulk materials (Klimov, 2006). Note that for a material
with a relatively higher € or smaller me and my, the rg is larger. Two detailed theoretical
approaches are used to intensely studies the exciton properties, which is the effective
mass approximation (EMA) model and linear combination of atomic orbital (LCAO)

theory (Bera et al., 2010).

This approach, based on the ‘Particle-in-Box Model’, is typycally used model to
predict quantum confinement. It was first proposed by Efros and Efros (Efros & Efros,
1982) in 1982 and later modified by Brus (Brus, 1983). It believes that a particle in a
potential well with an infinite potential barrier at the particle boundary. For a particle
free to assume any position in the box the relationship between its energy (E) and wave
vector (K) is given by Eq. (2.3) where m* is a constant (effective mass) (Brus, 1983;

Bera et al., 2010).
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(2.3)

In the EMA model, this relationship shows in Eq (2.3) and assumed to hold for an
electron or hole in the semiconductor, therefore the energy band is parabolic near the
band-edge. The shift of band gap energy (AEg) due to confinement of the exciton in a
QDs with a diameter rg; can be expressed as in Eq. (2.4), where, p is the reduced mass

of an electron-hole pair and E” gy is Rydberg energy (Brus, 1983; Bera et al., 2010).

AE = -

2 - 2
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The first expression of the Eq (2.4) represents a relation between ‘particle-in-a-
box’ quantum localization energy or confinement energy and the radius of the QDs (rqot)
whereas the second expression shows the Columbic interaction energy with a reo”
dependence. The Rydberg energy term is size independent and is usually insignificant
and negligible, except for semiconductors with small dielectric constant (Wang &
Herron, 1991). Based on Eg. (2.4), the first excitonic transition (i.e., the band-gap)
increases as the rqo: decreases (quantum localization term shifts to higher energy with
lower rgot Value (rg) and Columbic terms shifts excited electronic state to lower value
(reott). However, the EMA model breaks down in the small QDs regime (Murray et al.,
1993; Wang & Herron, 1991) because the E-k relationship can no longer be

approximated as parabolic. (Bera et al., 2010).

A model based on a linear combination of atomic orbitals—molecular orbitals
(LCAO-MO) offers more detailed basis for predicting the evolution of the electronic

structure of clusters from atoms and/or molecules to QDs to bulk materials, and
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predicting the dependence of band gap on size of the crystals. As the number of atoms
increase, the discrete energy band structure change from large steps to small energy
steps, i.e., to a more continuous energy band. The occupied (bonding) molecular orbital
quantum states (equivalent to the valence band) are called the highest occupied
molecular orbital (HOMO) levels. The unoccupied anti-bonding orbitals (equivalent to
the conduction band) are called the lowest unoccupied molecular orbital (LUMO)
levels. The energy difference between the top of the HOMO and bottom of the LUMO
(equal to the band-gap) increases and the bands split into discrete energy levels reduced
mixing of atomic orbitals for a small number of atoms. Therefore, the small size of the
QDs results in quantized electronic band structures intermediate between the

atomic/molecular and bulk crystalline molecular orbitals (Bera et al., 2010).

Compared to the effective mass approximation, the LCAO-MO model provides a
methodology to calculate the electronic structure of much smaller QDs. In contrast, this
method cannot be used to calculate the energy levels of large QDs due to mathematical
complexity and limitations of the computing systems. Nevertheless, the degree of
quantum confinement is determined by the ratio of the radius of a QDs to bulk excitonic
Bohr radius (rg). At crystal sizes greater than the excitonic Bohr diameter (2rg),
semiconductor crystals exhibit translational motion confinement of the fully coupled
exciton due to a strong Coulombic interaction between the electron and holes, i.e.,
exhibits singleparticle confinement behavior (sometimes called the strong confinement
regime). In the intermediate size range (R < rg), the transition energies of photoexcited
carriers in the crystal are determined by the relative strengths of the Kkinetic energy of

confinement and the electron-hole interaction (Bera et al., 2010).
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Band-gap of QDs can be determined by electrochemical measurement using
Qdots films. Cyclic voltametry (CV) are often employed (Ogawa et al., 1997; Inamdar
et al., 2008) to determine the oxidation and reduction potential of the film of QDs to be
measured using a standard three-electrode cell. CV is a dynamic electrochemical
method in which current-potential curves are traced at a pre-defined scan rates. QDs
coated gold plate, platinum wire or indium tin oxide film on glass substrates are often
used as working electrodes and platinum electrode acts as a counter electrode. The cell
potential is generally normalized to reference electrode using Fc/Fc* couple (Bera et al.,

2010).

2.6 Synthesis of Mn-doped CdSe QDs

Mn-doped CdSe QDs can be obtained from a variety of Cd and Mn precursors,
including Cd and Mn salts, combined with a Se precursor, which is usually prepared
from Se powder dissolved in trioctylphosphine (TOP) or tributylphosphine (TBP) (Peng
et al., 2001; Yu et al., 2003; Qu et al., 2001; Yordanov et al., 2005). The first hot-matrix
method used to synthesis Mn-doped CdSe QDs was from Cadmium Oxide (CdO) (Peng
et al., 2001) which utilized Cd (II) alkylphosphonate salts. Various fatty acids (such as
stearic acid), applied as ligands for Cd, yield relatively faster particle growth (Yu et al.,
2003; Qu et al.,, 2001; Yordanov & Minkova, 2005). Although the fatty acids are
compatible with Cd precursors, they are most suited for growth of larger QDs (4 —
5nm). The Cd precursor is typically dissolved in stearic acid (SA) at moderate
temperatures (100 — 150 °C), converting the precursor to Cd (Il) stearate. Complex
solvent systems of mixed amphiphiles as ligands (Han et al., 2006) usually produce
QDs possessing high quantum yields of emission and monodisperse sizes (Yordanov &

Minkova, 2005).
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However, the effects of each ligand could not be easily distinguished. For this
purpose, one should first investigate various mixtures of the precursor with non-polar
and non-coordinating solvents such as octadecene (Yu et al., 2003) and liquid paraffin
(Deng et al., 2005; Yordanov et al., 2005). As coordinating solvents, they form
complexes with Cd (II), which develop a capping layer on the nanocrystals’ surface
(e.g. hexadecylamine or trioctylphosphine oxide, TOPO). Liquid paraffin is defined as a
non-coordinating solvent because it is a mixture of saturated hydrocarbons without
functional groups capable of coordination with Cd (Il). It is possible that the
coordinating solvents may alter the reactivity of the Cd precursor by coordinating the
Cd (1) ions to form the respective complexes. The altered reactivity of Cd (II)
precursors and the capping of nanocrystals with coordinating molecules may result in
different rates of nanocrystal nucleation and growth in different (coordinating and non-

coordinating) solvents (Yordanov et al., 2005).

Peng’s group (Yu et al., 2003) noticed that the concentration of oleic acid in
octadecene strongly affects the so-called phosphine-free synthesis of Cadmium Sulfide
(CdS) nanocrystals. However, stearic acid is expected to be more stable than oleic acid,
because of the lack of double bonds, which could be oxidized easily. Stearic acid was
found to be better than oleic acid for the synthesis of CdSe QDs in liquid paraffin.
Moreover, the growth kinetics of CdSe QDs was found to be different in paraffin with
either stearic or oleic acid (Yordanov et al., 2005). Embden and Mulvaney (2005)
studied the synthesis of CdSe QDs from Cadmium Oleate and trioctylphosphine
selenide (TOP-Se) in Octadecene (ODE). The CdSe QDs contained another
coordinating amphiphile namely: bis-(2,2,4-trimethylpentyl) phosphinic acid (TMPPA),
which was injected together with tributylphosphine selenide (TBP-Se). They classified

oleic acid as a “ripening agent”, because it accelerates the ripening processes. Increasing
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its concentration led to the formation of larger particles at lower particle concentration

(Embden & Mulvaney, 2005).

A synthetic route for preparing high-quality CdSe QDs in an aqueous solution
was reported by Xianfeng Chen’s group from Oxford University (Chen et al., 2009).
When sodium selenide is used to synthesise CdSe QDs in the presence of 3-MPA, the
formation of QDs can only happen slowly during refluxing at certain temperatures
(above room temperature). Therefore, 3-MPA can form a dense layer on CdSe QDs and
synthesise extremely small CdSe QDs having higher luminescence in aqueous solutions

(Chen et al., 2009).

However, CdSe QDs produced by chemical synthesis that using trioctylphosphine
(TOP) (Murray et al., 1993) are most common. This is due to the fact that TOP based
routes produce high-quality wurtzite CdSe QDs, which are stable in atmosphere. This is
negated by the fact that TOP solvent is expensive and not environment-friendly. This
leads to the introduction of a new non-TOP based route, which is greener and cost-
effective (Deng et al., 2005). Both methods utilize Selenium (Se) and Cadmium Oxide
(CdO) powders as starting materials. Cadmium (Cd) is a toxic heavy metal and Se is
toxic in excessive amounts (Peng, 2002). Therefore, appropriate precautions should be
taken when handling these materials. For example, the experiment should be conducted
in a fume hood and the user should wear chemical gloves and a face mask (Gerion et al.,

2001).

Non-TOP based route (Inverse Micelle) is the synthesis of CdSe QDs by injecting
Cd oleic acid (Cd-OA) or Cd complex into a Se solution without using TOP (Peng et

al., 2001). This synthesis route is much greener than TOP based routes because it uses
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oleic acid and paraffin oil, which are natural products without toxicity (Yu et al., 2003).
Therefore, this method is beneficial for scientific research and industrial sectors. This
method produces CdSe QDs with zinc blende structures (Danek et al., 1996). On the
other hand, TOP based route also produces CdSe with wurtzite structures (Trindade et
al., 2000). This leads to a new investigation since CdSe QDs possess different properties

between zinc blende cubic and wurtzite hexagonal structures (Sharma et al., 2003).

2.7 Mechanism in Synthesizing Mn-doped CdSe QDs

The Mn-doped mechanism is tailored from the synthesized of CdSe QDs
(Hamizi & Johan, 2010). There are two possible methods in synthesizing the CdSe
QDs. The trioctylphosphine (TOP) based method (Murray et al., 1993) and the new
convenient and greener non-TOP based route (Deng et al., 2005). Non-TOP based
method and TOP based method will be elaborated in Chapter Three of this report. Both
methods were using selenium (Se) and cadmium oxide (CdO) powders as part of the
starting materials. Cadmium (Cd) is a toxic heavy metal and Se is toxic in too large
amounts (Peng, 2002). Therefore, appropriate precautions should be taken when
handling them, such as, the experiment should be held in the fume hood and wearing

chemical gloves and face mask (Gerion et al., 2001).

