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ABSTRACT

Quantum dots (QDs) have attracted great interest and gained significance in many
research areas of science and technology due to their unique chemical and physical
properties. The most striking property of these semiconductor nanocrystals is the size-
dependent absorbance and emission spectra as a result of quantum confinement. Moreover,
they have high quantum efficiencies, narrow and symmetric emission spectrum, wide
optical absorption bands, long fluorescence lifetime in comparison with organic
fluorophores and compatibility with organic solvents and biological media. This M.S.
thesis mostly concerns about the applications of quantum dots in biotechnology and
medicine.

The research of this thesis aims at developing highly luminescent, colloidal aqueous
quantum dots which are applicable to biological systems. In order to achieve this goal,
DMSA (meso-2,3-dimercaptosuccinic acid) was chosen as the stabilizer (surfactant), which
is known to be bio-compatible. In the first step, CdS QDs were prepared by a very simple
experimental strategy. Effects of reaction temperature, pH and DMSA amount on particle
size and quantum yield (QY) were examined. As a result, DMSA was used both as a
stabilizer and a sulphur source in the synthesis of colloidal, highly stable aqueous CdS
QDs. Particles luminescing from blue to orange with QY values of 8-10 % were obtained at
pH 7.5 and 70°C. In these syntheses, SH (DMSA)/Cd ratio of 2.7 was determined as the
optimum ratio providing highest QY.

The second step was the fabrication of 2-mercaptopropionic acid (2-MPA) capped
CdTe/CdS core/shell QDs by the decomposition of DMSA. The shell growth improved the
optical quality of CdTe core significantly. Three important reaction parameters
(SH(DMSA)/Cd ratio, initial pH and SH(2-MPA)/Cd ratio) were investigated.

Consequently, CdTe/CdS core/shell QDs luminescing from green to red were accomplished
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with a maximum QY of 73.3% by the decomposition of DMSA without any post-
preparative method. Optimum reaction conditions were initial pH of 7.5, Cd*":Te*:SH(2-
MPA) ratio of 1:0.38:2.4 and Cd*":SH(DMSA) ratio of 1:0.7. Besides, DMSA was
compared with a common sulphur source, thioacetamide (TAA), and much better
luminescence compared to TAA case was obtained with the DMSA. Results indicate that
DMSA acts both as a sulfur source for the shell growth and as a co-surfactant which
improved both optical properties and long-term stability of particles. Shell growth removes
surface defects and therefore radiative coupling events were supported. This is shown by
increasing luminescence lifetimes (both short and long-lifetime components) and
increasing weight of the surface related emission lifetime values.

Overall, the research summarized in this thesis elucidates the dual action of DMSA
(capping agent and sulfur source) in CdS QD synthesis and further proves the effectiveness
of DMSA in the formation of colorful, stable and highly luminescent CdTe/CdS core/shell
QDs. Considering the simplicity of the synthesis method and the biocompatibility of
DMSA, the information and materials prepared here should be valuable for biotechnology

and medical research.
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OZET

Kuantum noktaciklari, sahip olduklar1 essiz kimyasal ve fiziksel 6zelliklerinden dolay1
bilim ve teknolojinin pek ¢ok alaninda biiyiik ilgi ¢ekmis ve onem kazanmistir. Bu yari
iletken nano-pargaciklarin en dikkat ¢eken oOzelligi kuantum smirlamasinin sonucunda
ortaya c¢ikan biiyiikliige bagli sogurma ve 1sima goriintiisiidiir. Ayrica, bunlarin yiiksek
kuantum verimi, dar ve simetrik 1s1ma spektrumu, genis sogurma bandi, uzun 1gmnim omrii
ve organik ¢oziiciilere ve biyolojik otama uyumlulugu vardir. Bu yiiksek miihendislik tezi
ekseriyetle kuantum noktaciklarmmin biyoteknoloji ve tip alanlarinda uygulamalariyla
ilgilenmektedir.

Bu tezin arastirmasi yliksek derecede 1siyan, koloidal suda yapilan kuantum
noktaciklarin gelistirilmesini amaclar ki bu noktaciklar biyolojik sistemlere uyumludurlar.
Bu hedefi miimkiin kilmak i¢in biyo-uyumlu olarak bilinen DMSA (meso-2,3-dimerkapto
siiksinik asit) yiizey aktif madde (kaplayici) olarak seg¢ilmistir. Ilk asamada, ¢ok basit bir
deneysel yontemle CdS kuantum noktaciklari tretilmistir. Tepkime sicakligi, pH’1 ve
DMSA miktarinin parcacik biiyiikliigline ve kuantum verimine etkisi incelendi. Sonug
olarak, DMSA hem kaplayict hem de siilfiir kaynag:1 olarak koloidal, yiiksek derecede
dayanikli ve suda yapilan CdS kuantum noktaciklarinin sentezinde kullanildi. pH 7.5 ve
70°C’de kuantum verimi %8-10 olan maviden turuncuya kadar 1siyan parcaciklar elde
edildi. Bu sentezlerde, 2.7 olan SH (DMSA)/Cd oran1 en yiiksek kuantum verimini
saglayan en uygun oran olarak belirlendi.

Ikinci asama, DMSA’nm bozunumu sayesinde 2-merkapto propiyonik asit (2-MPA)
kapli CdTe/CdS merkez/kabuk kuantum noktaciklari iiretilmesidir. Kabuk olusmas1 CdTe
merkezinin optik kalitesini gelistirmistir. U¢ 6nemli tepkime parametresi (SH(DMSA)/Cd
orani, baslangic pH’1 ve SH(2-MPA)/Cd orani) incelendi. Sonug¢ olarak, tepkime sonrasi
hi¢bir uygulamaya tabi tutulmadan, DMSA’nin bozunumu sayesinde, en yliksek %73.3



kuantum verimine sahip yesilden kirmiziya kadar 1s1yan CdTe/CdS merkez/kabuk kuantum
noktaciklari elde edildi. Baslangic pH’1 olarak 7.5, Cd*":Te*:SH(2-MPA) orami olarak
1:0.38:2.4 ve Cd*":SH(DMSA) orani olarak da 1:0.7, en uygun tepkime kosullartydi.
Bunun yanisira, DMSA yaygin bir siilflir kaynagi olan tiyoasetamit (TAA) ile karsilastirildi
ve DMSA sayesinde TAA durumundan ¢ok daha iyi 1s1ma elde edildi. Sonuglar gosterdi ki
DMSA hem kabuk olusmasi icin siilfiir kaynagi olarak gorev aldi hem de yardimci-
kaplayici olarak pargaciklarin optik 6zelliklerini ve uzun-donem dayanikliligini gelistirdi.
Kabuk olusmas1 ylizeydeki bozukluklar1 ortadan kaldirir ve bu sayede 1s1may1 saglayan
baglantilar desteklenir. Bu durum 1sima omriiniin (hem kisa hem de uzun-dénem i1sima
omri bilesenlerinin) artmasi ve yiizeyle alakali 1s1ma dmriiniin yiizde agirliginin artmasi ile
gosterilmistir.

Sonug olarak, bu tezde 6zetlenen arastirma, DMSA’nin ikili 6zelliginin (kaplayict ve
siilfir kaynagi) CdS kuantum noktacigi sentezinde kullanildigini anlatmaktadir ve hatta
DMSA’nin rengarenk, dayanikli ve yiiksek derecede 1styan CdTe/CdS merkez/kabuk
kuantum noktaciklarinin olusmasindaki etkisi kanitlamistir. Sentez yonteminin basitligi ve
DMSA’nin  biyo-uyumlulugu g6z Oniline alindiginda, burada belirtilen bilgi ve
malzemelerin  biyoteknoloji ve tibbi arastirma alanlarinda degerli olacagma

inanilmaktayim.
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Chapter 1

INTRODUCTION

“Nano-scale science and technology”, shortly “nanotechnology”, made production and
characterization of materials with physical properties between atomic/molecular and bulk
level possible. Sizes of these artificial materials are within the nanometer scale (equal to or
less than 100 nm at least in one dimension). Nanotechnology is composed of research areas
of physics, chemistry, material science, engineering and molecular biology which
contribute to the fabrication, development and application of new nano-materials.

Nanotechnology was originated from a talk, “There's Plenty of Room at the Bottom",
made by physicist Richard Feynman at an American Physical Society meeting at Caltech
on December 29, 1959. He brought forward the possibility of manipulation of individual
atoms and molecules of matter and importance of small-scale in this lecture. However, the
definition of “nanotechnology” was first done by Norio Taniguchi in 1974. He defined
nanotechnology as ‘the processing, separation, consolidation, and deformation of materials
by one atom or by one molecule’. In the early 1980s, the term got its current meaning and
started with the development of cluster science and scanning tunneling microscope (STM).

The development of nanotechnology resulted in the discovery of novel nano-materials
having physical and chemical properties significantly different from their bulk properties.
Fullerenes[1], carbon nanotubes[2], metal and metal oxide nanoparticles and
semiconductor quantum dots were examples of these. The common and noteworthy

difference from the bulk property is that they have much higher surface to volume ratio or



Chapter 1: Introduction 2

surface area. This increases the chemical reactivity on the surface of these nano-materials.
When size is reduced to nano, strength, electrical and thermal conductivity, optical output
and elasticity are the examples of properties improved significantly. The behavior of charge
carriers (electrons and holes) also change in this size scale meaning classical mechanics is
not valid but principles of quantum mechanics should be considered to explain the changes
in the properties of materials.

