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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF HIGHLY
EFFICIENT CdSe/CdS CORE/SHELL NANOCRYSTALS
WITH SILAR TECHNIQUE

Yusuf Kelestemur
M.S. in Material Science and Nanotechnology
Supervisor: Assoc. Prof. Hilmi VVolkan Demir
July 2012

Owing to their size tunable electronic structure and optical properties,
semiconductor nanocrystal quantum dots (NQDs) have become attractive for a
wide range of device applications ranging from life sciences to electronics in the
last two decades. However, highly efficient and stable NQDs are essential to
reaching high performance with these devices utilizing NQDs. In this thesis, to
meet these requirements, a new class of CdSe/CdS core/shell NQDs are studied
including their colloidal synthesis and nanocharacterization. In this work,
CdSe/CdS core/shell NQDs were synthesized with successive ion layer
adsorption and reaction (SILAR) technique, which enabled highly precise shell

thickness control and uniform coating of the shell material.

When compared to the most commonly used CdSe/ZnS core/shell NQDs,
CdSe/CdS core/shell NQDs were found to provide important advantages. First,
the lattice mismatch within CdSe and CdS (3.9%) is lower than that within CdSe
and ZnS (12%), which was very critical for obtaining highly efficient NQDs.
Second, as a result of having lower bandgap in CdS, great enhancement in
absorption cross section was achieved with more red-shifted emission, which is
not possible with CdSe/ZnS core/shell NQDs. Moreover, suppression of Auger
recombination was successfully observed with the partial separation of electron
and hole wavefunctions in the synthesized CdSe/CdS core/shell NQDs. With all



these attractive properties that were experimentally measured, CdSe/CdS
core/shell NQDs were found to make better alternatives to CdSe/ZnS core/shell

for numerous applications.

Keywords: semiconductor nanocrystals, nanocrystal quantum dots, colloidal

synthesis.



OZET
SILAR TEKNIGI ILE COK VERIMLI CdSe/CdS
CEKIRDEK/KABUK NANOKRISTAL KUVANTUM
NOKTACIKLARININ SENTEZi VE
KARAKTERIZASYONU

Yusuf Kelestemur
Malzeme Bilimi ve Nanoteknoloji Yiiksek Lisans
Tez Yoneticisi: Dog. Dr. Hilmi Volkan Demir
Temmuz 2012
Boyutlari ile ayarlanabilen elektronik yapisi ve optik 6zellikleri sayesinde, yari
iletken nanokristal kuvantum noktaciklar1 son yirmi yil igerisinde yasam
bilimlerinden elektronige kadar c¢ok farkli alanlarda cihaz uygulamalart igin
cazip hale gelmistir. Ancak, nanokristal kuvantum noktaciklarinin kullanildigi
bu cihazlardan daha yiiksek performans elde etmek i¢in ¢ok verimli ve kararh
nanokristal kuvantum noktaciklarma gerek duyulmaktadir. Bu tezde, bu
gereksinimlere ulasmak igin, yeni bir ¢esit CdSe/CdS c¢ekirdek/kabuk
nanokristallerinin sentezlenmesi ve nanokarakterizasyonu ¢alisilmistir. Bu
calismada, CdSe/CdS ¢ekirdek/kabuk nanokristal kuvantum noktaciklari, hassas
derecede kabuk kalinligi kontrolii ve esit kalinlikta kaplama saglayan SILAR

teknigi ile sentezlenmistir.

En sik kullanilan CdSe/ZnS ¢ekirdek/kabuk nanokristal kuvantum noktaciklari
ile karsilagtirildiklarinda, CdSe/CdS ¢ekirdek/kabuk nanokristal kuvantum
noktaciklar1 Onemli avantajlar saglamaktadir. Birincisi, yiiksek verimlikli
nanokristal kuvantum noktaciklari elde etmek i¢in kafes uyusmazligi c¢ok
onemlidir ve CdSe ile CdS arasindaki kafes uyusmazligi (3.9%) CdSe ile ZnS
arasindakine (12%) gére daha diisiiktiir. Ikinci olarak, CdS’nin daha diisiik bir
bant araligina sahip olmasindan dolay1, CdSe/ZnS ¢ekirdek/kabuk nanokristal

kuvantum noktaciklari ile elde edilmesi miimkiin olmayan, sogurma kesitinde



biiyiik bir artis ve daha kirmiziya kaydirilabilen 1s1malar elde edilmistir. Ayrica,
sentezlenen CdSe/CdS c¢ekirdek/kabuk nanokristal kuvantum noktaciklarinda,
elektron ve hol dalga fonksiyonlarinin kismen ayrilmasi sayesinde, Auger
rekombinasyonlarinin  baskilandigi  gozlenmistir. Deneylerle Olglilen ve
gosterilen biitlin bu ¢ekici 6zellikleri ile, CdSe/CdS ¢ekirdek/kabuk nanokristal
kuvantum noktaciklari ¢ok genis bir uygulama alaninda CdSe/ZnS
cekirdek/kabuk nanokristal kuvantum noktaciklarina gére daha iyi bir alternatif

olabilecekleri bulunmustur.

Anahtar Sozciikler: Yar1 iletken nanokristaller, nanokristal kuvantum

noktaciklari, kolloidal sentez.

Vi
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Chapter 1

Introduction

1.1. Nanocrystal Quantum Dots

Semiconductor nanocrystal quantum dots (NQDs) are tiny particles consisting of
a few hundreds to thousands of atoms. Generally, their sizes are within the range
of molecular and bulk forms of the matter and typically smaller than exciton
Bohr radius, which results in confinement of electron-hole pairs in all three
dimensions. As a result, discrete energy levels are observed in NQDs while
continuous band levels are observed for their bulk counterparts. By changing the
size of NQDs, energy gap between the valence and the conduction band changes
(Figure 1.1.1). This is known as quantum confinement effect [1,2] and enables
novel size dependent optical properties for NQDs. Therefore, by changing the
size of NQDs, their emission and absorption spectrum can be tuned easily. For
example, while larger size CdSe NQDs emit in the red region, by decreasing the

size of CdSe NQDs, the emission can be shifted to shorter wavelengths [3].

Moreover, when compared to their organic counterparts, they offer superior
properties [4]. They have very narrow emission spectrum covering a wide
spectral range from ultraviolet to infrared region depending on the size and
composition of NQDs. In addition, they have very broad absorption spectrum,
which also allows formation of multiexcitons with single photon excitation.
Their photoluminescence quantum vyields are also very high. Furthermore,
although they have very small size, they yield higher molar extinction

coefficient [5,6]. Moreover, their stability against photo bleaching and chemical



degradation is better than their organic counterparts. They also feature longer
lifetime. These attractive properties make NQDs the most promising candidates
for many applications from biology including imaging [4], tagging [4] and
sensing [7] to optoelectronic devices such as light emitting diodes [8], solar cells
[9], lower threshold lasers [10] and photodetectors [11,12].

BULK SOLID NANOCRYSTAL QUANTUM DOTS

CONDUCTION
BAND

Decreasing Size of NCs
i Energy >

Gap

VALENCE
BAND

Figure 1.1.1 Schematic representation of quantum confinement effect in NQDs

having different size.



Furthermore, the bandgap of NQDs can be engineered using different ways to
develop new exciting properties and applications. First of all, the easiest way to
tune their optical properties is by changing the size of NQDs [3]. Secondly,
there is strong correlation between the optical properties and the shape of NQDs.
With synthesis of different shapes of NQDs such as nanorods [13], tetrapods
[14] and nanobarbells [15], the emission spectrum, absorption spectrum and
lifetime behavior of NQDs can be modified. Thirdly, with the creation of strain
in the NQDs, it is also possible to tune electronic and optical properties of
NQDs [16]. Finally, with alloying, the emission spectrum of NQDs can be
altered. For example, while it is not possible to achieve highly efficient and
stable CdSe NQDs having emission in the short wavelength range of the visible
region, after alloying with ZnSe, highly stable and luminescent NQDs can be

obtained for this spectral range [17].
1.2. Synthesis of Nanocrystal Quantum Dots

NQDs were first synthesized inside glass matrix by adding required precursors
[18]. Then, NQDs nucleated and grew inside the glass matrix by heating the
samples to high temperatures. However, since these NQDs are embedded in the
glass matrix, further processes and characterizations are limited. Molecular
beam epitaxy (MBE) [19] and metalorganic-chemical-vapor deposition
(MOCVD) [20] were also used for the epitaxial growth of NQDs. However,
these methods also have some disadvantages. For the epitaxial growth of NQDs,
special substrates are required and they suffer from morphology and size control
during the growth of NQDs. Following these approaches, the colloidal synthesis
of NQDs was shown by Bawendi and coworkers [3] to obtain high quality
NQDs. They have shown that highly monodisperse and highly crystalline NQDs
can be achieved with colloidal synthesis. In addition, different size and shape of
NQDs can be synthesized and easily incorporated into optoelectronic device by
using inexpensive processes such as drop casting, spin casting, layer by layer
assembly [21], spray coating, contact printing [22] and inject printing [23].