Non-TOP based route is the synthesis of CdSe QDs by injection of Cd oleic acid
(Cd-OA) or Cd complex into a Se solution without using TOP (Peng et al., 2001). This
synthesis route is much greener than TOP based route because it using oleic acid and
paraffin oil which both are natural products without toxicity (Yu et al., 2003). This
synthesis route is less cost since TOP is too expensive. This will give great a benefit for

the scientific research and industrial sectors.

38



The mechanism in producing CdSe QDs using non-TOP based route involved
redox reaction. Egs. (2.5-2.8) show the possible chemical reactions involved in the
formation of CdSe QDs. Eg. (2.5) demonstrates the CdO reacts with oleic acid to
generate Cd-OA solution. This reduction process in producing Cd-OA involved the used
of paraffin oil as a solvent but it doesn’t involved in this chemical reaction (Deng et al.,

2005).

CdO + Oleic acid —x > Cd-OA (2.5)

Eq. (2.6) is a process of dissolving Se powder into the paraffin oil and a
dehydrogenation reaction to generate H,Se gas in situ. Under the heating process, Se is
reduced to H,Se gas, while the long alkane chains are oxidized to the long alkene
chains. There are three reasons which may play the important roles in the formation of
stable homogenous Se solution. The melting point of Se powder is 221 °C, thus the
liquid state of Se can be formed at a temperature of near or above 221 °C in the paraffin
oil. This liquid state then can be well dispersed in the paraffin oil that has long alkane
chains. The reaction will produced H,Se that can be decomposed to Se reversibly at the
present temperatures. However, if the temperature were rose to 300 °C, the H,Se gas
will released immediately. Thus, the moderate temperature is favorable for the
formation of Se solution. Eq. (2.7) is a general equation to produce CdSe QDs (Deng et

al., 2005).
N/4Se + R-CHy(CH,),CHs —x—>  R-CHy(CH,CH=CHCH,)NCH; + n/4H,S (2.6)

(Paraffin ail)

H.Se + Cd-complex —~> CdSe (2.7)
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Eq. (2.8) summarizes the general redox reaction for the formation of CdSe QDs,
where Se acts as oxidant and CdSe as the reduction product. While the carbon atom in
long alkane chains acts as the reducing agent and the long alkene chains should be the

oxidation product (Deng et al., 2005).

CdO + Oleic acid + Se (oxidant) —n > CdSe + Oxided products (2.8)

TOP based route is an established CdSe synthesizing method that been used by
researchers from all over the world since long time ago. Hundreds and hundreds of
papers have already been published based on this route (Deng et al., 2005). However,
only little knowledge has been obtained for the mechanism of the formation of the CdSe
QDs through this route. In particular, no chemical reaction equations on TOP based
route have been discussed in literature. Furthermore, the cost is high because the using
of expensively TOP (Yang et al., 2007). TOP is a coordinating solvent for Se that will
stabilize the nanoparticles against flocculation during synthesis. After synthesizing the
CdSe QDs, TOP will coats the nanoparticles to provide the electronic insulation and
passivating of the nanoparticles surface. The cost aspect has to be considered, especially
in the larger scale production. In addition, TOP is hazardous, unstable and not

environmental friendly solvent (Wang et al., 2009).

Several researches had come up with the theory of CdSe QDs formation in TOP
based route based on the study of Electron Diffraction X-Ray (EDX) and FTIR of CdSe
QDs (Kotkata et al., 2009). Eg. (2.9) is the possible chemical reaction in producing
CdSe QDs by introducing alkylcadmium (Me,Cd) and trioctylphosphine selenide
(TOPSe) precursor into a heated solvent under controlled conditions (Manna et al.,

2000).
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Me,Cd + TOPSe ———> CdSe + Byproducts (2.9)

2.8 Strain in QDs

Lattice strain or microstrain can be generally defined as the deformation lattice
divided by their ideal lengths which can presence in two types which is uniform and un-
uniform strain. Uniform strain causes the lattice parameter to expand or contract in an
isotropic direction which simply leads to a change in the lattice parameter and shift of
peaks. There is no broadening associated with this type of strain. Non-uniform strain
generates systematic shifts of atoms from their ideal positions and results in peak
broadening. Non-uniform strain is induced by numerous factors such as point defects
(i.e. vacancies and site-disorder), plastic deformation and poor crystallinity (Delhez et
al., 1993). The atomistic strain in QDs is usually on the order of 10% (Ameen et al.,
2014). The electronic band structure is changed by the lattice strain significantly in

nano-scale materials (Ameen et al., 2014).

Scherrer (1918) was first to observe that small crystallite size could increases
line broadening and derived it’s well known Scherrer formula (Scherrer, 1918).
Scherrer’s formula (Eg. (2.10)) is the commonly use formula to calculate crystallite size

(L) using the data extract from XRD spectra (Langford & Wilson, 1978).

k2
_ﬁcose

(2.10)

Where, k is the Scherrer’s constant of the order of unity for normal crystals,
taking a value of 0.9 which is specifically for full-width at half maximum (FWHM) of

spherical crystals with a cubic symmetry. FWHM of analyzed data was used instead of
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integral breadth since it is more precise by taking the consideration of the highly noise
diffraction peak. The X-ray wavelength is represented by A, with a value of 1.5406 A. g
is the full width at half maximum (FWHM) or the broadening of the peak and 8 is the

Bragg's diffraction angle (Langford & Wilson, 1978).

Stokes and Wilson (1944) first discovered that strained crystals containing line
broadening of a different type compared to the broadening that induced by the small
crystallite size. Therefore, size and strain broadening shows difference Bragg's angle (0)
dependence (Stokes & Wilson, 1944) with derived as Eq. (2.11). Williamson and Hall
(1953) proposed a method for deconvolution size and strain broadening by considering
at the peak width as a function of 20 as shown in the equation below (Williamson &

Hall, 1953).

Bo = Bi + Br (2.11)

kA
L cos B

Br= B+ Bs = + ntanb (2.12)
Where S, is an observed broadening of the peak, fi is the broadening by instrument
factor, f is the broadening induced by crystallite size and strain and £ is broadening by
crystallite size. By rearrange Eq. (2.12), to form a general equation for straight line (Eq.
(2.13)) where kML is the intercept of graph line with y-axis and slope of the graph is the

strain as illustrated in Figure 2.1.

B, cosf = k%+ ncosf (2.13)
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Figure 2.1: The general Williamson-Hall plot

Compared to Williamson-Hall analysis, Lorentzian and Gaussian term in the
Thompson-Cox-Hasting pseudo-voigt (TCH) function shows that the size and strain
parameters can be extracted from the refined profile parameters. Eq. (2.14) shows the
TCH function in Lorentzian (I'.) term and Eq. (2.15) shows the TCH function in

Gaussian (I'g) term (Karen & Woodward, 1998).

g ¥
I, = o Ytan6 (2.14)

I, = Utan?0 + Vtand + W + —— (2.15)

cosf

The Fourier Methods is reported to be the most accurate way of extracting size
and strain information is to analyze the entire shape of several reflections in the pattern,
ideally higher order reflections of the same type. This method developed by Warren and

Averbach (1950) can be done using the step by step procedure as following (Warren &

Averbach, 1950):
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1. Fit each reflection of interest with a Fourier series.

2. Repeat this procedure for a pattern of a sample which gives no broadening, in
order to determine the instrumental contribution to broadening

3. Use these results to deconvolute the sample broadening from the instrumental
broadening, via a Stokes Fourier deconvolution.

4. Extract information regarding the size distribution and strain profile by
analyzing the theta dependence of the cosine Fourier coefficients (which

describe the symmetric broadening)

Compared to Williamson-Hall intergral breadth method, Fourier methods give a
distribution of crystallite sizes instead of an average value. In addition, the correction
for instrumental broadening is more rigorous when the peak shape is not purely
Gaussian or Lorenztian. However, this method prone to error if peak tails are not
accurately modeled. This makes it difficult to use when peak overlap is significant.
Furthermore, Fourier decomposition is not always very stable (Warren & Averbach,

1950).

Moreover, there are several differences between Fourier and Integral Breadth
Methods which is the crystallite size determined from Integral Breadth methods is a
volume weighted average (Dv), whereas the Fourier methods return an area weighted
average (Da). By assuming spherical particles all of the same size the sphere diameter
(d), it is related to the size by Eq. (2.16), Therefore Dy = (9/8)Da (Warren & Averbach,

1950).

d = (4/3)Dy = (3/2)Da (2.16)
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Double Voigt methods of analyzing peak broadening was first introduced by
Langford (1980) and developed by Balzar (1999). This methods gave the similar
information that one could obtain from the Fourier methods (Langford, 1980; Balzar,
1999). The double Voigt method proceeds along the following lines where peaks are
fitted analytically using a Voigt function (can be extended to Pseudo-voigt and Split
Pearson functions), so that the Lorentzian breadth (B.) and Gaussian breadth (Bg) of
each peak can be determined. Then the integral breadths are corrected for instrumental
broadening by Egs. (2.17) and (2.18). Williamson-Hall plots are constructed from for
both the Lorentzian and Gaussian peak widths. The crystallite size is extracted from the
Lorentzian Williamson-Hall plot and the strain is taken to be a combination of the

Lorentzian and Gaussian strain terms (Langford, 1980; Balzar, 1999).

BL(sampIe) = BL(fit) 4 BL(instrument) (2-17)

B G(sample) > = Pai’ - Peinstrument)” (2.18)

Double-Voigt method have some advantages compared to the integral Breadth
and Fourier methods. Despite of the sensitive to accurate fitting of the peak tails of
Lorentzian and Gaussian mixing parameter, this method is more robust than the Fourier
methods to the errors associated with peak overlap. Unlike the Williamson-Hall
approach Double Voigt methods can be used when the peak shape is neither pure
Lorentzian nor pure Gaussian. In addition, crystallite size distributions can be obtained

(Balzar, 1999).
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CHAPTER THREE

METHODOLOGY

This chapter describes the materials used to synthesize Mn-doped CdSe QDs via

inverse Micelle technique and details of the synthesis process, followed by the

characterization studies that have been done using several equipments.