Development of bio-applicable quantum dots is the main purpose of the research
covered in this M.S. thesis. Thus, quantum dots will be highlighted in this chapter. In the
first section (1.1), quantum dots, their types, optical properties and electronic band
structures will be summarized. Moreover, how the properties of these materials differ from
their bulk properties will be mentioned and unique tunable band gap property by quantum
confinement effect will be emphasized. Next section (1.2) is about the size and quantum
yield determination methods and formulations. Sections 1.3 and 1.4 give a literature review
for the synthesis and bio-applications of quantum dots, respectively. At the hearth of this
research lies the “DMSA (meso-2,3-dimercaptosuccinic acid)”, therefore, significance of

DMSA will be discussed in the last section (1.5)

1.1 Quantum Dots (QDs)

Quantum dots are unique tiny semiconductors having crystal sizes usually between 1-
10 nm. An average size quantum dot is around 25000 times smaller than one strand of
human hair. Semiconductor dots are composed of elements from the II-VI (i.e. CdS, CdTe,
and ZnSe), III-V (i.e. GaAs, InP) or IV-VI (i.e. PbS, SnTe) groups of the periodic table.
They behave differently than the bulk semiconductors of these elements. Quantum dots are
unique electromagnetic emitters with a tunable band gap as a result of the quantum
confinement occurring in the nanoscale semiconductors when sizes are below the exciton

Bohr radius [3].These concepts will further be discussed in the following sections in detail.
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1.1.1 Electronic Band Structure and Quantum Confinement Effect

The electronic band structure of a bulk semiconductor is composed of continuous
energy levels and a band gap (forbidden energy level) between these levels, as represented
in Figure 1.1(A). Energy states above the band gap is called the conduction band which is
unoccupied by electrons. The energy states lying below the band gap is called the valance
band, fully occupied by the valance electrons. Each bulk semiconductor has its intrinsic
band gap energy (E,) ranging from a fraction of an eV to a few eV. The band gap energy is
the energy difference between minimum level of conduction band (E.) and maximum level
of valance band (E,) (Figure 1.1(A)).

When sufficient energy (greater than the band gap energy) in the form of heat, voltage
or photon is applied to semiconductors, an electron (negative charge carrier) in the valance
band can be excited to the conduction band. The excited electron leaves an empty
electronic state or hole (positive charge carrier) behind and the electron-hole pair, which is
called exciton, forms. The distance between the exciton pair is called Exciton Bohr Radius
(Figure 1.1 (B)).

(A) (B)

\

Conduction
Band

(
(

Band gap, E; =

=¥ (&) (&) (e —(&)0) (e)
Valance
Band

V
Energy, E z E, Exciton Bohr Radius

Figure 1.1 A simplified electronic band structure of bulk semiconductor (A) and exciton

(B)
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When the size is sufficiently small, the (bulk) exciton Bohr radius becomes comparable
to, or even bigger than the crystal dimensions. However, due to the potential barrier at the
surface of the crystal, the exciton can not form beyond the edge of the crystal. As a result,
the exciton will have to be squeezed to fit into the crystal increasing their kinetic energy in
this confined area. This situation is called as quantum confinement, and as a consequence
of this confinement, the continuity of the bands will be lost and discrete energy levels
appear. Therefore, Exciton Bohr Radius is the limit for physical dimension of a
semiconductor to have continuous energy levels. Moreover, the band gap of quantum dots
turns out to be greater than that of the bulk crystals. If this confinement is in three
dimensions, these tiny semiconductor crystals are called as ‘quantum dots’. Further
shrinkage of QDs causes more confined charge carriers leading to a greater separation
between the individual energy levels and a larger band gap. The quantum confinement
effect on energy levels and band gap can be clearly seen in Figure 1.2.

QDs fluoresce as a result of the recombination of excited electrons with holes. Their
optical properties are also affected by the bad gap change as a consequence of the quantum
confinement. As the size of QDs gets smaller, light absorption and emission occurs at a
shorter wavelength as the band gap increases. In Figure 1.2, the color of emitted light is
represented on the dots with size change. Detailed discussion about this unique, size

tunable optical property of QDs will be in the next section.
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Figure 1.2 Quantum confinement effect on energy levels and band gap of quantum dots:
Bulk semiconductor (A) and Quantum dots (colors represent the emitted light) (B)
(www.tudelft.nl/live/pagina.jsp)

Dimensions of quantum confinement determine the type of the semiconductor
nanostructure. In bulk semiconductors, electrons are free to move in all three directions.
When the solid is extended in two directions but its thickness along the third dimension is
only a few nm, the electrons’ movement is restricted along the third direction. Then, this
two-dimensional system with one dimensional quantum confinement is called quantum
wells. If the confinement appears to be in two dimensions, these one dimensional structures
are called quantum wires. Finally, three dimensional confinement leads to quantum dots as
mentioned before. QDs are zero-dimensional systems. Confinement of electrons affects the

density of states (DOS) of these solids as represented in Figure 1.3. Starting from
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continuous in the bulk structure, density of states become discrete as the dimension of

confinement is raised.

WP

Bulk Quantum well Quantum wire Quantum dot

b
E' EP E E
DOS DOS DOS

DOS

Figure 1.3 Dimensional quantum confinement and its effect on density of states

(www.stkc.go.th/stportalDocument/1204088345.html)

1.1.2 Size Tunable Optical Properties

Quantum dots are fluorescent nanocrystals and they have unique size dependent tunable
band gap as discussed in the previous section. When electromagnetic radiation having a
specific energy is applied to quantum dots, an electron staying in the valance band (ground
state) is excited to higher energy levels in the conduction band leaving a hole behind
(Figure 1.4). This process is called the absorption of light. Light can be absorbed by the
quantum dot only when its energy is equal to or higher than the band gap energy, Eg. Since

the band gap of a quantum dot is size dependent, the absorption energy also depends on

size.
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Figure 1.4 A basic scheme of the fluorescence mechanism of QDs
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The excited electron has a tendency to relax back to its original position, ground state.
Therefore, recombination of the electron with the hole takes place quickly. During the
recombination, either a non-radiative or a radiative decay occurs (Figure 1.4). Radiative
decay causing an energy loss by the emission of photons is called fluorescence of light.
Energy of the emitted photon depends on the band gap, consequently on the size of the
quantum dot. Non-radiative decay occurs during the transition of an electron through the
vibrational modes of the conduction band or at the trap sites yielding phonon scattering.
However, this non-radiative energy loss is very small in quantum dots because phonon
scattering rates significantly decrease with increasing energy-level separation[4, 5].

Absorption spectra of quantum dots are composed of series of overlapping peaks of the
incident electromagnetic radiation absorbed over a range of wavelengths. The wavelength
at which discontinuity starts is called absorption edge (onset) and it also referred as the
starting point of the exciton absorption in the spectrum. It depends on the size (band gap) of
the particles and the first correct interpretation of this size dependent absorption by
quantum confinement was done by L. Brus [6]. In Figure 1.5, it is shown that smaller
quantum dots have an absorption edge that is shifted to shorter wavelengths with respect to

larger quantum dots.
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Fluorescence spectra show the intensity of emitted light resulting from the
recombination of photo-excited electron-hole pair. The peak emission wavelength is not
affected from the excitation wavelength but determined by the size of quantum dots
because the fluorescence spectra only shows the transitions from the lowest excited state to
the ground state which is equal to the band gap of the nanoparticle[7]. That’s why emission
wavelength shifts towards longer wavelengths in the fluorescence spectra as the band gap
decreases (or size increases) (Figure 1.5). The spectrum also reflects the size distribution of
quantum dots. It is a Gaussian shaped curve and the bandwidth of this curve, called Full
Width at Half Maximum (FWHM), gives information about the size distribution of quantum
dots. Smaller the FWHM is, narrower the size distribution.

When absorption and emission spectrum of quantum dots are stacked as illustrated in
Figure 1.5, a clear shift is observed between the lowest energy peak in the absorption
spectrum and the corresponding emission peak. Here, the energy absorbed is greater than
the energy of fluorescence which is called the ‘‘Stokes shift’’. This shift appears due to
non-radiative relaxations of electron or other energy losses like collisions with other
molecules to lose vibrational energy until the particle reaches the lowest vibrational state of

the excited electronic state.
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Figure 1.5 Representation of absorbance and fluorescence spectra of CdTe QDs. Color of
the graphic represents the emission color of the QDs. (www.wiseman-

group.mcgill.ca/heyes.php)

1.1.3 Structures of QDs

QDs have been synthesized in the form of an inorganic core (semiconductor crystal)
surrounded by an organic surfactant (ligand) until the last few years (see Figure 1.6(A)).
Recently, core/shell heterostructures have become essential in order to improve the quality
of QDs. The shell reduces non-radiative recombination and the effects of surface defects
resulting in a brighter luminescence. This core/shell structure is composed of an inorganic
core surrounded by another inorganic semiconductor layer and a surfactant at the outer-
most section (see Figure 1.6(B)). The organic surfactant has a functional group such as
thiol, amine, nitrile, phosphine or phosphine oxide and can be hydrophilic or hydrophobic.
Through the bonding of appropriate molecules to the surface, quantum dots can be

dispersed in solvents.
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Figure 1.6 Schematic of a core (A) and a core/shell (B) quantum dot structure

This core/shell heterostructures are also separated into two groups: Type-I and Type-II.
In Type-I quantum dots (CdSe/CdS[8, 9], CdSe/ZnS[10] and CdTe/CdS[11]) core is
covered by a larger band gap material. Here, the band offsets are arranged in such a way
that the conduction band of the shell is at a higher energy level than that of the core and the
valence band of the shell is at a lower energy than that of the core (Figure 1.7).
Consequently, both electrons and holes are confined in cores and the radiative exciton
recombination occurs here. A type-II quantum dot, on the contrary, has both the valence
and conduction bands of the core at the lower (or higher) energy level than the shell. As a
result, charge carriers are separated in a way that one carrier is mostly confined in the core,
while the other is mostly confined in the shell (Figure 1.7). Then, the radiative
recombination takes place across the core-shell interface. CdTe/CdSe[12] and
CdSe/ZnTe[12] are examples of type-II quantum dots. Type-II quantum dots are effective
for Near Infra-Red (NIR) emission. In addition to these core/shell structures, studies on
multilayered quantum dots have been started as well. CdSe/CdTe/ZnTe [13],
CdSe/CdS/ZnS and CdSe/ZnSe/ZnS[14] core/shell/shell quantum dots are examples of

multilayered dots.
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Figure 1.7 Representation of band structures for Type-I and Type-II Quantum Dots.