Colloidal synthesis of NQDs involves decomposition of molecular precursor at
higher temperatures. After the injection of precursors into hot coordinating
solvent, discrete nucleation takes place and it is followed by the growth of
NQDs (Figure 1.2.1). Nucleation is achieved with obtaining supersaturation
condition with the injection of precursor solution. Then, the concentration is
decreased below the critical value for nucleation and the growth of NQDs takes
place with the addition of monomers to existing nuclei from the solution. Since,
discrete nucleation step is observed during the synthesis of NQDs, highly

monodisperse NQDs are obtained with colloidal synthesis.

Growth stage of NQDs can also be divided into two parts. In the first part, as a
result of higher monomer concentration, smaller NQDs grow faster than larger
NQDs and size distribution of NQDs is decreased. In the second part, with
decreased monomer concentration over time, diffusion of atoms between NQDs
takes place. Since, smaller NQDs have higher surface to volume ratio, which
decrease the stability, they start to dissolve while larger particles start to grow.
Therefore, size distribution of NQDs is increased and this stage is called as
Ostwald ripening [24]. In order to obtain highly monodisperse NQDs

optimization of growth time for the synthesis of NQDs is required.

In addition, surfactants are used during the synthesis of NQDs and they play an
important role in the final properties of NQDs. With the passivation of surface
atoms of NQDs, they both enhance the photoluminescence quantum yield and
prevent aggregation of NQDs. The nucleation and growth rate of NQDs are also
strongly affected with the concentration of surfactants and the strength of
interaction between NQDs and surfactant [25]. Moreover, the final size and
shape of NQDs depends on the ligands. For example, while weakly binding
surfactants support growing of larger NQDs, smaller NQDs can be synthesized

by using tightly binding surfactants.
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Figure 1.2.1 a) La Mer’s model for the nucleation and growth stage of colloidal
NQD synthesis and b) schematic representation of NQD synthesis apparatus
[26].

After the firstly highly monodisperse and successful colloidal synthesis of Cd-
based NQDs (CdSe, CdTe and CdS) was shown by Bawendi and coworkers in
1993 [3], researchers have extended and modified this synthesis to obtain highly
monodisperse, highly stable, highly crystalline and highly efficient NQDs from
-VI [27,28], 1V-VI [29] and I1I-V [30] groups. In addition, by time,
pyrophoric, hazardous and expensive precursors have been replaced with more
stable and safer chemicals. For example, dimethylcadmium and diethylzinc were

replaced with cadmium oxide and zinc oxide, respectively.
1.3. Motivation of This Study

Until now, most of the efforts have been made for the increasing the
photoluminescence quantum yield and the stability of the NQDs. Since, both of
them play a critical role for the performance of single NQD particle and NQD-

incorporated devices [31]. In other words, increasing the efficiency and the



stability of NQD leads to high device performance. Therefore, to obtain better
performance, CdSe/ZnS core/shell NQDs [32,33,34] have been widely used
where ZnS shell allows for both electrical and chemical passivation for the CdSe
core. However, although ZnS has a higher bang gap material and supply better
confinement of electron and holes inside the core, as a result of higher lattice
mismatch (12%) between ZnS and CdSe, it is not easy to obtain NQDs having
near-unity quantum yield with ZnS shell. Therefore, instead of ZnS shell, we
used CdS for uniform coating of CdSe core with successive ion layer adsorption
and reaction (SILAR) technique. Since CdS has a lower lattice mismatch (3.9%)
with CdSe, the probability of formation of crystal defects is decreased.
Moreover, owing to having a lower bandgap of CdS, optical absorption cross-
section of CdSe/CdS core/shell NQDs shows great enhancement with respect to
CdSe/ZnS core/shell NQDs [35]. In addition, as a result of the band alignment
between CdSe and CdS, electrons are localized through whole crystal structure
while holes are confined in the core. Therefore, with the decreased overlap of
electron and hole wavefunctions, suppression of Auger recombination is
observed for CdSe/CdS core/shell NQDs [36]. All of these attractive properties
of CdSe/CdS core/shell NQDs provide us with motivation for the synthesis and
characterization of these core/shell NQDs in this thesis.

In this thesis, we present systematic synthesis and complete characterization of
CdSe/CdS core/shell NQDs having near-unity quantum yield. Moreover, by
taking into advantages of suppression of Auger recombination, we also showed

that they can be used as an optical gain medium for lasing application.



Chapter 2

Characterization of Nanocrystal

Quantum Dots

Characterization of nanocrystal quantum dots (NQDs) is very important for the
understanding of optical, physical and chemical properties of these materials,
which can be divided into two main groups: optical characterization and
structural characterization. There is a strong correlation between optical
properties and crystal structure of NQDs. For example, to obtain highly efficient
core/shell NQDs in terms of quantum yield, uniform shell coverage and highly

crystalline NQDs are required [37].
2.1. Optical Characterization

For NQDs, optical characterization generally includes UV-Vis spectroscopy and
fluorescence spectroscopy. By using these characterization tools, size,
concentration, and photoluminescence quantum yield of NQDs can be

determined.



2.1.1. UV-Vis Spectroscopy

UV-Vis spectroscopy is one of the most widely used tools to determine

absorption of NQDs. Absorption is a physical process where an incoming

photon having a higher energy than the bandgap of material is absorbed,

creating electron-hole pairs. Because of the quantum confinement effect, the

absorption of NQDs can be tuned by changing the size of nanocrystals.

Therefore, absorption spectrum gives valuable information about the size of

NQDs. For example, Figure 2.1.1.1 shows absorption spectra of CdSe NQDs

with different sizes. As it can be seen from Figure 2.1.1.1, by increasing the size

of CdSe cores, the first excitonic peaks shift to longer wavelengths.
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Figure 2.1.1.1 Absorption spectra of different size CdSe NQDs.
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In addition, in literature, by making a correlated study with transmission
electron microscopy (TEM), small angle X-ray scattering (SAXS) and UV-Vis
spectroscopy, sizing curves for CdSe [6,5] NQDs were obtained. Therefore,
from the first excitonic peak or lowest exciton peak energy extracted from the
absorption spectrum, the radius of CdSe NQDs can be determined easily by

using the sizing curves (Figure 2.1.1.2).
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Figure 2.1.1.2 Different sizing curves for CdSe NQDs [35].

Moreover, molar extinction coefficients were calculated in literature for the
most commonly synthesized NQDs such as CdSe [6,38,39,5], CdTe [6,40] and
CdS [6]. Therefore, with a known molar extinction coefficient, concentration of



NQDs in solution can be determined from Beer-Lambert Law by using

absorption spectrum
A=eCL )

where A is the absorbance and ¢ is the molar extinction coefficient (L/mol-cm).
C gives the concentration of NQD solution (mol/L), while L is the length of
cuvette (cm). Finally, with a known cuvette length (generally 1 cm) and molar
extinction coefficient, concentration of NQDs solution can be easily calculated

from Equation 1.

Furthermore, the lowest energy part of the absorption spectrum can be used to
determine to crystal structure of NQDs by fitting with three Gaussian functions
[41] to extract excitonic peaks. The reason for using Gaussian function is that
although NQDs have atomic-like discrete band diagram, because of the size
distribution, these excitonic peaks have Gaussian distribution. Then, energy
difference between the first and second excitonic peak is calculated for different
size of CdSe NQDs by fitting. After that, energy difference between the first and
second excitonic peak (E2-E1) versus the first excitonic peak energy (E1) curve
is plotted. Finally, after analyzing the curve, the crystal structures are

determined according to value of E1 at E2-E1=0 which is shown in Chapter 3.
2.1.2. Fluorescence Spectroscopy

Fluorescence spectroscopy is used for analyzing photoluminescence of NQDs
and it is one of the major tools for optical characterization. Photoluminescence
can be described as a two-step physical process. First, an incoming photons
having higher energy than the bandgap of material are absorbed and they create
electron-hole pairs or excitons. After that, relaxation processes take place via
phonons and electron-hole pairs recombine radiatively and emit a photon having

energy of bandgap of material (Figure 2.1.2.1).
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Figure 2.1.2.1 Schematic representation of photoluminescence process [42].
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Figure 2.1.2.2 Photoluminescence spectra of different size CdSe NQDs.
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Moreover, because of the quantum confinement effect, the band structure of
NQDs is discritized and also with decreasing size of NQDs the effective energy
bandgap of the structure increases. Therefore, emission is shifted with size and
size tunable emission properties of NQDs can be observed clearly with
fluorescence spectrometer. For instance, photoluminescence of size series of
CdSe NQDs are shown in Figure 2.1.2.2. In addition, the full-width-at-half-
maximum (FWHM) of emission peak of NQDs also gives idea about the size
distribution of NQDs. Thus, their emission strongly depends on their size, and

increasing size distribution results in increased FWHM.