3.1 Materials

Mn-doped CdSe QDs were prepared using cadmium oxide (CdO) powder,

Manganese (Mn) acetate, selenium (Se) powder, paraffin oil and oleic acid. Methanol

and distilled water were used in the final stage of filtering and washing the final

products. Details of the chemical used were tabulated in Table 3.1.

Table 3.1: Details of chemical materials used in synthesis of Mn-doped CdSe QDs

samples
Chemical Brand Chemical formula  Molecular Density
weight (g/mol)  (g/ml)

Cadmium oxide  Sigma- Cdo 128.41 -

(>99.00 %) Aldrich®

Selenium Sigma- Se 78.96 -

(>299.99 %) Aldrich®

Manganese (1) Sigma- (CH3CO,),Mn 173.03 1.59

acetate (98%) Aldrich®

Paraffin oil Sigma- CnHons2 - 0.827 —0.890
Aldrich® at 20°C

Oleic acid Sigma- CH3(CH,);,CH=CH 282.46 -

(90 %) Aldrich®@  (CH,);COOH

Methanol Sigma- CH3OH 32.04 -
Aldrich®
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3.2 Samples Preparation

Mn-doped CdSe QDs are synthesized by mixing two solutions precursor which is
Cd-Mn solution and Se solution. The synthesized processes are done under an argon gas
environment in the glove box. Cd-Mn solutions are prepared using 0.5 g of CdO, 0.5 g
Mn acetate, 25 ml of paraffin oil and 15 ml of oleic acid which are loaded into a three
necks round bottom flask. The solution heated and stirred to 160 °C using heating
mantle until the CdO and Mn acetate were completely dissolve. Then, Se solution were
prepared by heated mixture of 0.079 g of Se powder and 50 ml of paraffin oil to 220 °C
with rapid stirring in another three necks round bottom flask. When the Se powder are
completely dissolved at temperature 220 °C, about 5 ml of Cd-Mn solution are swiftly
injected into Se solution with rapid stirring. For immediate sample (0 min), the heating
process was immediately stopped just after the Cd-Mn solution injection had been done.
For others samples, the temperature dropped to 210 °C immediately after the injection
of Cd-Mn solution then rose back to 220 °C. The final temperature was maintained at
220 °C. The time was count immediately after the Cd-Mn solution injection for 0.2 min
(12 sec). The same procedure repeated at different time interval, i.e. 0.5, 1, 5, 16, 46 and
90 mins. Finally, the precipitates were isolated from solvents and unreacted reagent via
centrifugation. After been washed with methanol and distilled water consecutively, it

was dried at 50 °C in vacuum oven.
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Figure 3.1: The experimental setup for Mn-doped CdSe QDs sample upon Cd-Mn

solution injection into Se solution

3.3 Characterizations

The particles size determination of Mn-doped CdSe QDs was performed using
High-resolution Transmission Electron Microscope (HRTEM) LEO LIBRA instrument
operating at 120 kV. Powder formed samples of Mn-doped CdSe QDs are processed
and dripped onto the Cu grid for HRTEM viewing. Using micrographs and atomic scale
images of selected area are captured, the particles size and lattice parameter are

measured accordingly.

The structural studies of Mn-doped CdSe QDs samples are performed using
Panalytical Empyrean X-ray Diffractometer equipped with graphite monochromatized

Cu Ka radiation (A= 1.54060 A) irradiated with a scanning rate of 0.02°s and usable
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range of 2° - 80° (26). This characterization required solid form samples that are
securely tight in the sample holder to ensure the significant high intensity in XRD
pattern produce. This is a crucial step because loose solid or powder may produce poor

intensity which is undesirable.

The optical characterization studies of Mn-doped CdSe QDs samples are
perfomed using UVIKON 923 Double Beam UV-vis spectrophotometer to obtain
absorption spectra’s and Pelkin Elmer LS55 Series PL with Xenon discharge lamp as it
light source to obtain emission spectra’s. Both equipments required a liquid samples
Mn-doped CdSe QDs that are contained in the glass cuvette with 10 mm pathlength.
Further Homogeneous dilution of all samples solution is required since spectra’s shows

supersaturated peaks especially for 16, 46 and 90 mins.

Infrared spectra of Mn-doped CdSe QDs samples are taken using a Perkin
Elmer 2000 Fourier Transform Infrared spectroscopy (FTIR) wavenumber region
between 4000 and 400 cm™. This FTIR are equipped with both solution and solid

samples holder and tip. For this analysis purpose, the solution samples were used.

The raman scattering behavior will be observed using Horiba Scientific Xplora
Micro-raman Spectroscopy with 532 nm laser source wavelength. The solid samples of
Mn-doped CdSe QDs are observed under a microscope and the selected areas are

targeted with laser.

The elemental compositions and chemical bonding states of solid Mn-doped
CdSe QDs samples are observed using Axis Ultra DLD/Kratos/2009 X-ray

Photoelectron Spectrometer (XPS) with 0.1 to 1 atomic % detection limit and 0.5 nm
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depth profiles (Under argon gas environment). Figure 3.2 shows the overall synthesis

and characterizations process of Mn-doped CdSe QDs.
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Figure 3.2: Flow chart of synthesis and characterization of Mn-doped CdSe QD
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CHAPTER FOUR

RESULTS AND DISCUSSION

In this chapter, the results are thoroughly discussed and compared with the

published literatures.

4.1 Physical Observations

Figure 4.1 shows vials containing solution of Mn-doped CdSe QDs. The
variation in color was influenced by the sized change of Mn-doped CdSe QDs as a
function of reaction time. The observed colours are due to of the strong photon
absorption by the Mn-doped CdSe QDs at specific frequency. Sample with the
immediate reaction time (0 min) exhibits a light orange colour. While sample with 0.2
min reaction times shows a more concentrated orange colour. The sample appears red at
a reaction time of 0.5 and 1 mins. As the reaction times increases (16-90 mins), the
color turn to dark brown, as in the Fig. 4.1, the solution appeared as light brown

solution since the dark brown precipitates settled down on the bottom of the containers.

The variations in colour are attributed to the difference in QDs’ sizes due to
quantum confinement effect. Larger QDs emit longer wavelength and smaller QDs emit
shorter wavelength resulting a different colour emission (Hamizi and Rafie, 2011). The
sizes of the QDs were estimated from the absorption and photoluminescence spectra,

and confirmed by HRTEM images.
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Figure 4.1: Mn-doped CdSe QDs samples with various colours at different reaction

times: (a) 0, (b) 0.2, (c) 0.5, (d) 1, (e) 5, () 16, (g) 46 and (h) 90 mins

52



4.2 High Resolution Transmission Electron Microscopy (HRTEM) Analysis

Figures 4.2- 4.9 show the typical HRTEM images for all Mn-doped CdSe QDs
samples. The HRTEM images reveal that Mn-doped CdSe QDs posses a quasi-sphere
shape for all reaction times. The dark area formed in the image due to the high density

of particles.

The QDs mean size and distributions are measured of one hundred particles as
plotted in histogram (insert) in respective figures. The average physical sizes of the Mn-
doped CdSe QDs are range from 3 to 14 nm (£ 0.1 — 0.9) for 0 to 90 mins reaction time,
respectively. This results shows that Mn-doped CdSe QDs shows a slight increment in
QDs physical size as compared to pure CdSe QDs (Hamizi & Johan, 2010). Kwak et al.
(2007) reported the significantly larger size of Mn-doped CdSe QDs produced
compared to pure CdSe QDs which can be due to the contribution of Mn which shelled

the CdSe QDs core (Kwak et al., 2007).

The growth of QDs is a function of the reaction time as proved in Figure 4.1. The
nucleation process of Mn-doped CdSe was occcured immediately after the injection of
Mn-Cd complex into Se solution. The rapid growth of QDs may not occur immediately
(0 min), but started at a few seconds later after the heating process was stopped. This is
because of the solvent temperature are not immediately dropped after stopping the

heating process were stop.

Figure 4.10 shows the relationship of QDs growth with reaction time. The growth
of QDs is very significant at the early reaction time (0 to 0.5 mins). The growth most

rapidly occur was from 0.2 to 0.5 min transition time, since the high energy surface was
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largely used to initiate the nucleation of Mn-doped CdSe QDs at the initial stage (0 —
0.2 mins). However, as the reaction time is increased, the growth becoming less
prominent, especially from 0.5 to 90 min. This is due to the ionic concentration
reduction of the chemical precursor in the solution as the time become longer (Sung et

al., 2008, Jiang & Muscat, 2012).

In addition, narrow particles size distribution was observed in each sample. Despite
the narrow size distribution, the overall size distribution seem to shows a slight
increment over the reaction time. This due to the particles agglomeration creates a larger
size of QDs. Simultaneously, the growth of intrinsic QDs is still ongoing due to the
chemical precursor residue. This will create a wide QDs size distribution. The tendency
of agglomeration may due to the excessive high surface energy on the QDs surface
compare to the core or bulk of QDs throughout the heating process which favorable to
the built-up of surface or shell of QDs. Meaning that, as long as the heating is exist, the
QDs have the tendency to growth.  Despite this, the concentration of chemical
precursors such as Cd, Se and Mn are dropped as the reaction time increases. This will
retard the creation of QDs surfaces. Hence, instead of creating a QDs, the excessive

surface energy would increase the propensity of QDs agglomeration (Sung et al., 2008).