(nanocluster.mit.edu/research.php)

1.2 Characterization of QDs

1.2.1 Brus Equation and Particle Size Calculation

The size dependence of the electronic properties of small semiconductor crystallites
was first studied by L. Brus in 1984 [15]. In his work, the excited electronic states of these
particles were modeled and an approximate formula for the lowest excited electronic state
energy of these nano spheres was established by a modification of the Schrodinger’s

equation as [15, 16]:

h? 1 1 e’
E (dot)=E (bulk)+ + -1.8
 (dot) = E  (bulk) P {m m*h} pr— (1.1)
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This equation is an expression of size dependent band gap energy of quantum dots and
is composed of three terms which are needed to be discussed briefly: The first term is the
bulk (infinite crystal) band gap energy of the semiconductor, Eg(bulk). The second one is
the kinetic energy of carriers or energy of localization. This term can also be defined as the
quantum confinement energy of carriers, and is a combination of particle in a box model
with an effective mass approximation. This expression is adapted to quantum dots from the
zero point energy of the potential well, or in other words, the energy of the state of a
potential box with the lowest energy. This can be written as:

2

E, = L 5

Sur

where /is Planck’s constant, » is the average radius of the particles and u is the

(1.2)

. . S
reduced mass of the exciton and is givenas ¢4 =M « +m » . Here, reduced mass

is assigned to the exciton because an exciton is considered to behave as a single particle
moving with a center of mass motion in theory. Moreover, this reduced mass is defined by
the effective masses of the electron and hole, represented as m'. andm s, respectively,
because they cannot be treated as ‘free’ electrons in metals due to their interactions with
semiconductor lattice. This treatment is called the effective mass approximation. The last
term (Ecou ) 1s the screened Coulomb energy (interaction) which represents the attraction
between the electron and the hole. Screening strength depends on the dielectric constant, &,

of the semiconductor. Coulomb term is given as:

2
e

E.,="18—— (1.3)
dree,r

In Equation 1.1, the size dependence is emphasized in two terms: the confinement

energy, which is proportional to %2 , and the Coulomb attraction, which is proportional
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to%. Due to the %2 factor, confinement effect becomes dominant in determining the

band gap energy of small size quantum dots.

Equation 1.1 is also a basic approximation neglecting additional effects such as crystal
anisotropy and spin-orbit coupling [17]. Moreover, the spatial correlation between the
charge carriers can be significant when the dielectric constant is small. Therefore, a fourth

term, Rydgerg energy ( £, ), which is also size independent, appears to be another term to

be added for band gap energy calculations of these particles[18]. Rydgerg energy is given
by:

2477 ] 1 17!
ERy: |: + } (14)

22 * *
ch me ma

Since E ,(dot) is equal to the minimum energy of absorbed light required to create an

exciton, an average size can be calculated for synthesized quantum dots by using Brus

equation (Eqn. 1.1) and absorption edge from the absorption spectrum. Therefore, £ (dot)

can be written in the form of Planck equation as:

_pc (1.5)

edge

E,(dot) = hv

edge

where c¢ is the speed of light, vege and Acgee are the frequency and wavelength
corresponding to the absorption edge of quantum dots. Combination of Egs. (1.1) and (1.5)

gives the final form of the equation for particle size calculation:

c Pl 1 e’
h——=F _(bulk)+ —+—|—1.8 1.6
«(bulk) 81 {m e m J Areg,r (1.6)

edge
Detailed calculations with the appropriate parameters for the quantum dots prepared in

this research will be given in Appendix.
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1.2.2 Quantum Yield (QY) Calculation

Quantum yield is the ratio of the number of emitted photons to the number of absorbed
photons. Quantum yield indicates the optical quality of quantum dots. The higher the
quantum yield, the greater the number of emitted photons, in other words, the greater is the
efficiency. As discussed in section 1.1.2, some of the absorbed energy is lost by non-
radiative decays either in the conduction band or in trap sites. Therefore, it is not possible
to have 100% QY.

Quantum yield of quantum dots is estimated in comparison with reference materials
(organic fluorophores) such as Rhodamine B and Rhodamine 6G. The calculation is done

according to the following equation[19]:

(A1) Y | D,
0, Q’(AX(EX)JLI(%)J&,?J(DJ (1.7)

where Q is the QY, /(A)is the relative intensity of excitation light at wavelength A,

A(A) is the absorbance at the excitation wavelength A, nis the average refractive index of

the solution, D is the integrated area under the corrected emission spectrum. Here, r and x
denotes reference and quantum dot sample.

If the reference material and quantum dot solutions are in the same solvent and excited

2
at the same wavelength, both (n%} and (%} terms become 1.0 and Eqn. 1.8 has its
n X
simpler form as:
DX
A4, (Ax)

_ x 1.8
0.=0|% (1:8)

/A4 (Ar)
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1.3 Synthesis of Colloidal QDs

Colloidal quantum dots are chemically synthesized by wet chemistry and grown in the
reaction solution. The fabrication of colloidal quantum dots includes a reaction flask as a
reactor and a liquid mixture of precursors required for the nucleation and growth. The
energy required for the growth is supplied by the liquid in the reactor, either by thermal
collisions of precursors or by a chemical reaction between the solvent and the precursors,
or both [20].

Quantum dots have been mostly synthesized in high boiling point organic solvents such
as trioctylphosphine (TOP) or trioctylphosphineoxide (TOPO) or a mixture of TOP and
TOPO [8, 21-25] producing hydrophobic particles with high quantum yield. However, this
hydrophobic nature prevented these QDs to be applicable in biological applications.
Therefore, suspension in water was achieved via ligand exchange which, on the other hand,
decreased the quantum yield and colloidal stability of these materials [21-25]. To eliminate
these drawbacks, direct aqueous synthesis by employing hydrophilic thiols as stabilizing
agents was preferred. Thiols passivate surface dangling bonds, and contribute to the
stability, solubility and surface functionality of the nanoparticles. Thioglycolic acid (TGA)
and 3-mercaptopropionic acid (3-MPA) are the most widely used thiolated ligands in aq.
QD synthesis [26-28].

In recent years, aqueous synthesis methods of QDs have been dramatically improved by
adaptation of hydrothermal synthesis method using an autoclave with higher reaction
temperatures[29-31] and temperature controllable microwave reactor method [32].
Moreover, core/shell QDs such as CdSe/CdS[9, 33] and CdTe/CdS[11, 34-37] has been
very popular in obtaining effectively passivated core surface and improve optical properties
of the core QDs. In these syntheses, CdS shell formation was achieved by using Na,S[9] as
a direct source of sulfur or by the decomposition of thioacetamide[11, 33] and thiourea[37]

providing a slow release of sulfur to the reaction medium. According to the studies on the
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direct synthesis of CdTe/CdS core/shell structures, QY of the core QD improves
significantly with the formation of the shell. Post-synthesis illumination techniques are also
applied to form a CdS shell by the photo-induced decomposition of organic thiolated
surfactant releasing sulfur ions (i.e. TGA)[34]. Therefore, with an appropriate ligand and
conditions, it should possible to prepare CdS QDs through the decomposition of the
thiolated organic material. Such an approach would be much easier and more practical

compared to the previous methods[20, 38, 39].

1.4 Bio-applications of QDs

Quantum dots are a novel class of inorganic fluorophores with their unique optical
properties. They are rapidly being applied to the existing and emerging technologies in
many areas. Some examples for the electronic and optical applications of quantum dots are
lasers, solar cells, light emitting diodes (LEDs), sensors [40-42]. However, current research
that will be discussed in this thesis mostly concerns about the biological applications of
quantum dots and the most highlighted topics are gene technology, cell tracking, tumor
biology investigation, diagnostics, biomedical labeling and in vivo imaging[43-46].

Quantum dots are preferred to organic fluorophores (dyes) in bio-applications because
their optical properties are more advantageous than the conventional dyes: In addition to
the size tunable emission wavelength discussed in the previous chapters, different-sized
dots can be excited simultaneously by a single light source, meaning, multiple emission
colors can be achieved at once by using the same excitation wavelength. Quantum dots also
have many orders of magnitude longer lifetime than conventional organic fluorophores,
allowing detection at a larger timescale. Narrow and symmetric emission spectra is also
advantages when especially multicolored arrays are required [47]. In addition, quantum
dots have large emission range form the ultraviolet (UV) to the infrared (IR) (400-1350

nm) [48]. Near infrared (NIR) quantum dots can offer deep tissue imaging in living
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subjects due to the low absorbance and scattering of the skin in the NIR region (700-900
nm). Moreover, no good organic fluorophores exist in the NIR range [49].

These significant advantages over organic dyes, fluorescent proteins and lanthanide
probes made quantum dots preferential in ultrasensitive, multicolor and multiplexed
imaging applications in molecular biotechnology and bioengineering [47]. Besides, they
are more advantageous in imaging techniques ( i.e. two-photon or time-gated microscopy)

and they are good candidates as near infrared fluorescence (NIRF) probes [48, 49].

1.5 Why DMSA?

In this work, a novel material, meso-2, 3-dimercaptosuccinic acid (DMSA), is chosen as
the stabilizing ligand for the synthesis of aqueous CdS and CdTe/CdS core/shell QDs.
There are several significant reasons for this choice. DMSA was previously used as a
biocompatible surfactant to thiolate iron oxide nanoparticles successfully [50-53]. DMSA
is bio-compatible and a good metal chelating agent [54] and therefore it is used to treat
arsenic and mercury poisoning in human body [55]. Chemical structure of DMSA consists
of two thiol (pKs;=9.65 and pKg;= 12.05) and two carboxylic acid groups (pK¢;=2.71 and
pKeo= 3.43) [54] (Figure 1.8). Thus, it is hydrophilic and can provide electrostatic
stabilization in water. Furthermore, DMSA is expected to provide good passivation of

surface by the thiols and conjugate with biomolecules via -COOH groups.

O SH

OH
HO

SH O

Figure 1.8 Meso-2,3-dimercaptosuccinic acid (DMSA) structure
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1.6 Objective of This Research

In the research area of medicine, there is a growing need for highly luminescent, stable,
colloidal bio-compatible aqueous quantum dots. Actually, quantum dots are preferred to
organic fluorophores due to their relatively small sizes, narrow FWHM and high stability
against photobleaching. Especially for diagnostics and bio-imaging of deep living tissue,
quantum dots are expected to fluoresce in the NIR region in order to eliminate the
absorption and scattering effects of the tissue. Moreover, there are many studies on
preparation techniques and structures of quantum dots to improve their optical efficiency.
Recently, the construction of core/shell nanoparticles emerged as an effective method to
remove defects at the particle surface and the interface, reducing the non-radiative energy
transitions. Here, selection of the appropriate stabilizer is also very crucial because its
properties should satisfy the needs of a biological use, for instance, it should be non-toxic
and have functional groups for conjugation with biomolecules and it should provide a good
passivation and stability to QDs in water.