2.1.3. Determination of Photoluminescence
Quantum Yield

Photoluminescence quantum yield (QY) can be defined as the number of
emitted photons per number of absorbed photons [43]. The QY measurements
are very important, since both performance of single NQD for biological
application including bio-detection [44], biological fluorescence imaging [44]
and their device applications such as NQD based light emitting diodes [45]
depend on the QY of NQDs.

For the calculation of the QY of NQDs, first, absorption and emission spectrum
of the NQDs are obtained. Then, according to their absorption and emission
wavelength range, a reference dye is selected, which has absorption and
emission levels approximately in the same range for a reliable comparison. After
that, at the same excitation wavelength, where both sample and reference dye
have the same absorbance, the emission spectrum measurement is taken under
the same instrumental condition. Finally, after the data is evaluated, the Q.Y. is
calculated by using Equation 2 [43]

f n_ >

reference—dye sample

f n 2 2)

sample reference—dye

F

sample

Q'Y'sample = Q'Y'reference—dye F

reference—dye
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where F corresponds to spectrally integrated number of photons. f is the

absorption factor and n is the refractive index.

For a wavelength region between 500-600 nm, Rhodamine 6G (R6G) is the
most widely used reference dye with a well-known QY of 0.95 in methanol [46]
(Figure 2.1.3.1). In addition, in photoluminescence measurements, the optical
densities of reference dye and NQD should be lower than 0.1-0.14 at the
excitonic peak wavelength in order to guaranty that there is no re-absorption
taking place and the light penetration depth is approximately equal in the
cuvvettes. In this thesis, all the reported QY values are calculated with respect
to R6G.
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Figure 2.1.3.1 Absorption and photoluminescence spectra of R6G dissolved in

methanol.
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One example of the QY measurement was shown in Figures 2.1.3.2, 2.1.3.3 and
2.1.3.4. First, the absorption and emission spectra of 3 ML CdSe/CdS core/shell
NQDs were taken (Figure 2.1.3.2). Then, as a reference dye R6G was selected,
since both of them are in the same absorption and emission wavelength region.
After that, with the excitation wavelength of 475 nm where both of them have
the same absorbance value (Figure 2.1.3.3), their emission spectra were taken
(Figure 2.1.3.4). Finally, by integrating the area under the photoluminescence
curve over photon energy, QY is calculated by using Equation 2 and it was
found to be 92% for 3 ML CdSe/CdS core/shell NQDs.
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Figure 2.1.3.2 Absorption and photoluminescence spectra of 3 ML CdSe/CdS
NQDs.
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Figure 2.1.3.4 Photoluminescence spectra of R6G and 3ML CdSe/CdS

core/shell NQDs with the same excitation wavelength of 475 nm.
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2.2. Structural Characterization

Structural characterization of NQDs includes X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). By using these characterization tools,
very useful information related to the crystal structure, morphology, chemical

composition and size of NQDs is obtained.
2.2.1. X-Ray Diffraction

XRD is a very common and important tool for the characterization of crystal
structure properties of NQDs such as their phase, inter-planar spacing, and size

by using X-rays having a wavelength between 0.1 A (Angstrom) and 100 A.

Incident
plane wave "

2d sin @

Constructive interterence
when

® o e o o @ nA=2dsin©
Bragg’s Law

@ L @ e L o
Figure 2.2.1.1 Bragg’s Law and schematic representation of constructive
interference between X-Rays [74].

In crystal structures, atoms are arranged in regular and repeating order.
Therefore, X-rays incident on the sample form either constructive or destructive

interferences according to inter-planar spacing or distance between planes. As it
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can be seen from Figure 2.2.1.1, if the path difference between two scattered X-
ray beams is equal to an integer number of wavelength, they will form a

constructive interference and it is known as Bragg’s condition
nA=2d,siné@ 3)

where n is the integer number, A is the wavelength of incident X-rays, d is the
inter-planar spacing, and © is the half of the angle between the incident and
scattered X-rays. Therefore, from Equation 3, the inter-planar spacing and lattice

constants of crystal structures are calculated.

Zinc Blende Crystal Structure Wourtzite Crystal Structure

Figure 2.2.1.2 Unit cell of zinc blende crystal structure and wurtzite crystal
structure [75].

For NQDs, crystal structures or phases are very important, and the easiest way
to understand their crystal structure is by using XRD. For example, the most
widely synthesized CdSe nanocrystal can be either in wurtzite crystal structure
or zinc blende crystal structure depending on the synthesis parameter such as
ligands used during synthesis [41,46,47] (Figure 2.2.1.2). According to the
crystal structure, optical properties of NQDs are changed; they show different
absorption and emission behavior [48] (Figure 2.2.1.3).
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Figure 2.2.1.3 Absorption and photoluminescence spectra of CdSe having zinc

blende crystal structure and wurtzite crystal structure [48].

Moreover, the crystal structure of NQDs affects the final shape of core/shell
NQDs. For example, it is shown that coating of CdSe NQDs having wurtzite
crystal with CdS results in more uniform shell deposition and spherical
nanocrystals. On the other hand, for CdSe having zinc blende crystal structure,
coating with CdS results in tetrahedral shape nanocrystals [41]. In addition,
initial crystal structure of CdSe seeds plays an important role for the synthesis of
heterostructure NQDs. For instance, CdSe seeds having wurtzite crystal
structure shows formation of core/shell nanorod structure, whereas CdSe seeds
having zinc blende structure shows tetrapod formation [47] (Figure 2.2.1.4).
W-CdSe ZB-CdSe

AR
A
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93%O0DPA

ODPA 20, pPA

Figure 2.2.1.4 Schematic representation of different growth kinetics for CdSe

seeds having wurtzite crystal structure and zinc blende crystal structure [47].
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2.2.2. X-Ray Photoelectron Spectroscopy

XPS is a very useful and important tool for the characterization of surface
chemical properties of NQDs. The reason why it gives information only about
surfaces is related to the mean free path of electron. Since the mean free paths of
electrons are generally less than 10 nm, surface related properties are obtained
from XPS. XPS uses X-ray beams to bombard the material and determine the
binding energy of the ejected electrons from their orbitals by using detector
under ultra-high vacuum (UHV) condition by

binding o EX—Ray o Ekinetic 4)
where Ex.ray IS the energy of incoming X-ray, Exineic IS the energy of ejected
electron from its orbital, and Epinging IS the binding energy of the electron.

By using Equation 4, XPS spectrum is obtained, which shows the intensity
versus binding energy. Then, by analyzing the spectrum, very important
information about chemical composition [49], surface ligand coverage [49],
surface shell coverage [50] and surface oxidation [49] can be acquired for
NQDs.

Moreover, by using XPS in conjunction with TEM, a shell thickness calculation
can be undertaken. In literature, shell thickness calculation of the capping layer
for CdS [51] and ZnS [52] core NQDs is shown by Sarma and co-workers. By
extending their equation, we calculated the shell thickness in CdSe/CdS
core/shell NQDs.
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Figure 2.2.2.1 Schematic representation of core/shell NQDs.

First of all, in order to calculate the thickness of shell from the XPS, the shell
thickness should be lower than the mean free path of electron. Otherwise, it will
be a wrong assumption, since the decrease in the intensity of photoelectron

peaks of the core material does not reflect the coating of shell material.

The intensity of photoelectron from any atom is given as Equation 5 in terms of

escape depth,
dl = 1_exp(=2)dv
0 y) )

In Equation 5, dl is the infinitesimal intensity contribution from volume dv, z is
the distance between the surface and origin of photoelectron, A is the mean free
path of electron, Iy is the constant which depends on the type of electronic level,
properties of sample and instrumental factors such as geometry and angular
acceptance of analyzer, transmission coefficient and photon flux. However, for
both core and shell measurements, instrumental factors are the same, so the
difference in the value of I, for the core and the shell comes from material
properties. For example, in our case we have CdSe core and CdS shell where
density of Se and S atoms are not the same. Therefore, this can be easily

calculated from the physical properties of these materials,
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where p represents the density of material and M represents the molecular
weight of material. Then, the intensity of photoelectrons for both the core and
shell can be calculated by taking integral of Equation 5 with suitable limits from
Figure 2.2.2.1. In addition, it is expressed in terms of spherical coordinates.