Another essential point of QDs agglomeration is the reduction of surfactant
concentration in proportion to the increasing reaction time, since oleic acid is the crucial
chemical to create oleate shell (Mn-oleate and Cd-Oleate) on the surface of QDs (Jiang

& Muscat, 2012).
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Figure 4.2: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 0 min reaction time
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Figure 4.3: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 0.2 min reaction time
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Figure 4.4: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 0.5 min reaction time
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Figure 4.5: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 1 min reaction time
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Figure 4.6: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 5 min reaction time
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Figure 4.7: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 16 min reaction time
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Figure 4.8: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 46 min reaction time
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Figure 4.9: HRTEM image of Mn-doped CdSe QDs with QDs size distribution (insert)

at 90 min reaction time
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Figure 4.10: The growth of QDs with reaction times

The lattice structures of Mn-doped CdSe QDs samples are shown in Figures
4.11- 4.19. Lattice distance or lattice parameter (a) at twenty isolated area are measured
and the average value are tabulated in Table 4.1. From the HRTEM results, Mn-doped
CdSe QDs have small lattice parameter ranging from 1.8 to 3.9 A compared to bulk
CdSe (300K) with 6.050 A lattice parameter (Hotje et al., 2003). The introduction of
smaller Mn?* ion (~0.8 A) into CdSe QDs core resulting in significant lattice straining
through compression. This lattice parameter compression was also observed in Mn-

doped into CdS and ZnS (Bryan & Gamelin, 2005). The shrink in lattice parameters in
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Mn-doped CdSe QDs system also shows in the XRD analysis where the value is range
from 4.5 to 4.6 A. The QDs shows strong lattice strain impact on it lattice parameter
compare to the bulk QDs because of its significantly small size and doping of ion on the

surface of the QDs (Bryan & Gamelin, 2005).

As tabulated in Table 4.1, the lattice strain density increases with decreases of
QDs size. This may due to the rise of quantum confinement effect in smaller QDs which
allows the stress induced by the lattice mismatched to be scattered on the QDs surface.
In addition, the large surface area and curve surfaces of smaller QDs permitted stress to
be widely distributed intensively to the constituent atoms on the QDs surfaces. On the
other hand, for larger QDs or bulk, the epitaxial stress tends to form a strain relaxing
crystalline defect despite homogeneous strain. This is because of the large overall
number of atoms on the surface but only small amount of constituents atoms are enclose
by the epitaxial stress. The lattice strain phenomenon caused the significant change in
band gap energy, which is essential for Mn-doped CdSe QDs optical property (Chen et

al., 2012, Smith & Nie, 2009; Smith et al., 2009).

Chen et al. (2012) reported the influence of Mn*" dopant to the local lattice
strain in the Mn-doped CdS/ZnS nanocrystals surface. The introduction of Mn dopant,
increase the density of lattice strain at the shell of the QDs (Chen et al., 2012). Thus, in
Mn-doped CdSe QDs the lattice structure and spatial may reduce because of the Mn

doping.
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Figure 4.16: HRTEM image of Mn-doped CdSe QDs lattice of 16 min sample
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Figure 4.18: HRTEM image of Mn-doped CdSe QDs lattice of 90 min sample

68



Table 4.1: Lattice parameter of Mn-doped CdSe QDs for all samples

Latice parameter, a (A)
QDs size (nm)

HRTEM XRD
3 1.8 2.09
5 1.9 2.13
8 1.9 2.14
9 2 2.16
10 2.1 2.24
11 3.1 2.29
12 3.6 2.37

14 3.9 2.56




4.3 X-Ray Diffraction (XRD) Analysis

The crystal structure of Mn-doped CdSe QDs was determined by XRD diffraction
pattern as shown in Figure 4.19. Three well-defined peaks were observed at 26 = 24.7 °,
41.6 ° and 49.3 ° correspond to (111), (220) and (311) planes respectively. This is in
good agreement with Kwak et al. (2007), with an extremely small shift (~0.02 ° - 0.04
°) (Kwak et al, 2007). Furthermore, this XRD pattern shows that as-synthesized Mn-
doped CdSe QDs formed the zinc blende structure due to the low synthesis temperature
(220 °C). In other chemical synthesis process, like TOP based route produced wurtzite
structure due to high synthesis temperature reach up to 300 °C (Dongzhi et al., 2007).
The long and complex molecular chains of oleic acid that acted as a surfactant may also
contribute to the formation of zinc blend structure at {100} planes which have higher

binding energy in Mn-doped CdSe QDs system (Kwak et al., 2007).

Peaks are shifted slightly in the XRD pattern as compared to pure CdSe QDs which
located at 20 = 25.9 °, 42.5 ° and 50.3 ° (Hamizi & Johan, 2010). This shifting trend
toward the lower angle (~ 0.9 ° to 1.2 °) may correspond to the filled of Mn ion in the
interstitial site in the {001} planes face centered cubic lattice. Mn** ion has high
tendency to fill the interstitial site of CdSe QDs lattice due to a typically small size of
Mn®* ion (~0.8 A) compare to Cd** ion (~0.95 A) (Bryan & Gamelin, 2012; Kwak et
al., 2007) . This interstitial phenomenon of Mn into CdSe QDs lattice can contribute to
the lattice microstrain that results in expansion or compression of CdSe core lattice

(Kwak et al., 2007).
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Figure 4.19: XRD patterns of Mn-doped CdSe QDs samples at various reaction times
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Table 4.2: FWHM of (111) XRD peaks and the calculated crystallite sizes of Mn-doped

CdSe QDs at various reaction times

Reaction time FWHM Crystallite size
(min) (radian) (nm)
0 0.058 2.46
0.2 0.049 2.90
0.5 0.035 4.06
1 0.034 4.18
5 0.033 4.30
16 0.029 4.93
46 0.027 5.20
90 0.026 5.46

Table 4.2 shows the full-width of half maximum (FWHM) of peak correspond to
(111) plane. The peak was broaden as the reaction time decreases. The crystallite sizes
were calculated using Scherrer's formula through the obtained FWHM values. As
shown in the table, the crystallite size shows increment trend as a function of reaction
times. This is in good agreement with results of physical size in HRTEM images
(Figures 4.2 — 4.9). The crystallite size is most likely smaller than particles size because
it has small degree of nanostrustural lattice coherence compared to particle size. In
elaboration, crystallite sizes are notable to be similar to grain size of a single crystal.
Likewise particles size is a size of a single crystal or the agglomeration of several

crystals (Hamizi & Johan, 2010).
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Table 4.3: FWHM of XRD diffraction peaks of Mn-doped CdSe QDs correspond to

(111), (220) and (311) planes

Reaction time FWHM (radian)

(min) (1112) (220) (311)
0 0.058 0.035 0.029
0.2 0.049 0.029 0.029
0.5 0.035 0.029 0.012
1 0.034 0.052 0.029
5 0.033 0.058 0.035
16 0.029 0.029 0.029
46 0.027 0.046 0.029
90 0.026 0.052 0.029

XRD peak broadening feature not only limited to the QDs size reduction, but
also on the anistropic peak broadening. Table 4.3 tabulated the individual FWHM
diffraction peak correspond to (111), (220) and (311) planes. The (111) peak shows
wider FWHM compared to (220) and (311) peaks for 0, 0.2 and 0.5 mins samples. This
indicates that the QDs dimension is reducing dominantly in perpendicular to (111)
planes direction where the unit cell h, k, and | were not equal to zero (Smith et al.,
2008). On the other hand, for 1, 5, 46 and 90 mins samples, the (220) diffraction peaks
shows wide FWHM in comparison with (111) and (311) peaks. This may correspond to
the QDs dimension is decrease priory in perpendicular to (220) particular planes
direction which the unit cell | is equal to zero. Dispites, 16 min samples diffraction peak

FWHM remained constant for each peak. The anisotropic broadening in Mn-doped
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CdSe QDs shows to be less dependent on the size of the QDs (Thanikaikarasan et al.,

2011, Smith et al., 2009, Devi et al., 2014).

The lattice parameter analyzed from XRD analysis (Table 4.1) shows increment
pattern as a function of QDs sizes. This indicate that the lattice is experience
compression or expansion strain which independent from the of QDs sizes

(Thanikaikarasan et la., 2011).

The pure CdSe QDs reported to have broader XRD diffraction peak (111)
compared to Mn-doped CdSe QDs, since the crystallite size reported to be in a range of
~2 to 4 nm (Hamizi & Johan, 2010). This narrowing diffraction peak in Mn-doped CdSe
QDs may caused by the lattice strain phenomenon, which also called microstrain since it
occasionally happen in the nanocrystalline materials. The interstitial of Mn** ion into
the CdSe QDs lattice introduced microstain to the unit cells that can cause by the un-
uniform lattice distortion (Chen et al., 2012). It can be assume that the strain introduced
to the CdSe QD:s lattice induced the compression towards lattice parameter as results of
the Mn®* interstitials, since lattice parameter recorded in Table 4.1 are smaller in

comparison which pure CdSe QDs (Hamizi & Johan, 2010).

The contribution of crystallite size and microstrain to the broadening of XRD
peak can be exploited for the determination of the strain which dominantly to lattice
strain, since both parameters are changing with Bragg angle. Graph of fcos@ versus
sinf are plotted by taking the consideration of zero instruments effect (5;)) on XRD
peaks broadening since the value is extremely small. The plots in Figures 4.20 - 4.27
shown inconsistence straight line which may due to the anistropic broadening effect

(Smith et al., 2009). Since Eqg. (2.13) is generally form of a straight line, all potential
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slope are taking into consideration. Slope of the graphs obtained are equal to the lattice
strain (7), observed to change in fluctuate pattern as a function of QDs size. More than
one lattice strain value observed in for 0.5, 1, 5, 46 and 90 mins samples which may
prior to anistropic broadening of XRD peaks and inhomogeneous lattice straining. The
inhomogeneous lattice strain may relate to the inhomogeneous of Mn®* in cooperation

on the CdSe QDs particles interfacial (Smith et al., 2009).