Being conscious of these needs, it is aimed at developing highly luminescent, colloidal
aqueous quantum dots which are applicable to biological systems. In order to achieve such
goal DMSA was chosen as the stabilizer (surfactant), which has not been used in quantum
dot synthesis before. DMSA was a perfect candidate when the biological issues concerned
since it is non-toxic, bio-compatible and used as a chelating agent of hard metals in human
body. Moreover, having two thiols and carboxylic acid groups in its structure, it promises
good passivation by thiols and water solubility by carboxylic acid groups. In our research
group, there is a substantial experience with CdS QDs, therefore as the first step, synthesis
of DMSA capped CdS quantum dots were planned. DMSA was expected to provide better
passivation and bio-compatibility to these nanoparticles. As a second step; development of
CdTe/CdS core/shell quantum dots by the help of DMSA was aimed. Here, the reason for

choosing CdTe as the core material is the fact that CdTe quantum dots are preferred for
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bio-applications due to its emission spectra close to the NIR region. CdS shell growth was

aimed to achieve brighter emission of these quantum dots.
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Chapter 2

EXPERIMENTAL

2.1 Materials

Cadmium acetate dihydrate (Cd(CH3COO),.2H,0, 98%), 2-mercaptopropionic acid (2-
MPA, CsHeOsS, >96%) and thioacetamide (TAA, CH3CSNH,, >99%) were purchased
from Merck. Meso-2,3-dimercaptosuccinic acid (DMSA, C4HsO04S,, >97%) and
Rhodamine (B and 6G) were purchased from Fluka. Milli-Q water (Millipore) was used as

the solvent and all of the chemicals were used as received without further purification.

2.2 Experimental Section

2.2.1 Synthesis of DMSA capped CdS QDs

Cadmium acetate (53.3 mg, Cd(CH3C0OO),.2H,0) was dissolved in 80 mL water in a
three-necked round-bottom flask. Twenty milliliters of DMSA solution prepared by
sonication of the required amount of DMSA in water at 70°C was added to the Cd-solution
at room temperature, and then the pH was adjusted to 7.5 with 1M NaOH under N, flow.
This Cd/DMSA solution was deoxygenated for 15 min with nitrogen, and then the solution
was heated to 70°C. The amount of DMSA required was expressed as SH/Cd mol ratio.
SH/Cd ratio between 1.5-7 was studied.. Each DMSA molecule contains two SH.
Duration of the reactions depends on the amount of DMSA and shortens as the amount

increases.
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2.2.2 Synthesis of Na,Te
The synthesis of Na,Te was adopted from an earlier report [56]. Stoichiometric
amounts of elemental Na and Te were placed in a silica schlenk tube under inert
atmosphere in a glove box (O, and H,O below 1 ppm).
2Na + Te— Na,Te (2.1)
The tube connected to the vacuum line (Figure 2.1(A)) where the system was vacuumed
above 10~ mbar pressure in order to remove oxygen. Then, the reaction tube was placed
into a liquid nitrogen bath (Figure 2.1(B)) which was a cold temperature trap to be used at

the next step. Liquid nitrogen bath improves the vacuum performance, as well.

Figure 2.1 Connection of Na and Te mixture to the vacuum line (A), Liquid nitrogen bath

(B)

Next, the vacuum line and the reaction tube were purged with constant ammonia (NHs)
gas flow. The NHj3 flow is condensed at the cold temperature trap since the liquid NH; acts
as the solvent for Na,Te synthesis. The formation of dark blue color was observed at -196

°C (liquid N,) (Figure 2.2(A)). After sufficient liquid NH3; was obtained, the reaction tube
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was placed in ca. - 40°C liquid glycerol bath (Figure 2.2(B)) in order to achieve a slow
reaction kinetics and a slow vaporization of NH; (B.P. of NH3 = -33.3°C). In addition, the

tube was connected to the Hg manometer that acts as a pressure relief for NH; gas.

4Le)

Figure 2.2 Dark blue color of condensed NH3 (A), Liquid glycerol bath (B)

Evaporation of the NH3 gas was continued very slowly for 36 hours. The color change
on the walls of the tube from dark blue (liquid NH3) to white (Na,Te powder) proved the
completion of the formation of Na,Te reaction. Na,Te was stored in a glove-box because it

is a highly air-sensitive material.

2.2.3 Synthesis of 2-MPA capped CdTe QDs

A typical method would be as follows: Cadmium acetate (213.2 mg,
Cd(CH3C0O0);.2H,0) and 2MPA were dissolved in 160 mL water in a four-necked round
bottom flask fitted with a reflux condenser . The pH was adjusted to 9 with 1M NaOH
under N, flow. After 30 min. of nitrogen purge, Na;Te was weighed in the glow box (O3
and H,O below 1 ppm). Na,Te was put in a perfectly sealed round bottom flask and 20 mL

of oxygen free water was transferred into this flask through a stainless steel tubing from
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another round-bottomed flask (Figure 2.3(A)). After dissolving all the Na,Te powder under
Nz flow, 20 mL of purple Na,Te solution was transferred into Cd-2MPA solution (Figure
2.3(B)). The solution temperature was immediately raised to 90°C (Figure 2.3(C)).

Figure 2.3 Transfer of oxygen free water to Na;Te powder (A), Transfer of purple Na,Te

solution to Cd-2MPA complex solution and initial formation of orange CdTe solution (B),

CdTe QD formation at 90°C in silicon oil (C)
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Duration of the reactions varied by the reaction conditions, i.e. pH and SH/Cd ratio. The
molar ratio of Cd:Te:SH was 1:0.38:2.4. Different pH values (7.5 and 11.0) and SH/Cd
ratios (1.5 and 5.0) were also studied to observe their effects on the particle properties.
Samples were taken out at different time intervals to follow the particle growth and change

in the particle properties. Samples were stored in a refrigerator.

2.24 Synthesis of CdTe/CdS core/shell QDs by the decomposition of DMSA

Twenty milliliters of aq. DMSA solution at various concentrations was added to the
reaction of CdTe-2MPA at the fourth hour of the reaction described in 2.2.3. SH (from
DMSA)/Cd (initial amount from CdTe synthesis) molar ratios of 1.0, 0.7 and 0.5 were
studied. The QD concentration was kept constant referring to Cd*" concentration. The
particle size and QY was followed by taking out aliquots at regular intervals during the
reflux.

Additionally, CdTe/CdS core/shell nanoparticles were prepared through thermal
decomposition of thioacetamide by the same procedure at Cd*":Te :SH(2-MPA)= 1.0:0.38:
2.4, molar ratio of SH(TAA)/Cd(initial) = 0.7 and initial pH of 9.0 .

2.3 Characterization

Ultraviolet-Visible-Near Infrared (UV-Vis) and Photoluminescence (PL) spectra were
recorded with a Schimadzu UV-Vis-NIR spectrophotometer model 3101 PC and Horiba
Jobin Yvon-Fluoromax 3 spectrofluorometer, respectively. All optical measurements were
performed at room temperature under ambient conditions. PL spectra of CdS QDs were
recorded in the range of 365 nm to 850 nm at a 0.5 nm interval at the excitation wavelength
of 355 nm. A 370 nm filter was used for these measurements. For CdTe and CdTe/CdS

QDs, PL measurements were done in the range of 410 nm to 800 nm at a 0.5 nm interval.
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The excitation wavelength was 400 nm and emission filter had a cut-off at 450 nm. PL
spectra were all calibrated with respect to absorption values at the excitation wavelength.

Quantum yields were estimated according to the procedure of [19] by diluting the samples
to three different concentrations having max 0.1 absorbance at the excitation wavelength of
355 nm and 400 nm for CdS and CdTe (CdTe/CdS) QDs, respectively. Rhodamine B (31%
QY in water) was used for CdS and Rhodamine 6G (95% QY in ethanol) was used for
CdTe (CdTe/CdS) as references. Brus Equation [15] was used to calculate the sizes of the
CdS-DMSA and CdTe-2MPA nanoparticles. Samples for further characterization were
prepared by multiple washing of QDs with water through 3K ultra-centrifugal filters at
3800 rpm in order to remove excess organic materials or inorganic ions from solutions.
Fourier Transform Infrared (FTIR) spectra were obtained by Jasco FT-IR-600 spectrometer
using KBr pallet of the dried samples. Samples were dried after washing in a Labconco
freeze-drier unit. Powder x-ray diffraction (XRD) analysis was performed using a HUBER
G670 diffractometer equipped with a germanium monochromatized CuKoa radiation
(A=1.5406A). Fluorescence lifetime measurements were conducted using Model C-71 Time
Master time resolved fluorescence spectrometer from Photon Technology International
(New Jersey, USA). A nanosecond flash lamp filled with nitrogen gas was used to excite

samples at 355 and 400 nm. Data were collected from quadruplicate samples.



Chapter 3: Results and Discussion 26

Chapter 3

RESULTS AND DISCUSSION

3.1 CdS-DMSA Results

3.1.1 Synthesis of DMSA capped CdS QDs via DMSA decomposition

In a typical synthesis, CdS nanocrystals have been prepared by using Na,S as a sulfur
source[20, 38, 39]. A CdS shell can be formed around CdTe nanoparticles by the
decomposition of thioacetamide and thiourea [11, 34, 37]. Formation of a thin CdS layer
around CdTe has been reported for thioglycolic acid (TGA) capped CdTe as a result of
TGA decomposition [34]previously. Therefore, DMSA, having two thiol groups and being
biocompatible, is predicted to be a good sulfur source for the synthesis of CdS nanocrystals
by thermal decomposition as well as an efficient capping agent to prepare stable non-toxic
CdS QDs.