Then, Equation 5 becomes
|:|Oj:, I:Ij”exp(—@)rzdrsinededqﬁ )

where f(r,8) =(R*—-r?sin’6)"? —rcosé . In addition, the integral of Equation

7 over € always equals to 2 7 because of the spherical symmetry. Therefore, the
ratios of the intensity of photoelectrons for both the core and shell can be
calculated by the following equation

cds (Fs (7 —f(r.0)\, 24r i
1§ JRC jo exp(——7/)rédrsingdg

Shell _

leore 1595 [ ["exp( U+D)redirsin oo

(8)

where Rs represents the radius of shell and R represents the radius of the core.
Finally, these integrals can be solved for different values of Rs and R

numerically. Initial values of R are determined by using TEM and subsequently

shell thickness are calculated from Equation 8 by using the intensity of
photoelectrons peaks. The measurements results of our synthesized NQDs are

discussed and tabulated in Chapter 3.
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2.2.3. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is the most powerful and necessary
tool for characterization of NQDs. TEM is used to obtain reliable information
about the size and shape of the NQDs. In addition, it gives information about the
crystal structure [32,46], chemical composition [52,14], strain formation [13],

shell formation [54], and crystal defects [47] such as stacking faults.
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Figure 2.2.3.1 Schematic representation of typical TEM system [76].
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In TEM, electrons are accelerated by the application of high voltage in the range
of 100 kV and 400 kV. Then, by using a set of condenser lenses and apertures,
electron beams are focused on the sample. After, the interaction of electron
beams with the sample, electrons are scattered either elastically or inelastically.
Finally, the scattered electrons are gathered and focused again for the formation

of image (Figure 2.2.3.1).

Generally, according to resolution, TEMs can be divided into two groups: high
resolution TEMs and low resolution TEMs. By using low resolution TEMs, size
and shape of NQDs are determined. On the other hand, with high resolution
TEM, in addition to the size and shape of NQDs, information about the internal
structure can be determined. For example, Figures 2.2.3.2.a and 2.2.3.2.b show a
low resolution TEM image of the 8 ML CdSe/CdS and a high resolution TEM
image of 3 ML CdSe/CdS, respectively. As it can be seen from the figures,
when compared with low resolution TEM, it is possible to achieve higher
magnification with high resolution TEM. In addition, with high resolution TEM,
lattice fringes become clear, which are important for the analysis of crystal

structure, interplanar spacing, stacking faults, and dislocations.
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Figure 2.2.3.2 a) Low resolution TEM image of 8 ML CdSe/CdS core/shell
NQDs and b) high resolution TEM image of 3 ML CdSe/CdS core/shell NQDs.
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In addition, fast fourier transformation (FFT) of high resolution TEM images
can be taken to determine the crystal structure [47]. When FFT is applied to the
image representing the real space, a new image is obtained corresponding to the
reciprocal space of material. Then, from the reciprocal space, the crystal
structure of materials can be understood (Figure 2.2.3.3). For example, in Figure
2.2.3.3 a, a high resolution TEM image of 4 ML CdSe/CdS core/shell
nanocrystal is shown. When FFT of this image is taken, it gives the reciprocal
space of NQDs (Figure 2.2.3.3 b). From the reciprocal image, it can be
determined that this sample has wurtzite crystal structure according to position
of points corresponding to crystal planes. Moreover, selective area X-ray
diffraction (SAED) can be taken from TEM. This gives idea about whether the
material is single crystal or polycrystalline from the diffraction pattern. In
addition, the interplanar spacing can also be determined from the SAED images

for the crystal structures of interest.

Figure 2.2.3.3 a) High resolution TEM image of 4 ML CdSe/CdS core/shell
NQDs and b) reciprocal lattice image of the same 4 ML CdSe/CdS core/shell
NQDs after the application of FFT.
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2.2.4. Scanning Electron Microscopy

Generally, SEM can produce images with features down to length scales of 10
nm. Therefore, the resolution of SEM is not enough for the characterization of
morphology and shape of smaller NQDs. However, with larger NQDs such as
giant CdSe/CdS core/shell NQDs, it is possible to obtain images showing size,
shape and distribution of NQDs (Figure 2.2.4.1). Therefore, for the NQDs, SEM
is widely used for the energy dispersive X-ray spectroscopy (EDAX). EDAX
gives information about chemical composition of samples depending on the
characteristic X-ray radiation of materials. They are formed with heavy
bombardment of sample with an electron beam and then characteristic X-Ray
radiations are collected with a detector. After that, since each material has its
own characteristic X-ray radiation, the chemical composition of samples is

calculated from the intensity of peaks.
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Figure 2.2.4.1 SEM images of 10 ML giant CdSe/CdS core/shell NQDs.
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Chapter 3

Synthesis and Characterization of
Highly Efficient CdSe/CdS Core/Shell
Nanocrystals for Optical Gain with

Two-Photon Infrared Pumping

3.1. Introduction

After the first successful highly monodisperse colloidal synthesis of nanocrystal
quantum dot is shown by Bawendi and co-workers [3], they become very
popular for researchers with their novel size tunable optical properties. When
compared to their organic counterparts, they feature higher photoluminescence
guantum vyield, higher molar extinction coefficient [5], broad band absorption
spectrum, lower full-width-at-half-maximum (FWHM) or narrow emission
behavior spanning from UV to near-infrared region, and higher stability against
photobleaching and chemical degradation [4,54]. All these properties make
NQDs the most promising candidates for many applications from biology
including imaging [56], labeling [4] and sensing [7] to optoelectronic devices
such as light emitting diodes [8], photodetectors [11], solar cells [9] and lasers
[10].

Having size tunable emission across whole visible spectrum and optimized

synthesis conditions make CdSe one of the most extensively studied NQDs.
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Until now, most of the efforts have been made especially for increasing the
photoluminescence quantum yield and stability of these NQDs. Although the
surface of NQDs are capped with organic ligands, it is not easy to passivate both
anion and cation atoms by using the same ligand simultaneously. Therefore,
only core NQDs generally have lower quantum efficiency and stability. To
increase the efficiency and the stability of these NQDs, coating with another
semiconductor material having a higher band gap is generally used. According
to band alignment of the core and shell material after coating with higher band
gap material, both electrons and holes are confined inside the core and they are
taken away from the surface of NQDs. NQDs having this band alignment are
called as Type | NQDs and by elimination of surface trap states and protection
of surface core atoms against oxidation, coating with shell material improves the

efficiency and stability in Type | NQDs.
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Figure 3.1.1 Conduction and valence band position of semiconductor materials

with their lattice mismatch values [32].

For CdSe NQDs, the most widely used shell materials are CdS and ZnS, both of
which have a higher band gap than CdSe (Figure 3.1.1). In literature, they were
applied either in the form of pure CdS [56,49] and ZnS [33] shell, or in the form

of heterostructure with alloyed [53] and/or composition gradient structure
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CdyxZn14S [58]. As it can be seen from Figure 3.1.1, ZnS has a higher bandgap
than CdS, and therefore, it supplies better confinement for both electrons and
holes in the core with respect to CdS. On the other hand, when compared to
CdS, ZnS has a higher lattice mismatch with CdSe, so it increases the
probability of formation crystal defects such as dislocations, which increase the
nonradiative recombination of excitons or electron-hole pairs and limit the
thickness of ZnS shell. Therefore, to obtain highly efficient and stable NQDs,
combination of CdS and ZnS shells are studied excessively by combining the
advantages of both of them [32].

Recently, synthesis of CdSe/CdS core/shell NQDs have shown that it is also
possible to obtain high photoluminescence quantum yield without using ZnS as
a shell material with some new optical properties [58,59]. First of all, as a result
of smaller lattice mismatch (3.9%) and having the same wurtzite crystal
structure, CdSe/CdS core/shell NQDs offer high quality crystal structure without
formation of any defect [60]. Second, coating with CdS having a lower bandgap
than ZnS increases the absorption cross-section above the band gap of shell
material [61] and increases absorption. Third, in CdSe/CdS core/shell NQDs,
because of the inefficient electronic barriers for electrons, electrons are localized
through whole structure, while holes are confined in the core. Therefore, with
the separation of electron and hole wavefunctions, Auger recombination [62]
can be suppressed in CdSe/CdS NQDs, which otherwise lowers the device
performance of NQDs [63] by increasing the rate of nonradiative combination.
Moreover, as a result of weakly confining shell or localization of electrons
through whole structure, more red-shift in the emission is observed with coating
CdS shell instead of ZnS.

In this study, we report the synthesis and characterization of CdSe/CdS
core/shell NQDs with successive ion layer adsorption and reaction (SILAR)
technique for the optical gain studies with two-photon infrared pumping using
all these advantages described above by following the recipe of Bawendi and co-
workers [59].