Smith et al. (2009) comparing the strain parameter (percentage of lattice
mismatch) of CdTe/ZnSe (core/shell) QDs and CdSe/znS (core/shell). CdSe/ZnS QDs
shows higher percentage of lattice mismatch. They suggested due to the inhomogenity
of the lattice strain since the inability of CdSe and ZnS to withstand strain without
forming defects. In addition, CdSe and ZnS QDs lattice are considered less elastic
compares to the CdTe and ZnSe QDs lattice when subjected to stress (Smith et al.,
2009). This may add additional point to the the strain inhomogenity shown in Figures
4.20 — 4.27. In addition, interstitial of Mn** into the CdSe QDs lattice induced either
compressive or/and expansion stress to the lattice, may also resulting in strain

inhomogeneous in Mn-doped CdSe QDs (Devi et al., 2014).
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Figure 4.21: Plot of fcos6 versus sin from XRD data of 0.2 min sample
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Figure 4.23: Plot of fcos6 versus sinf from XRD data of 1 min sample
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The overall lattice strain (1) in Figure 4.28 shows decreases patent with growth
of Mn-doped CdSe QDs. The strain effect on Mn-doped CdSe QDs lattice became less
prominent with QDs growth. The larger QDs required larger strain energy density to
allow the lattice to be compress by stress. The strain energy density depends on the size
of the QDs and the thickness of the doped shell (Gong & Kelley, 2015). CdS/CdSe
(core/shell) QDs reported to possess insufficient lattice strain as the size of core CdSe
increase and will reach a critical size where the uniform CdS shell growth as strain
inducer are unfavorable (Gong & Kelley, 2015). In addition, Meulenberg et al., (2004)
reported that ZnS shell induced large strain to significantly small CdSe core (particles
size ~1.9 nm) which is nearly 1 GPa of compressive stress. This may due to the larger
surface reconstruction possesses by small QDs from the strong phosphine-surface
interaction (Meulenberg et al., 2004). For Mn-doped CdSe QDs system, the smaller
QDs may possess larger surface reconstruction by the influence of strong surface

interaction of oleate-ligand and so forth induced larger strain on the interfacial of QDs.

Despite this, the implication of strain to the Mn-doped CdSe QDs properties
may not significantly affected by the value of strain since there are several other factor
have to be considered, such as type of strain (compression or/and expansion), anistropic
strain and Poison effect (Chen et al., 2012,; Chen et al., 2003; Jiang 2012; Thanh et al.,

2014).

Crystallite size (L) values are calculated by taking the intercept value (graph
tangent line and y-axis) and shows to be irrelevance to this discussion. In addition, the
tangent line of 90 min samples intercept at negative value of S.cos@ which prohibited

the calculation of crystallite size value for this samples. Hence, this shows the
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broadening of XRD peak are prominent to strain and anistropic broadening rather than

crystallite size broadening which in particular to QDs size growth.
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Figure 4.28: Lattice strain effect with growth of Mn-doped CdSe QDs crystallite size
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Another interesting feature of XRD diffraction peak was the maximum peak
intensity (I,,,4,) that can be expressed in very complex equation (Jian & Hejing, 2003).
In addition, I,,,,, 0f XRD diffraction peak (Figure 4.19) is observed to be increase with
QDs size decreases. This can indicate that the decrease in QDs size give essential effect
on the crystal structure and phase diffraction feature such absorption of the Mn-doped
CdSe QDs in a specific pattern. Other influences such instrument factor, environment
and diffraction angle also contribute to the changes in I,,,,, but not critical to the QDs
size reduction (Jian & Hejing, 2003) . Eq. (4.1) expressed I,,4, In much more simple

derivation.

where, S(hkl) is a structural factor, My,; is a multiplicity, LP(0) is Lorentz and

polarization factors and TF(6) is the temperature factor which is precisely referred to

displacement parameter (Jian & Hejing, 2003).
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4.4 Ultraviolet Visible (UV-vis) Analysis

The optical properties of Mn-doped CdSe QDs are partially studied by using
UV-visible spectroscopy. The absorption spectra of liquid Mn-doped CdSe QDs
samples at various reaction times are illustrated in Figure 4.29. The maximum height of
absorption peaks are located at wavelengths of 489, 514, 518, 528, 533, 545, 565 and
568 nm. Significant quantum confinement effect was observed through the red-shift

behavior of maximum absorption peaks as the of QDs sizes change.

There is interesting to note that Mn-doped CdSe QDs shows a slight blue-shift
behavior as compared with pure CdSe QDs (Hamizi & Johan, 2010), despite of it
significantly larger QDs size. This may due to the doped of Mn?* which leads to the
introduction of lattice strain into the core (CdSe QDs) and shell (Mn-doped) interfacial.
Complementary to this, the present of strain in QDs lattice can tailor the molecular band
gap structure by positive strain (expansion) or negative strain (compression). The
positive and negative axial strain can occur in the heterostructure of valence and

conduction bands (Chen et al., 2003).

Furthermore, Mn-doped CdSe QDs were excited at significantly smaller
wavelength margin (~54 nm) as compared to pure CdSe QDs (~130 nm) for 0.2 to 90
min reaction times (Hamizi & Johan 2010). This is further discussed by observing the

evolution patent of excitionic energy with Mn-doped CdSe QDs size.
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Figure 4.29: Temporal evolution of UV-vis absorption spectra for the as-synthesized

Mn-doped CdSe QDs at different reaction times

This absorption peaks are result of the measured energy absorbed at certain
wavelength by the excited electron to the higher energy state under the UV-visible
radiation. This exciton energy has to match the energy gap between the lower and
higher energy state. Tauc's plot is used to determine the exciton energy of Mn-doped
CdSe QDs by exploiting the data from absorption line obtained in Figure 4.29. The

Tauc's plot are simply derive from Eqg. (4.2) (Hamizi & Johan, 2010).

ahv = A(hv — E)" (4.2)
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where A is a constant, n = 1/2 for direct and n = 2 for indirect allowed transition, « is

the absorption intensity and hv = hc/A (Mehta et al, 2008). The plot of (ahv)z/n
versus hv shows in Figure 4.30 allowed the analysis of exicton energy evolution as a

function of Mn-doped CdSe QDs sizes variation.

The exciton energy is determined by taking the intercept ion values between
tangent line of Tauc's graphs with x-axis (hv). The exciton energies are 2.48, 2.37, 2.35,
2.22, 2.18, 2.09, 2.05 and 2.01 eV with respect to 0 to 90 min samples. This shows the
expansion of band gap energy of Mn-doped CdSe QDs in comparison with the pure
CdSe QDs reported to have exciton energy ranging from 2.28 to 1.83 eV respectively
for 0.2 to 90 mins samples (Hamizi & Johan, 2010). This can be another critical
discussion on the lattice strain influence on the band gap structure modification in Mn-
doped CdSe QDs optical and electronic properties. The lattice strain results in large
lattice mismatch (%) which caused the elastic deformation by expansion of the optical
band gap of Mn-doped CdSe QDs (Alahmed, 2013). Peng et al., (1997) reported a
wurtzite CdSe/CdS core/shell QDs has a 3.4% bulk lattice mismatch and Talapin et al
(2004) reported CdSe/zZnS core/shell QDs has a 12% lattice mismatch which in both
report shows the enhancement of the the photoluminescence quantum yield and
photostability up to 50% compare to the pure QDs (Peng et al., 1997; Talapin et al.,

2004).
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Figure 4.30: The Tauc's plot of Mn-doped Cdse QDs at various reaction times

Moreover, Mn-doped CdSe QDs exciton energy was observed to evolve in a
smaller margin (~0.35 eV) compared to pure CdSe QDs (0.45 eV) (Hamizi & Johan,
2010). As discussed earlier, the strong energy quantization can be elaborated on this

narrowed exciton energy margin in the different size of Mn-doped CdSe QDs (Ren et
al., 1994).

Exciton energy is a energy gap threshold of the electron and hole pair which are
not physically bound but yet electrically attracted to each other which also known as
electric or transport gap. While, optical band gap energy is the threshold for photons to

be obsorbed (Knox, 1963). Inorganic semiconductor materials such as Mn-doped CdSe
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QDs known to have small exciton binding energy which result from the insignificant
interaction between electron and holes. Hence, the distinction between optical and

exciton band gap theoretically small (Liang, 1970).

Thus, as an extension to the exciton energy analysis, the optical band gap energy
as a function of QDs sizes are analyzed using the strong confinement model of a

spherical QD given by the following equation (Gaponenko, 1998):

Eysis = g+ m? ()2 Ry — 1.786 (=) R} — 0.248K; (4.3)

Tdot Tdot

Here, rg is the Bohr radius (CdSe QDs) = 4.9 nm, r,,, is the CdSe QDs crystallite
radius obtained from XRD analysis, Ej is the band gap energy of bulk CdSe QDs and
R; is the exciton Ryberg for CdSe = 0.016 eV. Eq. (4.3) can only be applied when 4,

is extremely small from 7.

The optical calculated band gap has values of 4.13, 3.44, 2.59, 2.54, 2.49, 2.30,
2.24 and 2.19 eV for 0 to 90 min samples, respectively. A broaden in optical band gap
was observed compared to exciton energy. Figure 4.31 shows that the temporal
evolution of exciton energy (Tauc's plot) and optical band gap. The optical band gap
behaves negatively exponential to the growth of QDs size, where as the exciton energy
shows typical approximate linear relationship. The lattice strain shows crucial effect on
the exciton band gap compare to optical band gap may due to the changes in the
hierarchy of the ground hole state and the first excited hole states in such way that both
states cross each other resulting in narrowing in exciton band gap (Phadnis et al., 2015).
This wave function overlapping behavior is intensely due to the implication of strain

effect on the CdS/ZnS core/shell QDs. The separation between inter-band 1sz." and
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1s1," decreases while for 1ps," and 1pi," increases due to shell ZnS formation.
However, the 1s1," and 1ps,," are crossed each induced by strain introduced by the ZnS
shell. In addition, strain also induced the downward transition of 1ps,” inter-band to
1s3," (Phadnis et al., 2015). This inter-band alteration induced by the lattice strain may
explain the narrowing in carrier transition energy in Mn-doped CdSe QDs which results

in the narrow exciton band energy.

The optical band gap of Mn-doped CdSe QDs samples possess a significantly
higher energy band gap (3.44 - 2.19 eV) compared to pure CdSe QDs (2.28 - 1.83 eV)
(Table 4.4). Doping of Mn into CdSe QDs increased the overall optical band gap values
due to the compression of lattice parameter (table 4.1) induced by microstrain results
from the incorporation of Mn®* ijon in CdSe QDs lattice, since lattice parameter are

inversely proportional to the energy band gap value (Smith et al., 2009).