The formation of CdS nanocrystals are confirmed by XRD. Figure 3.1 shows the XRD
pattern of CdS nanocrystals which suits to the cubic zinc blende structure. The peaks are
broad as it is expected in nanocrystals. Moreover, this broadness resulted in an overlapping
of the peaks at 42° and 52° which is seen as a single peak in the diagram because of the

extremely small size of the crystals.
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Figure 3.1 Powder X-ray diffractogram of ES24G.

FTIR spectra have provided us information about the thiol and carboxylic acid groups
during the QD formation. As it is shown in figure 3.2, DMSA has the characteristic peaks
of S-H band at 2564.8 cm™ and C=O stretching band corresponding to carboxylic acid at
1720.4 cm™. Spectra of Cd-DMSA complex and CdS-DMSA show antisymmetric and
symmetric stretching modes of carboxylate at around 1580 cm™ and 1388 cm™. Moreover,
S-H band broadens for the Cd-DMSA complex and finally disappears as CdS nanocrystals
form with the sulfur release from DMSA. This situation can be explained in two ways;
either DMSA is decomposed to give all of its sulfurs and stabilization is supplied by

carboxylates or only one of its sulfurs is released to form CdS and the remaining thiolate is
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used to passivate the CdS surface which is more probable when the stability and

luminescence properties of the particles are considered.
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Figure 3.2 FT-IR spectra of (a) DMSA, (b) Cd-DMSA complex formed at pH 7.5 and

room temperature (RT) (c) DMSA coated CdS QDs (ES24G) formed at pH 7,5 and 70°C

3.1.2 Effect of Temperature and pH on particle formation and properties

Reaction temperature and pH are usually important reaction variables to consider.
Acidic pH range is not suitable for these reactions due to the protonation of carboxylic acid
and thiol groups which are responsible from the solubility and stability of nanocrystals.
Moreover, it was reported that Cd*" ions are not complexed with a thiolated ligand at

pH<4.0[57]. Cd-DMSA complex becomes soluble at pH 7.0 and so, reaction pH should
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better be higher than 7.0. If reactions are performed at room temperature, formation of
luminescent CdS QDs could be achieved at pH values higher than 8.5 in a reasonable time.
However, as the pH increased, larger size particles were formed. Furthermore, pH values of
11.0 and higher caused nearly non-luminescent or bulk QDs. At basic pH values HS
concentration decreases (for H,S, pKa; = 7.0, and pKa, =~ 19.0[58]) and mostly S*
contributes to the CdS formation yielding faster crystal growth.

Influence of reaction temperature is more dramatic. ~The minimum required
temperature for sulphur release at pH 7.5 is 50 °C as only at this temperature CdS QDs
were formed. Even at pH 8.0 an immediate formation of bulk CdS was observed at high
temperature values (>50°C). The limiting reaction conditions and corresponding reaction

times are summarized in Table 3.1.

Table 3.1 Temperature and pH values at which colloidal CdS QD could be synthesized and

resulting reaction times

T (°C) pH Reaction time
RT 85-11.0 > 1 day
>50°C 7.5-8.0 <2 hours

Since low temperatures yielded significantly low quality CdS QDs in long reaction
times, CdS formation via DMSA decomposition was carried out at moderate temperature,
70°C, for the study of other parameters. At this temperature, pH value of 7.5 was prefered
in order to achieve controlled synthesis of CdS QDs. This pH value is also beneficial for

bioapplications of these QDs.
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3.13 Effect of the SH/Cd Ratio on particle formation and properties

Since DMSA has a dual function as the sulfur source and the stabilizer in our CdS QD
synthesis, the SH/Cd ratio is a very essential parameter affecting the properties of the QDs.
Furthermore, Cd/S ratio and ligand concentration have been reported to have significant
role on the size and properties of QDs coated with thiolated molecules[39]. DMSA capped
CdS nanocrystals with the decomposition of DMSA were studied at different ratios of
SH/Cd as summarized in Table 3.2.

Table 3.2 SH/Cd ratios used in the synthesis of CdS QDs and Particle properties

SH/Cd  Abs. cutoff PL max. size® band gap” fwhm® QY

Sample ID

(mol ratio) (2) (nm) (nm) (nm) (eV) (mm) (%)

ES24B 1.5 350 453 2.1 3.55 125 -

ES24C 2.0 369 447 23 3.36 110.5 -
ES24D 2.5 400 472 2.6 3.10 132 8.5
ES24G 2.7 410 504 2.7 3.03 143 8.9
ES24 3.0 417 522 2.8 2.98 146 7.9
ES24E 3.5 416 519.5 2.8 2.98 1485 7.9
ES24F 7.0 437 557.5 3.1 2.84 148 6.2

“Calculated by by Brus effective mass approximation[15]. "Corresponding band gap energy
calculated by E=hv. ‘Full-width at half-maximum calculated from PL spectra. ¢ QY
calculated according to the procedure of [19] by using Rhodamine B as a reference (31%

QY in water)

In Figure 3.3(A, B), the UV-vis and PL spectra of CdS QDs prepared at different
SH/Cd ratio are shown. A red shift for absorption and emission peaks is evident with the

increasing DMSA amount. At SH/Cd ratios of 1.5 and 2, luminescent CdS quantum dots
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could not be obtained. Probably, DMSA amount was not sufficient both as a S* supply
and for the stabilization of the forming crystal. Further increase in the SH concentration
yields slightly larger particles that luminesce (Table 3.2). Increasing DMSA amount
supplies higher concentration of sulfide ion for growth and more DMSA for coating. After
the SH/Cd ratio was raised above 7, bulk CdS was obtained rapidly at given reaction
conditions (pH=7.5, 70°C). Sizes of the crystals were tuned from 2.6 nm to 3.1 nm by
changing the SH/Cd ratio from 2.5 to 7. Quantum efficiencies were calculated as around 8-
10 % with respect to Rhodamine B. Figure 3.3C illustrates the transparent solutions of
these nanoparticles in ambient conditions and the emissions of CdS QDs from blue to
orange under excitation (365 nm). The reaction time for ES24D(SH/Cd=2.5) was around 5
hours but above this ratio, it took around 1 hour due to the more interaction of S* with Cd*"
with higher amount of sulfur release. Size of the crystals could also be increased further by

increasing the reaction time.
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Figure 3.3 The evolution of the peak positions of absorbance (A) and, corresponding
emission (B) spectra of CdS QDs at different SH/Cd molar ratios. The excitation
wavelength was 355 nm. The photograph of aq. CdS under daylight (bottom) and UV
excitation at 365nm (Top) (C). All particles were prepared at pH=7.5, 70°C.

3.14 Stability
The stability of CdS QDs was investigated under different storage conditions for several
days. Two samples were washed by 3K ultrafiltration device to remove excess materials

and two samples were kept as they were synthesized. One washed and unwashed sample
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were kept at room temperature (exposed to daylight) and the other two were stored in the
refrigerator. The UV-vis and PL spectra of these four samples are shown in Figure 3.4. It is
clearly seen that size didn’t change when samples were stored in the fridge. PL intensities
remained unchanged for the unwashed but increased slightly for the washed sample. On
the other hand, ambient conditions first caused a slow disappearance of the first excitonic
peak from the absorption spectra and then a slight red shift on the absorption edge
corresponding to a size increase. More importantly, luminescence decreased after 10 days
followed by a precipitation after 15 days. Slow decomposition of the DMSA could cause a
slow growth of the particles through Oswald ripening but more importantly slow

detachment from the surface which would lead into aggregation and finally to precipitation.
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Figure 3.4 UV-vis and PL spectra of (A) unwashed, (B) washed QDs stored in refrigerator
and (C) unwashed, (D) washed QDs kept under ambient conditions
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3.2 CdTe/CdS core/shell nanoparticles

3.2.1 Synthesis of CdTe/CdS core/shell QDs by the decomposition of DMSA
Synthesis of CdTe was performed in water with Na,Te as the Te* source; Na,Te was
prepared with 100% purity. Figure 3.5 shows the XRD pattern of Na,Te which fits

perfectly to the theoretical values.

Ma, Te Experimental
Ma, Te Theoretical

.....M-JQL..JL..J I

Figure 3.5 XRD pattern of synthesized Na,Te.

The CdTe/CdS core/shell QD synthesis begins with the addition of DMSA to the CdTe
QD reaction solution. CdTe crystals were capped with 2MPA. Excess amount of Cd** with
respect to Te” exists in this solution. Therefore, the slow release of S*” from DMSA results

in the growth of CdS shell around the CdTe forming CdTe/CdS core/shell structure.
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XRD indicates (Figure 3.6) a CdS shell formation around CdTe QDs. XRD peaks of
CdTe-2MPA fits to the zinc blende structure of CdTe. However, these peaks shift towards
CdS in the CdTe/CdS QDs. There are no free CdS QDs in the sample since there are no
peaks fitting to CdS structure in the XRD pattern. Therefore, we believe that the epitaxial
growth of CdS on CdTe was achieved. These XRD peaks are rather broad because of their

extremely small size.

CdTe CdS
R

CdTe/24VIPA

_.