29



3.2. Experimental

3.2.1. Chemicals

Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, technical grade
90%), trioctylphosphine (TOP, technical grade 90%), tributylphosphine (TBP,
technical grade), octadecene (ODE, technical grade 90%), oleic acid (OA,
>99%), selenium (Se pellets <4mm, 99.99%), hexamethyldisilathiane ((TMS),S,
synthesis grade), oleylamine (technical grade, 70%) were purchased from
Aldrich. Tetradecylphosphonic acid (TDPA, 98%) was purchased from Alfa.

3.2.2. Synthesis of CdSe Core Nanocrystals

CdSe core NQDs were synthesized by following standard recipes from literature
[32,58]. For the synthesis of small size CdSe NQDs 96 mg of CdO, 450 mg of
TDPA and 6 g of TOPO were loaded in a three-neck flask and evacuated at 150
OC for 1 hour to remove any organic residuals. Then, temperature was increased
to 350 °C under argon flow to get optically clear solution. After all CdO was
dissolved completely, the temperature was lowered to 273 °C for injection of 3.3
mL of TOP-Se (1.5 M) or 3.3 mL of TBP-Se (1.5 M) solution prepared inside
the glove box (Figure 3.2.2.1). After the injection, the temperature was
decreased to room temperature immediately. With this procedure, CdSe NQDs
having the first absorption peak approximately between 480 — 490 nm were

obtained.
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Figure 3.2.2.1 Photograph of the glove box at our lab.

Generally, the ratio of CdO:TDPA:Se determines the final size of NQDs.
Therefore, it is possible to obtain different size of CdSe NQDs by changing the
ratios. For the synthesis of large size CdSe NQDs, 51.4 mg of CdO, 225 mg of
TDPA and 4 g of TOPO were loaded into three-neck flask and connected to a
schlenk line (Figure 3.2.2.2). Then, for removal of any organic residuals, it was
evacuated at 150 °C for 1 hour. After that, the temperature was increased to
350 °C under argon flow for obtaining optically clear solution. After obtaining
clear solution, the temperature was decreased to 270 °C for the injection of TBP-
Se solution (2.0 g of TBP and 63.2 mg of Se). After the injection, the
temperature was set to 250 °C for the growth of CdSe NQDs. Then, the reaction
was stopped when the desired size of CdSe NQDs is reached. With this
procedure, it was possible to obtain CdSe NQDs having the first absorption peak

at 540 nm and longer wavelengths.
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Figure 3.2.2.2 Photograph of our synthesis setup.

For the purification step, after the temperature of the solution was decreased, it
was diluted with hexane and centrifuged to remove any unreacted or
undissolved particles. Then, supernatant liquid was taken and fluctuated with
acetone or methanol to precipitate CdSe NQDs. After removal of supernatant
liquid, CdSe NQDs were dissolved in hexane and held at refrigerator or
approximately at 4 °C for one day in order to remove colorless by-products and
unstable magic size CdSe clusters [64]. After that, before addition of buthanol

and methanol for the second precipitation, NQDs solution was centrifuged again
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to remove precipitated materials. Finally, after the second precipitation, CdSe

NQDs solution was dissolved in hexane for the next coating step.

3.2.3. Synthesis of CdSe/CdS Core/Shell
Nanocrystals with SILAR Technique

CdSe/CdS core/shell NQDs were synthesized with SILAR technique which is
firstly shown by Peng and co-workers [58,49]. It was originally developed for
the deposition of high quality thin films by switching on and off molecular
beams of anion and cation precursors in alternating manner for molecular beam
epitaxy. Since anion and cation precursors are not present simultaneously in the
reaction chamber, the risk of homogenous nucleation is eliminated. Therefore,
this technique is better for the deposition of high quality thin films in a
controllable way. Then, Peng and co-workers extended this technique for the
synthesis of core/shell NQDs. In SILAR technique for synthesis of core/shell
NQDs, first anion or cation precursor is injected to the reaction solution. Then,
after waiting sufficiently for the complete deposition of one precursor, another
precursor is injected and alternating injections of anion and cation precursors
continue until the desired thickness is reached. When compared with other shell
synthesis techniques, SILAR technique offers highly precise shell thickness

control and homogenous growth of shell materials.

3.2.4. Preparation of Precursor Solution for
SILAR Technique

For the shell growth with SILAR technique, precursor solutions containing CdO
and (TMS),S were used. The cadmium precursor (0.2 M) was prepared by
loading CdO, OA and ODE in 50 mL three-neck flask and it was evacuated at
100°C for 1 hour. Subsequently, temperature was increased to 240°C under
argon flow for complete dissolution CdO. After obtaining optically clear

solution, temperature was decreased to room temperature. Then, it was taken
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without being exposed to atmosphere and stored in the glove box. After that, it
was diluted with TOP and oleylamine until the final Cd concentration became
0.1 M in the glove box. The sulfur precursor was prepared by mixing 105 uL of
(TMS),S with 4.9 mL of TOP to yield 0.1 M sulfur concentration in the glove
box.

3.2.5. Calculation of Injection Amounts for

Precursor Solutions

Calculation of injection amounts is the most important part for the synthesis of
core/shell NQDs with SILAR technique. While excess amounts of injection
results in formation of separated nuclei, nonhomogeneous coating of shell
material is observed with the insufficient amount of injection. First of all, the
size of CdSe NQDs need to be determined from the first excitonic absorption
peak in the absorption spectrum by using the sizing curves [5,59]. Then, with a
known molar extinction coefficient of CdSe NQDs, the concentration of NQD
solution need to be determined again from the absorption spectrum [5]. After
that, thickness of 1 monolayer ML (0.337nm) CdS is estimated on the basis of
distance between the most closed packed planes (100) in wurtzite crystal
structure. Then, with a known shell thickness, volume occupied by shell material

is calculated by

\ :%ﬂ[(l’c +m><dML)3—rC3] ©)

where r. is the radius of core, m is the number of monolayer and dy. is the
thickness of one monolayer of CdS shell. After that, by dividing the volume of
shell to the unit cell volume of CdS, a number of Cd atoms required for one
nanocrystal is calculated. Finally, the number of Cd atoms required for one
nanocrystal is multiplied with total moles of NQDs in solution to determine the

amount of injection solutions.
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3.2.6 Preparation of CdSe/CdS Core/Shell NQDs
with SILAR Technique

CdSe/CdS core/shell NQDs were prepared with the recipe of Bawendi and co-
workers [58,35]. In a typical synthesis, 6 mL of ODE and 3 mL of oleylamine
were loaded in 50 mL three-neck flask and evacuated at 100 °C for 30 min for
removal any organic residuals. Then, temperature was decreased to room
temperature. After that, certain amount of CdSe NQDs in hexane was injected
into solution and the solution was evacuated again to remove hexane and any
other impurities. Subsequently, temperature of the solution was increased to
shell growth temperature 180 °C under argon flow. After that, by using syringe
pump, cadmium precursor was injected within 3 minutes in a controllable way
and it was waited for 12 minutes to complete the reaction of cadmium precursor
before injection of sulfur precursor. Then, the sulfur precursor was injected
again in 3 minutes, waiting for 12 minutes for the complete reaction. Similarly,
alternating injections were carried out with the injection starting every 15
minutes. After the desired thickness of CdS was reached, the temperature was
decreased to 80 °C for the annealing treatment. Then, the solution was diluted
with hexane and centrifuged to remove unreacted materials before CdSe/CdS
were precipitated by fluctuating with acetone or methanol. Finally, CdSe/CdS
core/shell NQDs were dispersed in hexane and stored in a refrigerator.
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Normalized Absorbance

3.3

3.3

. Results and Discussion

1. Optical Characterization

Following the synthesis of CdSe/CdS core/shell NQDs, characterization of the

CdSe cores is very important. By using two different recipes described above,

different sizes of CdSe NQDs were obtained having the first absorption peak

between 480 — 550 nm. As a result of incomplete passivation of surface atoms,

they

resulted in lower quantum efficiency and lower stability against oxidation.

However, they exhibited narrow emission spectrum and their FWHM values are

generally within 24-28 nm (Figure 3.3.1.1).
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Figure 3.3.1.1 Photoluminescence and absorption spectra of different size CdSe
NQDs.
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As also clearly seen from Figure 3.3.1.1, there was a Stoke shift, which is
known as the energy difference between the first absorption peak and emission
peak. By increasing the size of CdSe NQDs, decreased in Stoke shift was
observed. While approximately 25 nm Stokes shift was observed in the smaller

CdSe core, it was decreased to 10 nm for the larger CdSe core (Figure 3.3.1.2).
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Figure 3.3.1.2 Emission and absorption peaks for different sizes of CdSe NQDs.