Then again, this lattice strain also may effectively increases the energy
quantization in Mn-doped CdSe QDs samples which explained the small margin of band
gap energy (~1.25 eV) at different QDs sizes compared to un-doped CdSe QDs (~0.45

eV) (Renet al., 1994).
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Figure 4.31: Temporal evolution of Mn-doped CdSe QD optical band gap and exciton

energy against their crystallite radius

Table 4.4: The optical and exciton energy of Mn-doped CdSe QDs changes with

crystallite size

Crystallite size Optical band gap Exciton energy
(nm) (eV)

2.35 4.13 2.48

2.27 3.44 2.37

2.22 2.59 2.35

2.2 2.54 2.22

2.16 2.49 2.18

2.157 2.30 2.09

2.14 2.24 2.05

2.13 2.19 2.01
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4.5 Photoluminescence (PL) Analysis

Another essential optical study of Mn-doped CdSe QDs is the PL emission
spectra. Figure 4.32 shows the emission spectra of Mn-doped CdSe QDs liquid samples
at various reaction times. The overall emission peaks were experienced red-shifted from
527, 546, 559, 565, 574, 575, 579 and 582 nm for 0 to 90 mins reaction times shows
prominent quantum confinement effect. As predicted, Mn-doped CdSe QDs decay to
lower energy level with shorter wavelength and with narrow emission wavelength
margin (~ 36 nm) comparable to pure CdSe QDs with emitted with wavelength range
from 546 to 719 nm for 0.2 to 90 mins with wider emission wavelength margin (~173
nm) (Hamizi & Johan, 2010). Similar phenomenon was observed in previous discussion
of of blue-shifted of absorption wavelengths experienced by Mn-doped CdSe QDs
samples as compared to pure CdSe QDs. This shows essential association of lattice
strain to the excited and decay carrier behavior of Mn-doped CdSe QDs. The lattice
strain induced by the incorporation of Mn?* to the CdSe QDs lattice altered the carrier
band structure by compressive stress towards its (Choi et al., 2009). This lattice strain
may induced the fluorescent recombination in CdSe QDs core which the electron are
delocalized throughout the QDs while the hole is confined to the core (Steiner et al.,
2008; Peng et al., 1997). Choi et al., (2009) reported that the zinc blende CdSe/CdS
core/shell QDs observed to have blue-shifted of PL peak induced by the strain similarly
to Mn-doped CdSe QDs which may due to the increase in conduction band energy and

resulting in large wavefunction overlapping (Choi et al., 2009; Wei & Zunger, 1999).

The narrow emission wavelength margin with Mn-doped CdSe QDs growth
compared to pure CdSe QDs may due to the strong size and lateral quantization effect

induced by the lattice strain resulting in the quantization of carrier change energy.
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Hence, the band gap energy shows a typically small broadening compared to un-

strained QDs (Pejova & Abay, 2011).

The increase in PL quantum efficiency is presented in terms of an increase in the
PL intensity (Biju et al., 2007). The PL intensity shows fluctuated values which 1 min
samples possess the higher intensity. On the other hand, the PL peaks height observed
to be increase significantly with growth of Mn-doped CdSe QDs sizes. However, the PL
peak height is insufficient for this discussion due to the change in FHWM of the PL

peaks. Thus, PL quantum efficiency does not change will QDs growth.

The width of the PL peaks shows gradually decrease with growth of the Mn-
doped CdSe QDs. The FWHM of PL peaks is 30, 25, 23, 21, 17, 8, 8 and 8 nm
approximately. The particles size distribution can be express by the PL peaks width
which is predicted to be broad at smaller QDs and gradually narrow down. The growth
of the QDs is predicted to be in relaxation states starting at 16 to 90 min samples since
there is no change in FWHM of the peak. This may due to the large total free energy
posses by Mn-doped CdSe particles at the early stage and reduces gradually with
reaction times. The total free energy of the QDs is induced thermodynamically and
highly dependent on the saturation of ion of chemical precursor (i.e. Mn, Cd and Se)

and the molar volume (Thanh et al., 2014).
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Figure 4.32: PL emission spectra of Mn-doped CdSe QDs samples

As comparison analysis, emission energy of Mn-doped Cdse QDs liquid
samples were calculated using the classical energy equation (Eq. (4.4)). In this
particular analysis, E is the emission energy and A is the wavelength of maximum
emission peak height. The h and ¢ both are notable plank’s constant and light velocity

constant.

E== (4.4)
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Figure 4.33 shows the evolution of emission and exciton energy of Mn-doped
CdSe QDs size. Neither exciton and emission energy have the exponential nor strong
linear relation with QDs sizes growth. Both evolved in distinctly unique patent with
QDs sizes growth. Nevertheless, exciton and emission energies typically reduced with
QDs sizes growth due to a quantum confinement effect. In extent, the influence of
lattice strain may induce this change in energy band structure since it shows unique
evolution patent (Figure 4.34). It is ambiguous to prove which type of strain (expansion
or compression) experience by lower and higher state of electron transition at this point
of analysis. It has been reported that nearly all zinc blende II-VI and I1I-V
semiconductor, introducing of compressive force will increase the electronic band gap
(Maki et al., 2007), vice versa by the introduction of tensile strain which is represent by

a negative deformation potential, a < 0 (Eq. (4.5)). Here, AE; s the unstrained

semiconductor band gap and A(InV) is the fractional volume change (Maki et al., 2007;

Persson et al., 2005).

a = AE; A(InV) (4.5)

Since lattice strain induces the change in conduction band in larger degree
compared to valence band (Wei & Zunger, 1999), the CdSe QDs core may experience
compressive deformation as the effect of Mn-doped shell growth with reaction time that
rise the energy level of conduction band. At the same time, Mn shell may experience
tensile strain which leads to decrease in conduction band energy level. This double
strain effect at both CdSe QDs core conduction band and Mn-doped shell conduction
band respectively, results the formation of band gap heterostructures in Mn-doped CdSe
QDs. This was similarly discussed by Smith et al., (2009) for CdTe-ZnSe core-shell

QDs (Smith et al., 2009).
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Figure 4.33 shows obvious Stoke’s shift (~0.10 — 0.13 eV) observed in 1.23 to
2.03 QDs crystallite radius. As the QDs size increases to 2.09 and 2.15, the Stoke's shift
(0.02 eV) became less prominent and observed to have nearly Rayleigh scattering. Anti-
Stoke's shift shows significant effect as the QDs size growth from 2.47 to 2.74 nm. The
energy reduction rate of the conduction band became slower compared to the reduction
rate of valence band energy as the size increase from 2.09 to 2.74 nm of crystallite
radius which finally created anti-Stoke's shift effect (Kmmell et al., 1998;
Thanikaikarasan et al., 2011). This the modification on the energy band structure of
doped QDs can be tailor by the double straining (compression or/and expansion)
induced by doping of Mn?* and weaken the quantum confinement effect with growth of

QDs sizes (Phadnis et al., 2015; Gong et al., 2015; Chen et al., 2012).

Approximate photon energy structure of Mn-doped CdSe and pure CdSe QDs
are illustrated in Figures 4.34 and 4.35. Pure CdSe QDs in overall shows Stokes effect
at smaller QDs and anti-stokes effect in larger QDs which nearly similar to those
observed in Mn-doped CdSe QDs. Distinctly, 90 min samples of pure CdSe QDs shows
strong Stokes shift (Hamizi & Johan, 2010). Quantum confinement effect plays an
important role in creating this intermediate energy states. In Mn-doped CdSe QDs
system, Mn dopants provided extra carriers into the core CdSe QDs which will results
in creation of this intermediate energy states as illustrated in Figure 2.24 (Huang et al.,

2013).

Mn-doped CdSe QDs shows slightly larger Stokes shift (0.1 and 0.13 eV) for 0.2
and 0.5 mins samples compared to pure CdSe QDs (0.01 and 0.09 eV) (Hamizi &
Johan, 2010). This may due to the zero self-quenching and ability of doped QDs to

eliminate the re-absorption phenomenon which enlarging the Stokes shift compared to
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pure QDs (Huang et al., 2013; Peng, 2010). Same phenomenon reported by Huang et
al., (2013) which compared stokes shift of Ag-doped CdSe QDs and pure CdSe QDs
(Huang et al., 2013). Interestingly, 1 and 5 mins samples of Mn-doped CdSe QDs
shows reduction of Stokes shift compared to pure CdSe QDs which particularly near
Rayleigh scattering and assume to be an intermediate modification of energy transition

band structure from Stokes shift to anti-stokes shift.

Many reported that the anti-stokes shift affected by non-linear phenomenon of
photon energy generation such as Auger or two-photon processes. They also reported
that the anti-stokes PL intensity increase linearly with the excitation intensity
(Yamamoto et al., 2003; Poles et al., 1999; Paskov et al., 2000; Kammerer et al., 2001;
Ignatiev et al., 1999; Edamatsu et al., 2001). This linear change of intensity of both
emission and excitation are also observed in 16, 46 and 90 mins samples of Mn-doped
CdSe QDs significantly, which shows anti-stokes effect (Figures 4.33 and 4.34).
Ignatiev et al. (1999) and Edamatsu et al, (2001) reported that the anti-stokes effect
observed in self-assemble QDs (InP and GaAs) and they both assumed that holes are
generated due to optical transition into deep level while electron are expose to external

filed such as electric current (Ignatiev et al., 1999; Edamatsu et al., 2001).
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Figure 4.33: The evolution of exciton and emission energy of Mn-doped CdSe QDs
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4.6 Fourier Transform Infra-red (FTIR) Analysis

The surface analysis of Mn-doped CdSe QDs performed by observing the FTIR
transmittance spectra of Mn-doped CdSe QDs samples, paraffin oil and oleic acid
(Figure 4.36). Mn-doped CdSe QDs samples spectra exhibits a well defined peak of
triplet band located at 2855, 2925 and 2956 cm * correspond to CH, stretching (sp3)
which might act as surface termination of these QDs by functional groups (Deacon, et
al., 1986). The band at 722 cm* corresponding to CH, vibrational mode (Becerra et al.,
1994). The peak at 1377cm* shows the CH3 bending in paraffin oil. C-N stretching
behavior can be shown by a peak at 1463cm ™. In addition, the presence of IR peak at
1712 cm* indicates the signatures of capping agent, oleic acid bounded to the surface
of Mn-doped CdSe QDs. On the basis of the FTIR data, the surface of the CdSe QDs is
mainly coated with oleic acid ligand. Flexible organic molecules provide repulsive
interactions between the QDs in methanol, thus preventing aggregation. A small peak

shifting (~0.1 — 2 cm™) towards larger wavenumber observed as the QDs sizes increase.
Small peak shift towards larger wavenumber also observed in Mn-doped CdSe

QDs FTIR peaks as compared to pure CdSe QDs (Hamizi & Johan, 2010), particularly

for triplet band of CH, stretching.