T

CdTe/CdS by DMSA|

Figure 3.6 XRD pattern of CdTe/CdS core/shell nanocrystals prepared by DMSA. The
lines correspond to bulk cubic zinc blende CdTe and CdS

An important finding here is that DMSA did not replace 2MPA from the CdTe core, at
least not completely. FTIR spectra in Figure 3.7 shows aliphatic C-H stretching peaks of
the 2MPA for both CdTe-2MPA and CdTe/CdS-2MPA/DMSA species.
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Figure 3.7 FTIR spectra of CdS-DMSA, CdTe-2-MPA and CdTe/CdS-2MPA/DMSA QDs

3.2.2 Influence of the SH(DMSA)/Cd(initial) ratio

The reflux time has a significant influence on the size and QY of the CdTe
nanoparticles. Due to the confinement effect in QDs, particle size determines the
wavelength of light absorbed and emitted. Figure 3.8 indicates change in the size and QY
as a function of time for CdTe-2MPA. As the reflux time is prolonged, the absorbance edge
(Figure 3.8(A)) and PL max (Figure 3.8(B)) continuously shifted towards longer

wavelengths, meaning, larger particles are formed by Oswald ripening.
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Figure 3.8 UV-vis (A) and PL (B) spectra of 2-MPA stabilized CdTe QDs. The excitation

wavelength is 400 nm. Cd*":Te?:SH=1:0.38:2.4, pH=9 and T=90°C

A CdS shell formation on the CdTe core was initiated by the introduction of DMSA to
the CdTe reaction solution. During the reflux, the slow release of S* via decomposition of
DMSA caused the growth of CdS shell around CdTe by the reaction with excess Cd*".
Therefore, longer reflux times results in thicker shell around the core. Of course, since no
additional Cd*" was introduced, the thickness would be limited. For the synthesis of
CdTe/CdS core/shell QDs, three SH (DMSA)/Cd(initial) molar ratios were performed to
investigate the effect of the amount of DMSA on the CdS shell formation and
luminescence properties of these particles. The absorbance spectra of CdTe/CdS core/shell
QDs prepared with the SH (DMSA)/Cd ratio of 0.5, 0.7 and 1.0 are presented in Figure
3.9(A, B and C). As expected, the absorbance edge and PL .y shifted to longer wavelengths
with prolonged reflux time. However, in this case, the absorbance edge and PL max are
red-shifted with respect to CdTe core due to the CdS shell formation. Moreover, the
CdTe/CdS QD solution color changed from light orange to brown during the reflux.



Chapter 3: Results and Discussion

38

—CdTe 128%
24,6%
35.1% |1
34 %%
2.1% | |
19.6%
13.3%

Normalized Absorbance

(B)

—QdTe 15.4%
302%
509% 1
509%)| | \
253%| | \
134%
9.3%

—CdTe

133%
20%
264%
32.1%
404%
466%
489%

00— T T v T ' 1T T v 1 T LA LA LA AL S WL AN LA S
400 450 500 S50 600 650 7OU 400 450 500 S50 600 GBS0 700 400 450 500 550 600 650 700 750
V‘h‘g'a'@h("’") Wanelength (nm) Wavelength (nm)

(D) —=—0.5
50 / /‘/ —*—0.7

N

‘0. 1.0
£ 30- / .
> Va \.
g A

20~ k

10 - ™~

CdTe
0 T T T T T T T T T T T
540 550 560 570 580 590 600

PL max. (nm)

Figure 3.9 Absorbance spectra of CdTe/CdS core/shell QDs prepared by the
decomposition of DMSA at SH(DMSA)/Cd(initial)=0.5 (A), 0.7 (B) and 1.0 (C). Change in
QY with PL,y. shift during reflux at SH(DMSA)/Cd(initial)=0.5, 0.7 and 1.0 (D).
Aexe.=400 nm. Cd*":Te*:SH(2-MPA)= 1.0:0.38: 2.4, pH=9 and T=90°C

Figure 3.9(D) illustrates the QY change at these ratios with increasing PLy.x as the
reaction proceeds. More or less all CdTe-2MPA QDs have similar QY before shell

formation. As the CdS shell grew on the CdTe core, QY increased gradually at all ratios

reaching to a maximum value and then declines again. In case of the SH (DMSA)/Cd ratio
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of 0.7, QY was increased from 16% to a 51% by the epitaxial growth of the CdS shell. This
increase is attributed to the removal of surface defects and dangling bonds causing non-
radiative recombination on the surface, and to the smoothing the core surface (CdTe) by the
help of a larger band gap semiconductor (CdS) [8]. Decreasing luminescence after reaching
to a maximum value might originate from the formation of surface defects by greater lattice
mismatch between CdTe and CdS materials with the thickening of CdS shell and new
defects formed on the CdS surface[8]. The removal of capping material from the CdTe/CdS
core/shell QD surface at longer reflux time might also be a secondary reason as it was also
seen in the case of CdTe core.

SH (DMSA)/Cd ratio of 1.0 provided a substantial improvement in the QY as seen in
Figure3.9 (D); however, large black precipitates were formed in these reactions possibly
due to the excess DMSA and the QY increase was not as high as the case with 0.7 ratio.
When the SH(DMSA)/Cd ratio was dropped down to 0.5, maximum QY of QDs reached
was only 35.1%, possibly due to the lack of enough DMSA for an effective coating.
Therefore, 0.7 was chosen as the optimum molar ratio for the formation of an effective CdS

shell around CdTe core under these conditions.

3.2.3 Comparison of DMSA with Thioacetamide (TAA) as a sulfur source

Thioacetamide is widely used for the shell formation via slow release of sulfide ion in
the literature [11, 33]. In order to evaluate the efficiency of DMSA as a shell forming
material, CdS shell was grown on CdTe-2MPA core by thermal decomposition of TAA at
exactly the same ratios and procedure used for DMSA. The SH (TAA) /Cd (initial) ratio of
0.7, which is the optimum SH (DMSA) /Cd (initial) ratio, was applied. Figure 3.10
illustrates the optical properties of CdTe/CdS core/shell nanoparticles obtained by using
TAA and DMSA as the S* source. Figure 3.10(A) and (B) shows that they have similar

affinity to have larger particles at longer reflux time. However, at the same time intervals,
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larger particles meaning thicker CdS shell was formed by the TAA compared to DMSA.
This indicates much faster release of S from TAA than that of DMSA.

On the other hand, the QY of core/shell particles could increase up to only 26.5% which
is nearly the half of the values achieved with the DMSA (Figure 3.10(C)). This made us
believe that the surface capping of DSMA could be responsible for this exceptional
improvement in the QY which can not be achieved by the TAA. According to us, there still
exists the second thiolate group of DMSA in the reaction solution which contributes to 2-
MPA for the passivation of CdTe/CdS core/shell surface. Moreover, slow sulphur release
from DMSA might cause better crystallinity of CdS shell which resulted in higher QY
value than TAA case. Of course when absence of a second capping molecule in case of
TAA reaction is considered as the crystal grew, existing 2MPA was supposed to provide
passivation of the new surface, which is probably not enough, leaving behind defects which

are detrimental for the quantum efficiency.
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(C).The excitation wavelength is 400 nm. SH(TAA)/Cd(initial)=0.7, pH=9 and T=90°C

The CdTe/CdS core/shell structure was further confirmed by XRD measurement. In

Figure 3.11, it is clearly seen that peaks are located between the theoretical values of CdTe

and CdS cubic zinc blende crystal structures.
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Figure 3.11 XRD pattern of CdTe/CdS core/shell nanocrystals prepared by TAA. The lines
correspond to bulk cubic zinc blende CdTe and CdS

3.24 Influence of pH on particle properties

The pH value of the reaction is an important factor influencing the growth and the
luminescence behavior of thiol-capped QDs. [27, 39, 57-59]. Therefore, the influence of
pH on the particle properties, mainly QY, was studied for the CdTe/CdS core/shell QDs.
One objective of this specific investigation is to find the best pH value for the highest
luminescence obtained from the CdTe core as well. Initially, Cd*":Te*:SH(2-MPA) ratio
was fixed at 1:0.38:2.4 and the initial pH was set to 7.5, 9.0 and 11.0. Later, DMSA was
added at the optimum SH (DMSA)/Cd (initial) ratio of 0.7. Initial pH is the pH value of
the reaction solution before the addition of telluride. UV-Vis absorbance spectra of CdTe

and CdTe/CdS QDs prepared at these pH values are illustrated in Figure 3.12(A), (B) and
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(C), respectively. Initial pH mainly affected the QY and the growth rate of QDs. Figure
3.12(D) shows that QY decreased with the increasing pH. QY of the CdTe core dropped
from 19% at pH 7.5 to 15% at pH 9 and to 3% at pH 11. Maximum QY achieved for the
CdTe/CdS core/shell QDs was 73%, 51% and 10% for pH 7.5, 9.0 and 11.0, respectively.
Furthermore, ability to tune the size of the CdTe/CdS core/shell QDs can only be achieved
at pH 7.5 providing particles luminescing from green to red (Figure 3.12 (E)). The growth
rate was accelerated at higher pH values resulting in bulk material in a shorter time period.
In Figure 3.12(D) indication of such enhanced growth rate can be seen easily: at pH 11,
after only two hours PL intensity decreases and shortly after bulk material was formed.

Complexation of excess cadmium and thiol during the synthesis of QDs is reported to
be dependent on the pH of the solution [57, 58, 60]. In these reactions, initial pH mainly
affects the quality of CdTe core demonstrated with a decreasing QY with increasing pH.
The structures of the possible complexes prior to the formation of nanoparticles and later at
the surface of the particles are reported to be different at different pH values, resulting in a
change in the surface properties of core QDs. In addition, Figure 3.12 (D) illustrates that
shell growth around these particles could improve their quality. Growing a CdS shell on
these particles tripled the QY at all pH values. There is an important point to be highlighted
here; The pH values of the CdTe reaction solutions before DMSA addition (before shell
growth) were very close (around 9.0) despite having different starting pH wvalues.
Therefore, it was concluded that this dramatic QY difference between these core/shell QDs
was resulted only from the initial pH effect on the quality (structure of complexation,
surface property) of the core QDs. The formation of CdS shell around the core QD only
helped further improvement of surface passivation and stability.