For CdSe core NQDs, it was also observed that in photoluminescence spectrum,
there were two peaks: one of them belongs to the band edge emission and
another one belongs to the trap emission at longer wavelengths (Figure
3.3.1.3a). Deep trap states are formed as a result of incomplete passivation of
surface atoms especially for the anion rich (Se atoms) surfaces, because Se
atoms have fewer tendencies to bind with organic ligand when compared to Cd
atoms. As it can be seen from Figure 3.3.1.3 b, while the trap state emission is
observed for NQDs having anion rich surfaces, with the addition of excess Cd
atoms for passivation of Se atoms, surface trap emission is eliminated in NQDs
having cation rich surfaces [65]. Therefore, for the CdSe NQDs having the Se

anion rich surfaces, it is normal to observe two emission peaks. Moreover, it was
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also an expected observation for our CdSe NQDs, because for the synthesis of
CdSe NQDs, we used excess amount of Se with a ratio of 1.0:6.6 Cd:Se.
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Figure 3.3.1.3 a) Absorption and emission spectra of CdSe NQDs having trap
state emission and b) surface dependent emission behavior of CdSe NQDs [66].

38



CdSe NQDs can have either wurtzite crystal structure or zinc blende crystal
structure depending on the synthesis parameters. Generally, their crystal
structure can be determined from the XRD and HRTEM. However, because of
the smaller size of CdSe NQDs, there is an increase in signal-to-noise ratio and
broadness of the peaks, which make it difficult to use these characterization
tools. Dubertret and co-workers [41] showed that the crystal structure of CdSe
NQDs can be determined from the absorption spectrum owing to their different
optical properties. For a different size of CdSe NQDs, energy difference
between the first and second excitonic peaks is different for zinc blende and
wurtzite crystal structures. The first and second excitonic peak energies can be
calculated by fitting absorption spectrum with an equation composed of three

Gaussians

3

—(x—=PR)? —(x=PR)? —(x—=PR)?

where P1-Pg are corresponding fitting parameters. Figure 3.3.1.4 shows an
example of fitting of the absorption spectrum of CdSe NQDs having a wurtzite
crystal structure with three Gaussians in order to accurately determine the
position of the first and second excitonic peaks. Then, after fitting the absorption
spectrum of different size of CdSe NQDs, we plot the graph of energy difference
between the first and second excitonic peaks E,-E; vs the first excitonic peak E;
(Figure 3.3.1.5). After fitting these data points, the crossing of the linear fitting
at E»-E; = 0 gives the band gap of materials. We find the value of 1.76 eV,
which is very close the band gap value of CdSe NQDs having wurtzite crystal
structure. In addition, we confirmed this estimation with our XRD

measurements.
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Figure 3.3.1.4 Absorption spectrum of CdSe NQDs (black line) and fitted
absorption spectrum of CdSe NQDs (red line).
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Figure 3.3.1.5 Energy difference between the first and second excitonic peaks

(E2-E1) vs energy of the first excitonic peak curve of different size CdSe NQDs.
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Normalized Absorption

Before the synthesis of CdSe/CdS core/shell NQDs, purification of CdSe cores
is very important, since formation of magic size CdSe clusters [64] were
observed during the synthesis of small size CdSe NQDs. If the shell synthesis
was carried out without removal of magic size CdSe clusters, it would result in
inhomogeneous coating of shell and unexpected emission spectrum having two
peaks. For example, in Figure 3.3.1.6, it is clearly seen that before purification
of CdSe NQDs, there was a sharp peak appearing at 350 nm corresponding to
magic size CdSe clusters. After keeping NQD solution at 4 °C for 24 hours and
following with a purification step, magic size CdSe NQDs were removed and

the peak at 350 nm disappeared.

25 Before Purification
After Purification
2.0 <
15
1.0 =
0.5
0.0 . r | ' . s
300 400 500 600

Wavelength (nm)

Figure 3.3.1.6 Absorption spectrum of CdSe NQDs with magic size CdSe
clusters (black line) and that without magic size CdSe clusters (red line).
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By using different size of CdSe cores, we performed CdSe/CdS core/shell NQDs
synthesis with SILAR technique for tuning their emission and other optical
properties with 1ML (0.337 nm) icrementals in shell thickness for each SILAR
cycle. Here, we discuss two representative CdSe/CdS core/shell NQDs having
different CdSe core size and the same shell thickness in terms of their

absorption, emission behavior, and photoluminescence quantum yield.

As it can be seen from Figure 3.3.1.7, by increasing the thickness of CdS, we
observed large amount of red shift in the absorption spectrum. For CdSe/CdS
core/shell NQDs having a core size of 2.7 nm, approximately 65 nm red shift
was observed as a result of 4 ML CdS coating. However, the amount of red-
shifting is not directly related to just number of monolayers. In other words, we
did not observe the same amount of shifting for each cycle of SILAR. The
amount of shifting was decreased continuously with the increasing the shell
thickness. While roughly 25 nm red shift was obtained for the first monolayer,
the amount of shifting decreased to 10 nm for the fourth monolayer. In addition,
with the increased shell thickness, we found that photoluminescence quantum
yield of NQDs greatly enhanced with narrow emission behavior having FHWM
value of 28 nm (Figure 3.3.1.8). For 2-3 ML CdSe/CdS core/shell NQDs,
guantum yield of 85-95% was obtained as a result of elimination of surface trap
states (Figure 3.3.1.8) and passivation of core atoms from environment without
formation of any defect sites. However, further coating resulted in decreased
quantum yield. As a result of increase in the shell thickness, the material cannot
withstand high amount of strain and this starts to relax via formation of crystal
defects such as dislocations. Therefore, after 3 ML shell thickness, decrease in
quantum yield was observed. Moreover, the enhancement in the absorption at
lower wavelengths was observed owing to lower band gap of CdS and it was
also indicative of the formation of CdS shell for CdSe/CdS core/shell NQDs
(Figure 3.3.1.7).
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Figure 3.3.1.7 Absorption spectra of CdSe/CdS core/shell NQDs having a small

CdSe core with different monolayers (1 ML increments).
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Figure 3.3.1.8 Emission spectra of CdSe/CdS core/shell NQDs having a small

core with different monolayers (1 ML increments).
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Normalized Absorption

For 4 ML CdSe/CdS core/shell NQDs having a 3.5 nm of CdSe core,
approximately 45 nm of red shift was observed in the first absorption peak
(Figure 3.3.1.9). Since larger CdSe cores fall in the weak confinement region,
we found weaker red shift in the absorption spectrum when compared to 4 ML
CdSe/CdS core/shell NQDs having smaller CdSe core. Similarly, decrease in the
amount of shifting was observed by increasing the shell thickness. In addition,
with increasing shell thickness, increase in the quantum yield was accompanied
with a narrow emission behavior (Figure 3.3.1.10). However, we could not
observe near-unity quantum yield. For 2-3 ML CdSe/CdS core/shell NQDs, the
quantum yield was measured in the range of 75-85%. We also increase the
interface area between the shell and core materials by increasing the size of the
core, which also increases strain build up with the coating of shell materials.
Therefore, it is not possible to obtain near unity quantum yield with larger CdSe

cores.
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Figure 3.3.1.9 Absorption spectra of CdSe/CdS core/shell NQDs having a large

CdSe core with different monolayers (1 ML increments).
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Figure 3.3.1.10 Emission spectra of CdSe/CdS core/shell NQDs having a large

core with different monolayers (1ML increments).

However, sometimes we observed homogenous nucleation of CdS nanocrystals
during the core/shell synthesis. When compared to the most common CdSe/CdS
core/shell synthesis [49,32], we used hexamethyldisilathiane (TMS),S as sulfur
precursor instead of elemental sulfur. (TMS),S has a higher reactivity and higher
reaction yield compared to elemental sulfur [35]. Therefore, any excess
precursor injection, due to experimental mistakes, will result in formation of
separate CdS NQDs. Fortunately, we could manage to remove separate CdS
NQDs from CdSe/CdS core/shell NQDs with size selective precipitation or
extraction method [50]. As it can be seen from the emission spectrum in Figure
3.3.1.11, there were two peaks, one of which belongs to CdSe/CdS core/shell
NQDs and the other of which belongs to CdS NQDs (at 440 nm) before
purification. After size selective precipitation, we completely removed separate
CdS NQDs, which is also clearly seen in Figure 3.3.1.11 with the emission

around at 440 nm fully diminished.
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Figure 3.3.1.11 Photoluminescence spectra of CdSe/CdS core/shell NQDs with
CdS NQDs (black line) and without CdS NQDs (red line).