99



Paraffin oil
722.02 J377.20 1463.46 /2953.?2
: Oleic acid 2853.37 /2922.8?
723.03 03747 464.64 31005.26
25853.08 :
1284.00 141267 v AT0997 o0 in 074 21
w W
722.06 J377.32 1712.83 2855.43 2853.85
f\—?\ 1463.22 46 min 2025.38
=]
Mt - —w -
g
'z 16 min
E v .
: ' . W
= 5 mm
= v —-W' had
1 min W
v —-f\.r o
0.5 min W
" —f\( ¥
0.2 min W
0 min
Y| W
450 930 1450 1950 2430 2950
Wavenumber (cm™)
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4.7 Raman Spectroscopy Analysis

Further analysis on optical and vibrational properties of Mn-doped CdSe QDs
various sizes are studied using Raman spectroscopy. Figure 4.37 shows the Raman
spectra of Mn-doped CdSe QDs of 0 to 90 min samples. Two significant peaks were
observed correspond to the scattering by the longitudinal optical (LO) of phonon and its
first overtone (2LO) which located near ~ 200 and 400 cm™ under an exposure of 532
nm incident laser. The LO and 2LO peaks were observed to behave red-shifted with
respect to the excitation wavelength as tabulated in Table 4.4. Furthermore, the overall
LO of Mn-doped CdSe QDs shows strong blue-shift compared to the LO for and pure
CdSe QDs of 3.15 nm particle diameter (206 cm™) (Kelley et al., 2013) and bulk CdSe
QDs (210 cm™) (Plotnichenko et al., 1977). Both of these raman-shifts are induced by
phonon confinement. Furthermore, this red-shift behavior may contributed by lattice
strain induced by the doping of Mn mechanism into CdSe QDs (Barglikchory et al,
2003). These two factors may also lead to the domination of anti-Stoke's shift in highest
occupied molecular orbital and lowest un-occupied molecular orbital (HOMO-LUMO)

transition for 16, 46 and 90 mins samples respectively (Plotnichenko et al., 1977).

In addition, Mn-doped CdSe QDs exhibits extremely broader LO (~100 cm™)
peak compared to bulk CdSe (~5 cm™) (Plotnichenko et al., 1977) which can induced by
combination factor of phonon confinement, band gap structural disorder and QDs sizes
distribution that are all is a function of QDs sizes growth and Mn-doped factor (Patel et

al., 2014; Kelley et al., 2013).

On the other hand, there was a slight increase in LO line width as the QDs size

reduced. The increment is believe to be arises from the low-wavenumber side induced

101



by the negative dispersion of phonon branch away from the zone-centre optical phonon
as proposed in Brillouin zone (Bilz and Kress., 1979). It is also reported that the line
width increases are prominent for QDs with size below 10 nm (Arora et al., 2007). This
which is contradic with Mn-doped CdSe QDs raman analysis which shows of constant
increase in LO line width for QDs size 11 to 14 nm (16- 90 mins) which similarly

observed for QDs with below size of 10 nm.

Equally important, the peak shoulder features at low wavenumber of LO peak
observed in each Raman spectra. This surface optical (SO) phonon mode are observed
in wide range of QDs semiconductors which is also contributed by the phonon
confinement phenomenon of LO phonon with non-zero angular momenta (Trallero et
al., 1998). Then again, the Mn-doped as a lattice strain inducer can influence the

formation of this SO features (Muck et al., 2004).

The intensity ratio of 2LO and LO (I,,, /1.0 ) reported to be strongly related to
the electron-phonon coupling strength in QDs (Klein et al., 1990). As for Mn-doped
CdSe QDs the I,;, /1,0 not varied much change (~0.32- 0.37), which indicated that
electron-phonon coupling in Mn-doped CdSe QDs were not affected much with QDs

size variations (Klein et al., 1990).
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Figure 4.37: Raman scattering spectra of Mn-doped CdSe QDs at various reaction

times
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Table 4.5: Raman scattering parameters and excitation wavelengths for various sizes of

Mn-doped CdSe QDs samples

QDs physical size LO 2LO Lio/lLo
(nm) (cm™) (cps)
3 205.3 410.0 0.37
5 205.6 410.7 0.37
8 206.2 411.5 0.36
9 206.6 412.3 0.33
10 207.0 412.9 0.33
11 207.8 413.4 0.34
12 208.3 414.0 0.32
14 208.8 415.0 0.33
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4.8 X-Ray Photoelectron Spectroscopy Analysis

The surface composition of Mn-doped CdSe QDs was analyzed using X-ray
photoelectron spectroscopy (XPS) as shown Figure 4.38 The XPS scans traced the
presence of Se 3d and Cd 3d band of CdSe crystal which having a binding energy of
54.1 and 404.5 eV (Agostenelli et al., 1989), respectively. The Mn 2p band from Mn
element traced to have a binding energy of 640.7 eV (lvanov et al.,, 1982)
approximately, thus confirmed the presence of Mn interstitial site on the surface of
CdSe QDs core act as a dope element. Figure 4.39 also shows the presence of C 1s and
O 1s band which each has a binding energy of 285 and 532 eV, respectively (Dai et al.,

2004).

The background correction of each XPS scan is based on C 1s (285 eV). This
background correction to tailor the shift of the peak due to the retarding field at the
surface of the specimen called static charging. The static charging phenomena reduce

the Kkinetic energy of the excited electron (Dai et al., 2004).

The intensity of the C 1s and O 1s peaks observed to be remained significant in
each scan, both traced elements peaks show notable intensity in each scan compared to
other element band traced such as Cd 3d, Se 3d and Mn 2p that may indicate the
influenced of oleic acid capping on the surface of the Mn-doped CdSe QDs, which
contributed to the formation of Cd-oleate (C3sH70CdO,4) and Mn-oleate (C3sHgsMNnQOy)
on the surface of QDs specifically on {001} planes. The present of Cd-oleate and Mn-
oleate reduced the dangling orbitals on the surface of QDs which add the essential point
of doping Mn into the CdSe QDs. These dangling orbitals is the orbitals that point away

from the surface of the QDs results from the incomplete bonding because of the lower
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coordination number on the surface on contrary of the interior QDs structure. In the case
of CdSe QDs, both Cd and Se dangling orbitals will each act as an electron trap and
hole trap, thus will trap charge carriers on the surface of CdSe QDs which lead to the
decreases of quantum yield (Smith & Shuming, 2010; Pokrant & Whaley, 1999). Hence,
it is assume that Mn-doped CdSe QDs will have higher florescence quantum yield

disputes from pure CdSe QDs.

Furthermore, the significant C 1s peak also may associate with the existence of
organic residue from solvent used, which is a paraffin that having a general chemical
formula of CxH (2x+2). The adsorption of adventitious carbon during the drying and

handling process may add a point to observed C 1s peak (Dai et al., 2004).

Figure 4.38 not just give the information about surface elementary, it also
supplied the crucial information of the Kinetic and interaction between electron at
certain orbital that contain un-paired electron. In initial or original state, the un-paired
electron suggested to be located at 3d orbital for Cd and Se and 2p orbital for Mn for
CdSe Mn-doped QDs. The spin orbital splitting may occur in the final state when the
un-paired electron from ionization during the photoemission process coupled with the
un-paired electron from the initial or original state at specific spin orbital (Dai et al.,

2004).
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Figure 4.38: XPS wide scan of Mn-doped CdSe QDs at different reaction times

Figure 4.39 shows the Cd 3d individual peaks of Mn-doped CdSe QDs of
different reaction times. The maximum peak intensity (original spectra) observed to
shift towards larger binding energy as the reaction time rises. This suggests that this

chemical shift is a function of size of the Mn-doped CdSe QDs (Katari et al., 1994).
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Figure 4.39 also shows Cd 3d Lorentzian-Gaussian fit peaks. The Cd 3d peak is
deconvoluted using a Lorentzian-Gaussian function. The Lorentzian-Gaussian fit shows
the existence of Cd 3d (Lorentz fit 1) and Cd 3ds/, (Lorentz fit 2) band which suggested
that Cd is bound directly to Se at this two possible spin-orbital to form the CdSe QDs
core. The Cd 3d band with a binding energy of 404.8 eV (Agostinelli et al., 1989)
observed to be consistently appeared in 0-90 min XPS scan. The Cd 3ds,, band peak
fitted to have a binding energy range from 405.3 to 406.1 eV quite near to the value
reported to be 405.8 eV (+2) (Gaarenstroom & Winograd,1977). The position of
Lorentz fit 1 shows that Cd 3d band appeared to have consistent binding energy of
404.8 eV for each scan, where as Cd 3ds, (Lorentz fit 2) appeared to have slight

chemical shift ranging between 405.3 to 406.1 eV.

In addition, Cd 3ds;, band observed to appeared in Lorentz fit for 0.5, 1, 5, 16,
46 and 90 mins samples scan and not in 0 and 1 min. This suggested that 0.5, 1, 5, 16,
46 and 90 mins Mn-doped CdSe QDs have a un-paired electron at Cd 3d band with total
electronic angular momentum (j) of 5/2 for the multiple spin orbital splitting to

occurred. The values of j are described in Eq. (4.6).

j=1l+s (4.6)

where,
[ = total orbital angular/ angular quantum number (>1 for p, d and f orbitals)

s = spin momenta/ spin quantum number (x %2)
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Because [ is larger than zero for d orbital, the orbital line have the tendency to split into
doublet. For 3d orbital, the doublet will be 3ds, (s = — %) indicated that the orbital is
spinning down and 3ds, (s = +Y%) indicated that the orbital is spinning up. Therefore,
the spinning up orbital dominant in CdSe Mn-doped QDs orbital splitting system (Dai et

al, 2004).

In contrary, 0 and 0.2 min samples no spin orbital interaction, therefore the
energy contained in Cd 3d spin orbital are equal for both before and after the
photoemission process. This suggests being due to the increase in quantum yield on the

surface of atom as the size of QDs decrease to 5 nm downward.
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Figure 4.39: XPS scan of Cd 3d traced for Mn-doped CdSe QDs samples
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Figure 4.40 shows the individual XPS peaks of Se 3d and its Lorentz fits. There
is no obvious shift of original peak observed in contrary with Cd 3d results. On the
other hand, the Lorentz fit 1 notice to be shift to smaller binding energy (404.2 eV) for 0
and 0.2 mins samples which also may due to the function of QDs size to the chemical

shift.