From the previous study of CdS synthesis by the decomposition of DMSA, it is known
that higher pH values cause larger particles. Therefore, it was expected to have a thicker

CdS shell at pH 11.0 than 7.5. UV- Vis absorbance spectra and PL max. shift of CdTe/CdS
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core/shell QDs in Figure 3.12 shows that the shell growth rate was much higher at pH 11
than pH 7.5 as expected. Bulk CdTe/CdS core/shell QDs were achieved in a very short
reflux time at pH 11.0. The fast growth causes low crystallinity and more defects on the
surface and interface [61]. Larger lattice mismatch between CdTe and CdS appears as the
CdS shell thickens, as well. Yet, lowering the pH allows good quality CdTe/CdS core/shell
QDs luminescing in a wide range of spectrum. In bio-applications, having red luminescent
QDs with high QY is significant for imaging to eliminate absorption by the tissue at lower
wavelengths. Therefore, pH 7.5 is the optimum pH for CdTe/CdS core/shell QDs.
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Figure 3.12 UV-vis absorbance spectra of CdTe/CdS core/shell QDs prepared by the
decomposition of DMSA at initial pH=7.5(A), 9.0 (B), 11.0(C). QY change with PL max.
shift during reflux at pH=7.5, 9.0 and 11.0 (D) The excitation wavelength is 400 nm. The

photograph of CdTe/CdS solutions at different sizes under 365nm UV-lamp excitation. The
raction times are indicated on each solution (E). Cd*":Te’:SH(2-MPA)= 1.0:0.38: 2.4,
Cd*": SH(DMSA)=1.0:0.7, and T=90°C
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3.2.5 SH(2-MPA)/Cd(initial)

Optimization of the CdTe core would improve the properties of the CdTe/CdS
core/shell QD. ligand concentrations known to be influential on the physical and chemical
properties of QDs[39, 59]. So, at the optimum SH (DMSA)/Cd (initial) ratio 0.7 and initial
pH 7.5, 2-MPA amount was varied: SH (2-MPA)/Cd (initial) ratio of 1.5, 2.4 and 5.0 were
applied. Figure 3.13(A), (B) and (C) illustrates UV-Vis absorbance spectra of CdTe and
CdTe/CdS core/shell QDs prepared at these ratios, respectively. Here, growth of the
core/shell QDs is clearly seen by the red shift with reflux time. The experimental data in
Figure 3.13(D) show that decreasing , increased the QY of the CdTe core 1(4.6% at
ratio=5.0, 19.0% at ratio=2.4 and 30.5% at ratio=1.5) but did not impact the particle size
significantly. The best QY for CdTe/CdS core/shell was achieved at the ratio 2.4 (73.3%)
and highly green to red luminescent CdTe/CdS core/shell QDs could only be obtained at
this ratio (Figure 3.12(E)).

First of all, ligand/Cd ratio should be minimum 1 to have sufficient amount of stabilizer
which provides stability and surface passivation of QDs. It was reported for the TGA (L*)
capped CdTe QDs that as the ratio approaches to 1, Cd(L) complex concentration increases
(Cd(L,)* decreases and Cd(L;)* disappears) resulting in better surface quality and high QY
at the initial stages of the synthesis[59]. Therefore, the increase in QY of CdTe core QDs is
reasonable according to this study. However, QY change of core/shell QDs does not follow
the same trend. It is illustrated in Figure 3.13 that maximum QY (73.3%) and wider range
of color emission (from green to red) was achieved at SH (2-MPA)/Cd (initial) ratio of 2.4.
The ratio of 1.5 and 5.0 gave 58.4% and 38.6% QY, respectively, and maximum orange
emission was obtained through these reactions. The reason behind QY decrease and faster
precipitation during the synthesis at the ratio of 1.5 may be the deficiency of 2-MPA to
stabilize the growing CdS shell around the core QD. As the size of the particle increases,

more stabilizers are needed for the passivation of the surface dangling bonds and defects.
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Therefore, the ratio of 1.5 could not provide the needed amount of 2-MPA at the former
stages of the reaction. On the other hand, QY decrease at the ratio of 5.0 was an expected
result which might be caused from the initial complexes (Cd(Ls;)*) formed during CdTe
core synthesis. Although the CdS formation improved the surface quality of CdTe QDs by
increasing their QY from 4.6% to 38.5%, the efficiency of CdTe/CdS core/shell quantum
dots could not reach the ratio of 2.4. Therefore, Cd*":Te*:SH(2-MPA)=1:0.38:1.5 was
chosen as the optimum ratio for 2-MPA capped CdTe QDs but Cd*":Te*:SH(2-
MPA)=1:0.38:2.4 was the best for 2-MPA capped CdTe/CdS core/shell QD synthesis.
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Figure 3.13 UV-vis absorbance spectra of CdTe/CdS core/shell QDs prepared by the
decomposition of DMSA at Cd*": SH(2-MPA)= 1.0: 1.5 (A), 2.4 (B), 5.0 (C). QY change
with PL max. shift during reflux at Cd*": SH(2-MPA)= 1.0: 1.5, 2.4, 5.0 (D). The excitation
wavelength is 400 nm. Cd*": Te*= 1:0.38, Cd*": SH(DMSA)=1.0:0.7, initial pH= 7.5 and

T=90°C

3.2.6 Stability

The photostability of 2-MPA capped CdTe and CdTe/CdS core/shell QDs was

examined to understand their behavior in ambient conditions. In Figure 3.14, the UV-Vis
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(A) and PL (B) spectra of CdTe QDs aged under daylight are presented. Both absorbance
edge and PL max experienced obvious blue shift which is a result of shrinkage of particles.
The reason behind this decrease in size may be the oxidation of Te* in the CdTe crystals
because they are known to be oxidized easily. Simultaneously, it is seen that the QY of
CdTe QDs was enhanced from 5.6% to 32.5%. The irradiation might cause decomposition
of 2-MPA leading to the growth of CdS shell around CdTe by the release of sulfur. This
process might result in QY increase in 13 days of irradiation. Here, the oxidation might
proceed much faster than the CdS shell growth, so that blue shift of 18 nm couldn’t be
avoided. After a critical CdS shell growth by further decomposition of 2-MPA, the
oxidation might be prevented and so that the particle size started to increase. After a month,
the degradation process might bring about the lack of capping agent for the stabilization of
QD surface and solubility, causing decrease in QY and the formation of precipitates at the

end. However, these precipitates are not bulk CdTe because they are still green-yellow

luminescent.
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Figure 3.14 UV-vis (A) and PL (B) spectra of 2-MPA stabilized CdTe QDs under ambient

conditions. The excitation wavelength is 400.
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Figure 3.15 illustrates the UV-Vis (A) and PL (B) spectra of daylight irradiated
CdTe/CdS core/shell QDs. In contrast to CdTe core QDs, neither the absorbance edge nor
the PL max shift, meaning, the oxidation of Te* was successfully prevented by the
formation CdS shell around the CdTe core during the reaction. Moreover, further
photodegradation of DMSA and 2-MPA did not lead to an increase in the CdS shell
thickness. However, the QY of CdTe/CdS core/shell QDs increased to a maximum value of
70% in 12 days. After that point, the decrease of QY and colloidal instability started; which
might be a result of deficiency of the capping agent by further decomposition.
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Figure 3.15 UV-vis (A) and PL (B) spectra CdTe/CdS core/shell QDs prepared by

decomposition of DMSA under ambient conditions. The excitation wavelength is 400 nm.

3.2.7 Fluorescence lifetime

Luminescence lifetimes of the CdTe/CdS QDs could give further information about
CdS growth on CdTe core. . In Figure 3.16, the PL decay curves of the 2MPA-capped
CdTe and 2MPA&DMSA-capped CdTe/CdS core/shell nanocrystals are illustrated. Here,

the improvement of fluorescence lifetime of with the CdS shell formation is clearly
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observed. However, a deeper investigation is also needed. PL decay curve of each sample

has a biexponential form of
t t
A, exp| — |+ A4, exp| — (3.1)
Tl 72
where 7, is the shorter lifetime component usually equal to several nanoseconds and
7, 1s the longer lifetime component of several tens of nanoseconds. The shorter lifetime

corresponds to the intrinsic recombination of initially populated core states, and the longer
lifetime is attributed to radiative recombination of carriers at the surface states according to

the literature reports[62]. The parameters A4 and A,represent the amplitudes of the slow

and fast decay components on a percentage basis.
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Figure 3.16 PL decay curves (A=400 nm) of CdTe and CdTe/CdS core/shell QDs at RT
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Table 3.3 lists the parameters of Eqn. (3.1) for the CdTe and CdTe/CdS core/shell
samples. There is a great difference between the core and the core/shell nanocrystals. The
first one is that both 1, and 1, values of CdTe/CdS (8.6 and 48.2 ns) are much larger than
that of CdTe (1.7 and 25.3 ns). The radiative recombination in the core states is increased
around 4-fold and surface related recombination of carriers nearly doubled. This indicates

that fluorescence lifetime of bare CdTe are significantly improved by the epitaxial growth

of CdS shell.

Table 3.3 Parameters derived by fitting Eqn. 3.1

Al(o/o) T](IIS) Az(o/o) Tz(nS)
CdTe 58.1 1.7 41.9 25.3
CdTe/CdS 394 8.6 60.6 48.2

The second difference is that, weight of the short lifetime component (A;=58.1%) is
larger than the longer lifetime component (A,=41.9%) for CdTe which means that most of
the radiative recombination of carriers occur at the core states because of the existence of
surface defects causing non-radiative decays. However, longlifetime component becomes
almost 61% when CdS shell is formed. This indicates that the trap sites at the surface of
CdTe crystals are efficiently removed with CdS shell growth, providing better surface

passivation compared to the organic surfactant 2MPA.
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Chapter 4
CONCLUSIONS

4.1 CdS-DMSA Conclusions

CdS QDs were prepared through a novel and very simple procedure using meso-2, 3-
dimercaptosuccinic acid (DMSA) both as a stabilizing agent and a sulfur source in a one
pot reaction. DMSA was confirmed to give sulfur to the reaction solution resulting in the
formation of luminescent CdS crystals. Moreover, it successfully acted as a water-soluble
coating because we obtained stable suspensions of the QDs without any precipitation at the
end of the reactions.

These experiments were carried out at different temperatures and pH. Reaction
temperature of 70°C and pH 7.5 came out as the optimum parameters. Since at high
reaction temperatures, the decomposition of DMSA is accelerated, formation of large
particles and bulk CdS and even precipitation is inevitable. At low temperatures, the
crystallization cannot occur properly because of the slowness of the reaction. In addition,
well controlled reactions couldn’t be achieved at pH values higher than 8.0 because bulk
CdS was formed immediately when DMSA was introduced to Cd*" solution. Acidic pH
range is not suitable for these reactions either since carboxylic acid and thiol groups would
be protonated. Deprotonation of such groups are necessary for binding, stability, and
solubility.