Finally, in order to suppress any homogenous nucleation of CdS NQDs, we
performed CdSe/CdS core/shell synthesis with submonolayer 0.8 ML (0.27 nm)
increase in shell thickness for each SILAR cycle. By decreasing the amount of
precursor for each injection step, we decreased the probability of formation of
CdS NQDs due to experimental mistakes. As it can be seen from Figure
3.3.1.12, as a result of 3.2 ML CdS coating of CdSe core having a diameter of
2.2 nm, approximately 65 — 70 nm red shift was observed in the absorption
spectrum. This higher amount of red-shifting was also an indicative of the
homogenous coating of precursors without formation of any separate CdS
NQDs. With the coating of the first monolayer, the trap emissions were
eliminated as a result of surface passivation (Figure 3.3.1.13). In addition, by
increasing the shell thickness, emission level of NQDs was increased and for 2.4
ML and 3.2 ML CdSe/CdS core/shell NQDs, 85-95% quantum efficiency was

obtained.
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Figure 3.3.1.12 Absorption spectra of CdSe/CdS core/shell NQDs having a
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Figure 3.3.1.13 Photoluminescence spectra of CdSe/CdS core/shell NQDs

having a small CdSe core with different monolayers (0.8 ML increments).
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3.3.2. Structural Characterization

For the analysis of elemental composition of CdSe core and CdSe/CdS
core/shell NQDs, we performed energy dispersive X-ray spectroscopy (EDAX)
by drop-casting NQD solutions on Si wafer. First, we analyzed CdSe NQDs and
Se/Cd ratio was found to be 1.2 (Figure 3.3.2.1). Generally, nanoparticles have
higher surface-to-volume ratio, and the elemental ratio of compounds are
therefore significantly affected by the number of surface atoms. Since we used
excess amount of Se during the synthesis, surface of CdSe NQDs were
terminated with Se atoms. Thus, we observed higher amount of Se atoms with
respect to Cd atoms from the EDAX results. In addition, we observed some P

coming from the ligands of CdSe NQDs.

EDS Quantitative Results
Element Wt% At%

CE 47.72 72.95

OF 4.63 5h.31

SeL 9.27 2.16

SiE 25.67 16.79

PE 1.67 0.99

cdL 11.04 1.80

51Ea

(I I I T R AT A Y 1 I

6.30 7.20 8.10 kev

Figure 3.3.2.1 EDAX analysis of CdSe NQDs with quantitative results.
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Moreover, we analyzed CdSe/CdS core/shell NQDs having different shell
thicknesses in order to confirm uniform coating CdS. Therefore, the
experimental S/Se ratio was compared with the theoretical calculated S/Se. To
determine S/Se ratio theoretically, we used their occupied volume for the CdSe
core having a radius of 1.2 nm and the thickness of one monolayer as 0.337 nm.
By increasing the thickness of shell, increasing in S/Se ratio was observed
(Figure 3.3.2.1). In addition, there was a good correlation with experimental
results and theoretical results except 2.4 ML CdSe/CdS core/shell NQDs.

NN Experimental
6+ v2zzZ4 Theoretical

S/Se Ratio

0.5

1.5 2.0 2.5 3.0 3.5

Number of Monolayers

Figure 3.3.2.2 Comparison of experimental and theoretical S/Se ratios.

EDAX gives information only about the elemental composition of NQDs.
Therefore, to obtain information about the size, shape and crystal structure of
NQDs, we used high resolution TEM. Moreover, thickness and uniformity of
shell can be accurately determined with TEM. TEM images of CdSe core NQDs
are presented below (Figure 3.3.2.3). They have the radius of approximately 1.2-
1.3 nm and they seem quite spherical. However, since their size is so small, we

could not manage to get image showing their lattice fringes clearly.
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Figure 3.3.2.3 TEM images of CdSe core NQDs with a) 20 nm and b) 10 nm

scale bars.
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Then, we analyzed uniformity and thickness of shell for the 3.2 ML CdSe/CdS
core/shell NQDs having a core radius of 1.2-1.3 nm. As it can be seen from the
figures below, the coating of CdS is homogenous and highly monodisperse
CdSe/CdS core/shell NQDs were obtained. Here, almost perfect arrangement of
NQDs is also an indicative of having smaller size distribution and uniform shell
thickness (Figure 3.3.2.5). Moreover, the size distribution of CdSe/CdS
core/shell NQDs was obtained by measuring the size of more than 100 NQDs
(Figure 3.3.2.4). The average diameter of CdSe/CdS core/shell NQDs was found
to be 427 nm + 0.3 nm, which is strongly consistent with the estimated

thickness of shell.
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34 36 38 4.0 42 44 486 48 50 52

Diamater of Nanocrystals

Figure 3.3.2.4 High resolution TEM image of 3.2 ML CdSe/CdS core/shell

structure with a size distribution in the inset.
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Figure 3.3.2.5 TEM images of 3.2 ML CdSe/CdS core/shell NQDs with a) 20

nm and b) 10 nm scale bars.
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Furthermore, determination of the crystal structure for CdSe core and CdSe/CdS
core/shell NQDs is very important, since CdSe NQDs having different crystal
structures exhibit different electrical and optical properties. In addition, it is
shown that coating of CdSe NQDs having wurtzite crystal structure resulted in
more uniform and homogeneous shell when compared to CdSe NQDs having
zinc blende crystal structure [41]. Therefore, we analyzed the crystal structure of
CdSe NQDs having a diameter of 3.8 nm with X-ray diffraction by using
powder sample of NQDs (Figure 3.3.2.6). As it can be seen from Figure 3.3.2.6
below, the peak positions for CdSe NQDs are consistent with the bulk wurtzite
CdSe crystal. As a result of having smaller size of CdSe NQDs, we observed
very broad peaks. However, diffraction from (102) plane proved that our CdSe
NQDs have wurtzite crystal structure since, in zinc blende crystal structure, no

diffraction is observed from (102) planes.
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Figure 3.3.2.6 X-ray diffraction patterns of CdSe core NQDs having wurtzite

crystal structure.
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Moreover, we carried out X-ray diffraction for CdSe/CdS core/shell NQDs
having a core diameter of 3.8 nm and 4 ML CdS (Figure 3.3.2.7). With the
growth of shell material, the peaks are sharpened as a result of the increase in
total size of NQDs and increase in the crystal quality. For example, while we
observed only one peak around 24°-26° for CdSe core NQDs, with the increase
in shell thickness, the resolution was increased and diffraction from (100), (002)
and (101) planes became clear for 4 ML CdSe/CdS core/shell NQDs. In
addition, positions of the peaks were shifted to values for a bulk wurtzite CdS

crystal with the formation of strain upon the growing CdS shell.
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Figure 3.3.2.7 Comparison X-ray diffraction pattern of CdSe core and 4 ML
CdSe/CdS core/shell NQDs.
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In addition, the crystal structure of NQDs can be determined from the selected
area electron diffraction pattern (SAED). Figure 3.3.2.8 shows the SAED
images taken from the CdSe/CdS core/shell NQDs having a core size of 3.8 nm
and 4 ML CdS shell. In SAED image, each ring represents diffraction from
corresponding planes. Moreover, from the SAED image, we calculated the

interplanar spacing for different planes by using

dhkl R (11)

where dpy is the interplanar spacing and Rsaep Is the radius of rings in SAED
pattern. Then, we compared them with bulk values of wurtzite CdSe and CdS
crystals. The values are between the bulk values of wurtzite CdSe and CdS
crystals as we expected and show strong correlation with the X-ray diffraction
results (Table 3.3.2.1).

a) b)

NP

Figure 3.3.2.8 a) High resolution TEM image of 4 ML CdSe/CdS core/shell
NQDs and b) selected area diffraction pattern (SAED) images of the same 4 ML
CdSe/CdS.
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Interplanar spacing d(A)

Planes (hkl) CdSe Wurtzite 4 ML CdSe/CdS CdS Wurtzite
100 3.723 3.618 3.568
002 3.505 3.411 3.341
101 3.288 3.182 3.148
102 2.552 2.458 2.439
110 2.150 2.074 2.061
103 1.979 1.905 1.890
112 1.832 1.763 1.754

Table 3.3.2.1 Interplanar spacing values of different planes for bulk wurtzite
CdSe crystal, 4 ML CdSe/CdS core/shell NQDs and bulk wurtzite CdS crystal.

Finally, we performed X-ray photoelectron spectroscopy for the analysis of
chemical bonding and shell thickness by spin-coating NQD solution on Si wafer.
For the CdSe core NQDs, the position of Cd 3ds, peak is approximately at
405.2 eV and the position of Se 3d peak is at 54.8 eV (Figure 3.3.2.9). For the 3
ML CdSe/CdS core/shell NQDs, the positions of peaks for Cd 3ds, and Se 3d
does not change but S 2ps, appears at 161.2 eV. These values are strongly
consistent with the observed values for CdSe and CdSe/CdS core/shell NQDs in
the literature [49].
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Figure 3.3.2.9 XPS spectra of Cd, Se and S peaks for CdSe core NQDs and
3 ML CdSe/CdS core/shell NQDs.

Next, we performed XPS for the calculation of shell thickness with CdSe/CdS

core/shell NQDs having a core diameter of 3 nm. As it can be seen clearly from

Figure 3.3.2.10, we observed only Se 2p peaks for the CdSe core NQDs.