Lorentz fit 2 shows distributed reading ranging from 54.9 to 56.7 eV exclude for
46 and 16 min samples. 0 min XPS spectra fitted to have extra Lorentz fit at 56.7 eV.
Lorentz fit 2 and 3 indicated the influence of Se 3ds;, band in the CdSe QDs bounding.
Same elaboration as in Figure 4.10, the spinning up orbital are dominating the Se
system exclude 46 and 16 mins which may due to the absence of spinning orbital

interaction (Dai et al., 2004).

Interesting observation on 0 min samples Se 3d peak exhibit three Lorentz fitting
features, which is 54.4 eV which correspond to Se 3d band, and 55.2 and 56.7 eV
corresponds to 3ds;, which assume to be due to the band structure complexation due to

the higher density of lattice strain of core CdSe QDs where Se atom are mainly located.
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Figure 4.41 shows the Mn 2p traced having which is crucial to the point of
proving the present of Mn-doped act as a shell in core-shell Mn-doped CdSe QDs
samples. The Lorentz fit 1 corresponds to the Mn 2p band with binding energy of 640.7

eV is well fit in each sample.

Lorentz Fit 2 with binding energy ranging from 642.2 to 645.9 eV in each XPS
scan which observed to initially created a shouldering peak and eventually shifted to
create another defined peak as the QDs size increases. The roles of Mn shell as a lattice
strain inducer may change with growth of QDs sizes. Moreover, the present of Lorentz
fit 3 and 4 for 0 min sample give an idea of extreme changes in lattice parameter at
critically small QDs which may induced by the Mn shell. In extent, the intensity of the
Mn 2p peaks is declined with QDs size growth. This can due to the decrease in Mn shell
thickness with QDs size growth, which related to the function of Mn ion concentration

with reaction time (Dai et al., 2004).
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Figure 4.41: XPS scan for Mn traced for Mn-doped CdSe QDs at various reaction time
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The oxidation states of excited element generally reported to be 2 for Cd, £2, 4

and 6 for Se (Dai et al, 2004) and 7, 6, 4, 2 and 3 for Mn (Biesinger et al., 2011).

Figure 4.42 shows the relation between the Mn-doped CdSe QDs sizes with Cd
3d, Se 3d and Mn 2p XPS peak intensity. Traced Cd 3d element shows the high values
of peak intensity compared to Se 3d and Mn 2p. This due to high concentration of Cd
atoms on the surface of QDs that are presence as a Cd-oleate that act as ligand and Cd
atoms that near to the core-shell intermediate. These also add essential idea of the role
of Cd as the major electron donor in Mn-doped CdSe QDs system. The relation between
the XPS peak intensity and the ion or atom concentration are strongly support by Eq.
(4.7) where the electron intensity (I) presents by XPS peak are directly proportional to
the concentration of the atom or ion on the samples (p) especially on the surface of the

samples (Katari et al., 1994).

I=]JpoKA (4.7)

where,
I = Electron intensity
J = Photon flux
p = Concentration of the atom or ion in the solid
o = Cross-section for photoelectron production
K = Instrumental factors

A = Electron attenuation length

In addition, the intensity of Cd 3d peaks observed to be decreases from 3364 to

2000 cps as the QDs size increases. This may due to the increases of electron
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concentration that leave the CdSe Mn-doped QDs solid samples after been irradiated by
X-ray as the sizes of QDs became smaller. The smaller QDs have a larger surface area
thus, larger sample area are exposed to the x-ray resulting in higher concentration of
electron emitted from the QDs surface (Dai et al., 2004). A great drop of peak intensity
observed for 0 to 46 min samples and became stable at the final stage (46 and 90 mins).
The influence of QDs size is less effective to the peak intensity as the size became

larger than 12 nm.
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Figure 4.42: Relation between peak intensity and the variation in size of Mn-doped

CdSe QDs

Another interest feature of XPS spectra is the peak broadening. Table 4.1

tabulated the full width at half maximum (FWHM) of Cd 3d, Se 3d and Mn 2p peaks.
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The FWHM of Cd 3d are ranging between 1.3 to 1.5 eV for 0 to 5 min reaction time
samples, but then the FWHM values shows increment patent for 16 to 90 mins samples.
Se 3d and Mn 2p show FWHM values are narrowly distributed for 0 to 16 mins

samples. The FWHM values measured to be rising for 46 and 90 min.

This increment patent may relative to the QDs size increment especially for Cd
3d since Cd are predicted to be the larger carrier donor at the surface of QDs. Beside,
increases in energy band gap inversely proportional to the QDs. To elaborate more, EQg.
(4.8) are stated to shows the relation between energy band gap (E) and the carrier
effective mass (m*) that are also inversely proportional where 7 and k are constants

factors.

(4.8)

The charge carrier lifetime is highly depending on the charge carrier
concentration since it also proportional to effective mass of carrier. Peak broadening
with decrement of energy band gap may be due to the increase in carrier lifetime.
Attribute to the Heisenberg’s uncertainty principle (Stohr, 1992), the core-hole which
created by the incident photon has a finite lifetime, which will create a broadening
effect in XPS peak. This broadening is well known as natural or lifetime broadening
which is also the minimum attainable peak width. The collision of Cd, Se and Mn
atoms with each other whether between same or different element will create distorted
energy level and resulting in a shorter lifetime of the excited state. This collision effect
leads to the broadening of XPS peak (collision broadening). Both of this broadening

match a Lorentzian profile (Dai et al., 2004). Table 4.6 summary the results.
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Table 4.6: Full width at half maximum of XPS peak of Mn-doped CdSe QDs for

different reaction times.

Reaction Time FHWM (eV)

(min) Cd 3d Se 3d Mn 2p
0 15 2.2 2.3
0.2 14 2.2 2.2
0.5 1.3 2.6 2.3

1 1.3 2.7 2.3

5 1.3 2.6 2.4

16 2.2 2.7 2.5

46 2.5 3.6 3.0

90 2.3 4.1 5.1

A broad QDs size distribution may also lead to the XPS peak broadening. The
variation of defect density due to the QDs size distribution will lead to the variations in
band bending. This band bending will produced broaden peak. This discussion are
supported by the QDs size distribution histogram in Chapter 4.2 that shows broad QDs
size distribution in samples 46 and 90 mins samples compared to others (Dai et al.,

2004).

118



4.9 Mechanism of Mn-doped CdSe QDs Formation

Based on the properties results and some literatures, a possible mechanism for
the formation of Mn-doped CdSe QDs is suggested and summaries in Eq. (4.9) which
indicated the general redox reaction for the formation of Mn-doped CdSe QDs. Firstly,
when the mixture of Mn acetate, Cd oxide and oleic acid (OA) were dissolved in the
paraffin oil, and leaded to 160 °C, a light yellowish solution was produced that indicated
that the formation of Mn-Cd complex (Deng et al., 2005) as shown in Eq. (4.10). Then
Se was dissolved in the paraffin oil and heated to 220 °C through dehydrogenation
reaction, a light orange then turn wine red solution was produced as shown in Eq.
(4.11). Se is reduced to H,Se gas under heating while the long alkane chain is oxidated
to the long alkene chain since carbon atom in the long alkane chains acts as the reducing
agent and the long alkene should be the oxidation product. When the Mn-Cd complex
was mixed with H,Se, resulting in the formation of Mn-doped CdSe nuclei as shown in

Eq (4.12):

There are three possible reasons behind the formation stable homogeneous Se
solution:
(1) The melting point of as-used Se powder is 217 °C. Thus the liquid stable of Se
could be formed near or above 217 °C in the paraffin liquid.
(2) The liquid state of Se can be well dispersed in the paraffin liquid or other
solvents with long alkane chains.

(3) H,Se gas can be formed into alkene after heating.
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CHAPTER FIVE

CONCLUSION

Mn-doped CdSe QDs with physical size of 3 to 14 nm and crystallite size of
2.46 to 5.46 nm are successfully synthesized using inverse Micelle technique with
narrow QDs size distribution and possesses quasi-sphere QDs shape. The Mn-doped
CdSe QDs possesses high quality zinc blende crystal structure with tetrahedral plane
(001) doped with Mn ion. The QDs size reduction shows typical blue-shift of
absorption and emission wavelengths due to the quantum confinement effect. The
marginal transition from HOMO-LUMO Stoke's shift to anti-Stoke shift as the QDs
physical size rose to 11 to 14 nm is prominent combination effect of lattice straining and
QDs size reduction. This band gap structure modification is prominenetly effected by
the introduction of lattice strain to the surface of QDs. The effect of this latice strain is
observed to be highly significant at smaller QDs. FTIR spectra confirmed the oleate-
capping introduced to the surface of Mn-doped CdSe QDs which act as the surface
passivator which reduced the particle interfacial electron and hole trapping
phenomenon. The phonon confinement observed in Mn-doped CdSe QDs from the
blue-shift behavior of LO and 2LO compared to pure CdSe QDs. The surface
composion of the Mn-doped CdSe QDs are shows the corporation of Mn into CdSe
lattice. The introduction of strain to the lattice of the core CdSe QDs are prominently at
interfacial of QDs which is highly corporate by Mn dopants. The mechanism of Mn-

doped CdSe formation are purposed.
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FURTHER RECOMMENDATIONS

Mn-doped CdSe QDs has shown promising tunable optical and electronic
properties from this work and significant work by other researcher. Despite all this,
many research gaps have to be fill in order to provide a better understanding in Mn-
doped CdSe QDs system affected its properties. Therefore, for further work, it is
recommended to have a rapid quenching procedure immediately after the each reaction
times is over to reduce ripening effect to QDs sizes since the solution bath still under
significantly high temperature near to reaction temperature after the heating process
were stop. Furthermore, determination of quantum yield via PL spectroscopy are highly
recommended which will significantly support the discussion and better understanding
in the improvement that been contributed by Mn doping mechanism into CdSe QDs.
Further study on the thickness or the density state of Mn dopant on the surface of the
CdSe QDs are significant for further work since it is reported in this work that the Mn-
doped induced strain to the CdSe QDs lattice hence tuned the optical inter-band
structure. Intense studies on the behavior of strain apply to the CdSe QDs lattice are
highly recommended by varying a strain induced parameter such as dopants

concentration and location.
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