SH/Cd ratio played an important role in the CdS synthesis. Luminescent CdS quantum
dots could not be obtained at SH/Cd ratios of 1.5 and 2. The deficiency of sulfur in the
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reaction solution resulted in the formation of extremely small QDs that can not have
effective luminescence. As the ratio was increased further, the increase in S* concentration
provided larger size CdS nanocrystals which luminesce. Size increased with increasing
concentration of the DMSA. However, after the ratio of 7, bulk CdS was obtained rapidly
at these reaction conditions. Size of the CdS QDs was tuned from 2.5 nm to 3.1 nm by
changing the SH:Cd ratio from 2.5 to 7. Quantum efficiencies of these particles

luminescing from blue to orange were calculated as 8-10 % relative to Rhodamine B.

4.2 CdTe/CdS-2MPA/DMSA Conclusions

The simple fabrication of colloidal luminescent CdS QDs by the decomposition of
DMSA inspired us to develop new materials by this approach. CdTe/CdS core shell
structures were prepared by the decomposition of DMSA. It was known that core/shell
structures yield better optical properties because of the removal of defects at the QD
surface, prevention of non-radiative transitions and better confinement of excitons in the
core. Here, we have chosen CdTe as the core material because it is widely used in bio-
applications due to their emissions close to the NIR region.

The experiments were done in two steps but in a single pot. The first step was the
synthesis of CdTe QDs stabilized by the 2-mercaptopropionic acid (2-MPA). In the next
step, DMSA is added directly into the CdTe reaction solution and finally, CdS shell growth
was achieved by the decomposition of DMSA. From the comparison of DMSA with a
common sulphur source, TAA, it was concluded that slow sulphur release from DMSA
caused better crystallinity of CdS shell and having extra thiol in its structure contributed to
2-MPA for the passivation of the core/shell surface. As a result, much better luminescence
compared to widely used TAA case was obtained with DMSA. Influence of DMSA amount
on the shell growth and luminescence properties were investigated. The SH(DMSA)/Cd
ratio was varied (0.5, 0.7 and 1.0) at initial pH of 9.0 and Cd*":Te*:SH(2-
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MPA)=1:0.38:2.4. Best results were obtained at the ratio of 0.7: QY rose gradually from
16% to a maximum value of 51%. The ratio of 0.5 and 1.0 could not yield better
luminescence due to the lack and excess amount of DMSA, respectively.

Another variable studied was the initial pH of the reaction solution because it was
known that the pH of the reaction is an important factor affecting the luminescence
properties of thiol-capped QDs. At fixed (optimum) SH(DMSA)/Cd (initial) ratio of 0.7,
and Cd*":Te’:SH(2-MPA)=1:0.38:2.4 initial pH was set to 7.5, 9.0 and 11.0. For both
CdTe and CdTe/CdS QY decreased with the increasing pH. QY of CdTe was dropped from
19% at pH 7.5 to 15% at pH 9 and to 3% at pH 11 and maximum QY achieved for the
CdTe/CdS core/shell QDs was 73%, 51% and 10% for pH 7.5, 9.0 and 11.0, respectively.
Furthermore, size tuning of the CdTe/CdS core/shell QDs could only be achieved at pH 7.5
providing particles luminescing from green to red. The growth rate was accelerated at
higher pH values resulting in bulk CdTe/CdS core/shell QDs in a shorter time period.
Another, important observation in this study was that the pH values of the reaction
solutions before DMSA addition was around 9.0 for each case. Therefore, it was concluded
that this pH change mainly influenced the core yielding better quality crystals (higher QY)
at lower pH values and this directly affected the QY of the core/shell QDs in the same
manner.

In order to determine the conditions yielding the best luminescing particles, variables
that could affect the CdTe core were studied as well. The SH(2ZMPA)/Cd ratio was altered
because ligand concentration is also an important factor. At the optimum SH (DMSA)/Cd
(initial) ratio 0.7 and initial pH 7.5, 2-MPA amount was varied by applying SH (2-
MPA)/Cd (initial) ratio of 1.5, 2.4 and 5.0. Lower ligand concentrations resulted in a better
luminescing CdTe core QDs (4.6% at ratio=5.0, 19.0% at ratio=2.4 and 30.5% at
ratio=1.5). The best QY for CdTe/CdS core/shell was achieved at the ratio of 2.4 (73.3%)
and highly green to red luminescent CdTe/CdS core/shell QDs could only be obtained at
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this ratio. The ratio of 1.5 and 5.0 gave 58.4% and 38.6% QY, respectively, and color could
be tuned till orange. Therefore, Cd*":Te*:SH(2-MPA)=1:0.38:1.5 was chosen as the
optimum ratio for 2-MPA capped CdTe QDs but Cd*":Te* :SH(2-MPA)=1:0.38:2.4 was the
best for 2-MPA capped CdTe/CdS core/shell QD synthesis.

Stability is another important parameter for these QDs. Stability, both luminescent and
colloidal, of CdTe and CdTe/CdS was studied under ambient conditions and under storage
in refrigerator. Both were stable in cold and dark conditions; and both has lost their
colloidal stability after 2-3 weeks under ambient conditions. However, size shrinkage
occurred in CdTe QDs due to the oxidation of Te” at the surface of the crystal but this
situation has not appeared in CdTe/CdS confirming the formation of an effective CdS shell.

Capping of surface with the CdS also improved the luminescence lifetimes (both short
and long-lifetime components) and increased the weight of the surface related long-lifetime
component.

As a consequence of all these studies, CdTe/CdS core/shell QDs luminescing from
green to red were accomplished with a maximum QY of 73.3% by the decomposition of
DMSA at initial pH of 7.5 and  Cd*":Te’:SH(2-MPA)=1:0.38:2.4
andCd*":SH(DMSA)=1:0.7. This QY value was obtained without any post-preparative
method. Moreover, they are highly stable in the refrigerator in dark, so they can be stored
safely for months. They are also more stable than CdTe quantum dots under ambient

conditions and have longer fluorescence lifetime.
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APPENDIX

CALCULATION OF QUANTUM DOT SIZE BY THE BRUS EQUATION AND
ABSORBANCE SPECTRUM

Particles size of QDs is determined by a mathematical expression called “Brus
Equation” proposed by L. Brus in 1984 [15]. As shown in Eqn. A.1, it is composed of three
terms which are the bulk band gap energy of the semiconductor (Eg), quantum confinement
energy or the kinetic energy of carriers (Ex) and Coulomb energy (Ecou). Each term has

been discussed in 1.2.1 in detail.

E ,(dot) = E, (bulk) + E, +E, (A1)
where
C
E, (dot)=hv,,, =h (A.2)
edge
/S 1
Ek =— — +— (A3)
87' m e m n
82
E. =-18—
Coul 472'(9(90 y (A4)

When Egs. (A.2), (A.3) and (A.4) are inserted in Eqn. (A:1), the following relation is

obtained to be solved for size calculation:
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c h 1 1 e’
h =E, (bulk) + — | ——+—— |18 (A.5)
edge g |lme. mu dree,r
Here, the constant parameters are:
m, =9.10938188x 10" kg (A.6)
g, =8.854x107" Eor£ (A7)
m Vm
h=6.62606x107Js = 4.13566x 10 Vs (A.8)
e=1.602x10"C (A.9)
c=30x10" (A.10)

N

Each term should be solved separately by substituting these parameters. Let us start

with the band gap energy, Eg, of the nanocrystals:

3.0x10° ’"}109[”’"}

S m

Z’edge [nm]

E,(dot) = h—— = 4.13566x10"[eV - ]

edge

1240.7[e V] (A1)

E,(dot) = o]

edge

There is an important point to be discussed here. The 4, , term corresponds to the

dge
absorption edge in the absorption spectrum and the determination of it is illustrated in

Figure A.1. A linear line is drawn at the linear region of the absorbance plot (blue line) and
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the intersection point of this line with the reference region (red line) gives the absorption

edge of the sample.
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Figure A.1 Representative plot of the absorption edge determination

Since the band gap energy (Eg) is an intrinsic property of semiconductors, we will skip

to the next term which is the quantum confinement energy of carriers, Ej:

2 -15 2
£ - hz( L j:(4.13566><10 [iV s)) ( L, j
r-\m. mu 8><(r[nm]) me mi
2.13796x10™[er - sF( 1 1 ] kg - m/s?] 1.602x107"°[7]  (10°[rm])
E, = 5 - +— X X X >
(r[nm]) m e[kg] m h[kg] [J ] [e V] [m]
3.425%107" eV.nmz( 1 1 }
E, = S — (A.12)
(l"[nm]) m e m n
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The last term to be solved is the Coulomb energy, Ecou:

b -8 C g (1.602x10™°[C]f e 10]m]
Coul — 1+ - —
sy 4><7r><g><8.854><1012{C}xr[nm] 1.602x10 IQ[CV] [m]
V-m
E., = _2.592[eV.nm] (A13)
gxr[nm]

Inserting E,(dot) (A.11), E4(bulk), Ex and Ecou terms into Eqn. (A.1), we get an

equation for the size calculation of all quantum dots and it is given as:

1240.7[eV .nm]

= E (bulk
/ledge[nm] g( ! )+

* *

m e m p

3.425><10_31[eV.nm2]( 11 j_2.592[eV.nm]

I"[}/l}’l’l]2 EX r[nm]

Sinced =2xr;

30
12407[eV.nm] _ E, bty + 13710 ez/nmz( 1t j_s.lsz{eV.nm] s
/’i’edge[n m] (d[nm]) Mme mpy exd [nm]

A.1 CdS Particle Size Calculation

In order to calculate the size of CdS QDs, we need to know these parameters:

Z; zgénnzee where  m, =9.10938188 x 10" [kg]

Eg =2.58eV
=57
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When these parameters are substituted in Eqn. (A.14), the final equation belonging only
to CdS QDs is as follows:

1240.7[e V.nm]
/Iedge [nm]

6.893eV.nm” | 0.909[eV .nm]
(d[m]y d[nm] (A.15)

=2.42[eV ]+

A.2 CdTe Particle Size Calculation

In order to calculate the size of CdTe QDs, we need to know these parameters:

me=0.14m
¢ where  m, =9.10938188 x10~*'[kg]

my=0.37m,
E, =1.50eV
£=10.6

When these parameters are substituted in Eqn. (A.14), the final equation belonging only
to CdTe QDs is as follows:

1240.7[eV.nm] _ 50[er ]+ 14.8leV.nm* | 0.489[eV .nm]

Adge [nm] (d [nm])2 d[nm] (A.16)
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