However, with the formation of 1 ML CdS, S 2p peaks emerge, and the intensity
of the S 2p starts to increase upon growing CdS shell. Then, for 3 ML CdSe/CdS

core/shell NQDs, S 2p peaks becomes dominating and the intensity of Se 2p

peaks decreases. After that, by using the intensity ratio of S 2p peak to Se 3d

peak, we calculated the shell thickness with Equation (4) described in Chapter 2.
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In addition, by using TEM, we also measured the size of NQDs. Then, we
compared the expected radius of NQDs with the radius obtained from XPS and
TEM. As it can be seen from Table 3.3.2.2, the values obtained from the XPS
give better results when compared to TEM. Although TEM is the most powerful
technique for the characterization of NQDs, because of smaller size and lower
resolution of NQDs, it is normal to observe such a small difference for the size
of NQDs.

Radius of NQDs (nm)
XPS TEM Expected Radius
CdSe Core 1.50 1.50 1.40
1 ML CdSe CdS 1.95 - 1.75
2 ML CdSe CdS 2.23 1.97 2.10
3 ML CdSe CdS 2.56 - 2.45
4 ML CdSe CdS 2.76 2.45 2.80

Table 3.3.2.2 Expected radii of NQDs and measured radii of NQDs using XPS
and TEM.
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Figure 3.3.2.10 XPS spectra of Se and S peaks for CdSe core NQDs and
CdSe/CdS core/shell NQDs having different number of monolayers.
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3.4. Application

Today, both electrically and optically pumped semiconductor lasers are the most
common type of laser systems for the technologies including
telecommunication, information storage, computing and medical diagnostics
[67,68]. They have high power output with low lasing thresholds. In addition,
they have better stability against temperature change. With the introduction of
semiconductor quantum well lasers [69], it is shown that there is still room for
the improvement of lasers. With the confinement of electrons and holes in one
direction [70], a higher density of electronic states is obtained near the
conduction and valence bands for quantum structures. As a result of this,
concentration of carriers contributing to the band edge emission increases.
Therefore, lower lasing threshold values can be achieved by using quantum
structure in semiconductor lasers with better temperature stability and a

narrower emission line.

Recently, NQDs also have become attractive materials for lasing applications.
When compared to a quantum well structure, NQDs have a better confinement
of electrons and holes in all three dimensions [70] and, as a result of the
quantum confinement effect, they show atomic like discrete energy levels.
Therefore, the lowest lasing threshold value can be expected for the lasers based
on NQDs. In addition, owing to greater spacing between atomic-like states in
energy levels, NQDs can be considered as more temperature insensitive gain
medium. Moreover, with the size tunable emission properties of NQDs, it is
possible to obtain lasers having emission spanning from UV to infrared region

depending on the size and composition of NQDs.

In theory, NQDs based lasers offer very low lasing threshold, temperature
insensitive lasing and multicolor lasing. In addition, like other lasing media,
population inversion where the number of electrons in high energy excited state
is higher than that in the low energy ground state is required for producing

optical gain in NQDs. However, with the formation of more than one electron
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hole pair inside NQDs, nonradiative Auger recombination becomes a dominant
process which inhibits optical gain for NQDs [10]. Auger recombination is a
physical process where the recombination energy of electron and hole pair is not
released as a photon and instead transferred to another electron hole pair to re-
excite them to higher energy state. Therefore, to obtain population inversion and
optical gain from NQDs, Auger recombination must be suppressed. Optical gain
with CdSe core NQDs was first shown by Klimov and coworkers with the
suppression of Auger recombination by simply increasing the concentration of
NQDs solution in order to enhance the rate of stimulated emission [10]. After
that, cleverly designed NQDs such as giant CdSe/CdS core/shell NQDs [62] and
nanorods [71] were synthesized for the suppression of Auger recombination in

order to obtain lower lasing threshold values.

Conventional laser systems are generally working in the infrared region of the
spectrum, which are widely used for the telecommunication. However, for other
applications, lasers operating in UV and visible region of the spectrum are
required. Therefore, specifically designed expensive doubling crystals such as
— barium borate crystals (BBO) or potassium dihydrogen phosphate (KDP) are
used for the conversion of infrared source by technique of second harmonic
generation. Here we study another way for the up-conversion of infrared source
using NQDs with a multi photon absorption mechanism. To exhibit efficient
multi-photon absorption mechanism, the materials should have high two-photon
absorption cross-section, high photoluminescence quantum vyields and high

chemical and photo stability [72].

Here, we show that highly efficient CdSe/CdS core/shell NQDs are suitable for
optical gain with two-photon infrared pumping owing to their electronic and
optical properties. As we discussed earlier, as a result of partial separation of
electron and hole wavefunctions, suppression of Auger recombination is
observed for CdSe/CdS core/shell NQDs. In addition, having defect-free crystal
structure of CdSe/CdS core/shell NQDs is also contributed to the suppression of

Auger recombination.
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We performed optical gain studies by drop-casting of highly concentrated
CdSe/CdS core/shell NQDs solution on glass substrates from the hexane
solution. Highly concentrated NQD film is required to obtain population
inversion and to increase the rate of stimulated emission. These films were
excited with femtosecond laser pulses at 800 nm (1 kHz, 40 fs, Spitfire, Newport
Inc.) via focusing lens. Light emission from the NQDs deposited glass substrates
was collected with a spectrometer (Ocean Optics Inc). The experimental setup

for optical gain is shown in Figure 3.4.1.

Figure 3.4.1 Experimental setup for optical gain study with NQDs.
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PL Intensity (a.u.)

Room-temperature amplified spontaneous emission (ASE) was shown with 3.2
ML CdSe/CdS core/shell NQDs in Figure 3.4.2. With the low excitation energy,
only spontaneous emission of CdSe/CdS core/shell NQDs was observed having
a maximum peak at 602 nm with 26 nm of FWHM. When the excitation energy
reached the lasing threshold value of 6 mJ/cm? (Figure 3.4.3), ASE was started
with a narrower emission behavior having a red shifted emission peak. Then,
with increasing the excitation energy, ASE became dominated with a red shifted
emission peak at 607 nm and a decreased FWHM value of 8 nm (Figure 3.28,
3.30). Finally, when compared to most widely used CdSe/CdS/ZnS
core/shell/shell structures [72,73], a lower lasing threshold value is achieved
with such near unity CdSe/CdS core/shell NQDs.
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Figure 3.4.2 Photoluminescence spectra of CdSe/CdS core/shell NQDs showing

both spontaneous and amplified spontaneous emission (ASE).
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having spontaneous emission (black line) and amplified spontaneous emission
(ASE) (red line).
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Chapter 4

Conclusion

Nanocrystals quantum dots are tiny particles consisting of a few hundred to
thousand of atoms. As a result of decreased particle size of less than exciton
Bohr radius, quantum confinement effect is observed in NQDs. Therefore, they
have atomic-like discrete energy levels and the energy gap can be modified by
changing particle size. Novel size tunable optical properties are consequently
observed for NQDs which make them attractive materials for many applications.
However, in order to obtain better performance from NQDs and NQD
incorporated devices, highly monodisperse, highly stable and highly efficient
NQDs are required.

In this thesis, to meet these requirements, we synthesized CdSe/CdS core/shell
NQDs with SILAR technique by means of which highly precise shell thickness
control and highly uniform shell coating can be achieved. We systematically
performed CdSe/CdS core/shell NQD synthesis by using different size of CdSe
cores ranging from 2 to 4 nm. It was shown that with the coating of smaller size
CdSe cores, near-unity photoluminescence quantum yield was achieved. Since,
as a result of the decrease in the interface area between the core and shell
material, the probability of strain and defect formation was decreased which
decreasing nonradiative recombination channels. In addition, when compared to
larger CdSe cores, more red shift in the emission peak was observed for the
small CdSe cores by coating with CdS shells owing to strong confinement
effect.
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Moreover, we performed detailed structural characterization of CdSe/CdS
core/shell NQDs using SEM, high resolution TEM, XRD and XPS. By using
SEM, we showed the formation of uniform shell by EDAX analysis. Then, with
the high resolution TEM images, highly monodisperse CdSe/CdS core/shell
NQDs were demonstrated with a homogenous shell coating. Furthermore,
wurtzite crystal structure was observed for the both CdSe core and CdSe/CdS
core/shell NQDs. In addition, for the first time, highly accurate shell thickness
calculation was shown for the core/shell NQDs with the XPS. Finally, owing to
suppressed Auger recombination and defect free crystal structure, the lowest
lasing threshold value of 6 mJ/cm® was observed with two photon infrared
pumping of highly concentrated film of CdSe/CdS core/shell NQDs.
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