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ABSTRACT

COLLOIDAL SYNTHESIS AND DOPING OF
SEMICONDUCTOR NANOCRYSTALS

Mehmet Zafer Akgiil
M.S. in Electrical and Electronics Engineering
Advisor: Assoc. Prof. Dr. Hilmi Volkan Demir
July, 2015

Colloidal semiconductor nanocrystals have drawn great interest for application
areas in photonics and optoelectronics thanks to their superior optical proper-
ties including strong bandgap emission and tunability. Also, their suitability for
solution-based processing has made them highly attractive for low-cost produc-
tion of light-emitting diodes and lasers. Our objective in this thesis is to show
the potential and versatility of semiconductor nanocrystals via colloidal synthesis
and post-processing methods. The thesis work includes the synthesis of colloidal
quantum dot and well structures and their post-doping and investigates their
exciton decay dynamics. In this thesis a novel colloidal approach for the doping
of zinc blende colloidal quantum wells was proposed and demonstrated for the
first time. This new doping method uniquely relies on atomic layer deposition
(ALD) process. Here we achieved the worlds first manganese-doped CdSe@CdS
core@shell nanoplatelets using our technique of ALD-assisted doping. Also, we
studied silver-doped CdTe quantum dots under different conditions. Our exper-
imental work proved that the quantum yield enhancement of silver-doped CdTe
quantum dots is a strong function of the nanocrystal size and doping concentra-
tion. Tuning the nanocrystal size and doping level, our aqueous core-only CdTe
nanocrystals reached a record high photoluminescence quantum efficiency of 68%.
For these quantum dots, various decay kinetics were proposed and the enhance-
ment in the quantum yield was attributed to the trap state annihilation. The
methods and results provided in this thesis contribute to the fundamental under-
standing of semiconductornanocrystals and pave the way for high-performance
colloidal platforms and devices.

Keywords: Semiconductor nanocrystals, nanoplatelets, colloidal quantum dots,
colloidal quantum wells, doping, colloidal atomic layer deposition (ALD), colloidal
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ALD-assisted doping.
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OZET

YARIILETKEN NANOKRISTALLERIN KOLOIDAL
SENTEZI VE KATIKLANMASI

Mehmet Zafer Akgiil
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Dog¢. Dr. Hilmi Volkan Demir
Temmuz, 2015

Yariiletken koloidal nanokristaller giicli bant kenar1 igimalari ve ayarlan-
abilirligi gibi tistiin optik niteliklerinden 6tiirii fotonik ve optoelektronik uygu-
lama alanlar1 ic¢in biiyiik ilgi ¢ekmektedir. Ayrica, soliisyon tabanlh igleme
yontemlerine uygunluklart kuantum nanokristallerini 1gir diyotlarin ve lazerlerin
diigik maliyetli iiretimi icin oldukga cekici hale getirmistir. Bizim bu tezdeki
amacimiz yarliletken nanokristallerin potansiyelini ve ¢ok yonliiliigiinii koloidal
sentez ve sentez sonrasi iglemler araciligiyla gostermektir. Mevcut tez koloit halin-
deki kuantum noktaciklarinin ve kuantum kuyulariin sentezini ve sentez sonrasi
iyilestirme iglemlerini igermektedir ve bu yapilardaki eksiton yikim dinamiklerini
incelemektedir. Bu tezde ilk defa sfalerit yapidaki koloidal kuantum kuyularinin
katiklanmasi ic¢in yenilikci bir koloidal metot sunulmustur. Bu yeni katiklama
metodu koloidal atomik katman kaplama (K-AKK) iglemine dayanmaktadir. Bu
sekilde, kendi gelistirdigimiz K-AKK destekli katiklama teknigiyle diinyanin ilk
mangan katiklanmig CdSe@CdS nanoplakalarini elde ettik. Ayrica, tezde glimiis
katiklanmig CdTe kuantum noktaciklarini hazirladik ve farkli kogullar altinda in-
celedik. Deneysel sonuglarimiz giimiig katiklanmig kuantum noktaciklarindaki
kuantum verimlilik artiginin nanokristal boyutunun ve katiklanma seviyesinin
gliclii bir fonksiyonu oldugunu kanmitlamigtir. Nanokristal boyutunun ve katiklama
seviyesinin ayarlanmasyla, suda c¢oziinebilen sadece ¢ekirdek halindeki CdTe
kuantum noktaciklarimiz %68 rekor kuantum verimlilige ulagmistir. Bu kuantum
noktaciklar i¢in, gesitli yikim kinetikleri one stirtilmiis ve kuantum verimlilik-
teki artig, kapan noktalarinin etkisiz hale getirilmesiyle iligkilendirilmigtir. Bu
tezde sunulan metotlar ve sonuglar yariiletken nanokristaller hakkindaki temel
anlayigimiza katkida bulunmakta ve yiiksek performansh koloidal nanokristal ta-

banl platformlar ve cihazlar i¢in zemin hazirlamaktadir.



vi

Anahtar sézciikler: Yariletken nanokristaller, nanoplakalar, koloidal kuantum
noktaciklar, koloidal kuantum kuyulari, katiklama, koloidal atomik katman
kaplama (K-AKK), K-AKK destekli katiklama.
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Chapter 1

Introduction

1.1 Motivation

With the recent advancements in the physics and chemistry in the nanometer
regime, colloidal synthesis has provided us with a new kind of materials called
nanocrystals. The nanocrystals are very small crystallites formed by a few hun-
dred to a few thousand of atoms. The typical dimensions are in nanometers and
can be changed to modify the intrinsic properties of the bulk material, such as the
band gap. This dependence of the intrinsic material properties on the physical
dimensions is due to the quantum confinement effect and forms the basis of the

nanocrystal research.

In a bulk semiconductor, an electron and a hole are attracted to each other by
the electrostatic Coulomb interaction thanks to their opposite charges. In this
interaction total energy is reduced and a bound electron-hole pair is formed, which
is called exciton [1]. The exciton has a distinct radius for each material, which is
described by the exciton Bohr radius for that semiconductor [2]. If the physical
dimensions of a structure become comparable to the respective exciton Bohr
radius, more energy is needed to confine the exciton tight within the structure,

thus the total energy of the exciton increases with merely decreasing the physical



size. This change in exciton energy affects the optical and electronic properties

and enables us to engineer the properties of nanocrystals [3].

Numerous ways have been found to exploit the quantum confinement effect to
have materials with enhanced properties. First, this effect was applied to thin-
film growth techniques such as molecular beam epitaxy (MBE) and metal organic
chemical vapor deposition (MOCVD) to produce different sorts and combinations
of quantum well structures. The application of this physical phenomenon to
optoelectronics has led to a big quantum leap in the optoelectronics industry and
brought us to an age in which the advanced optoelectronic devices such as high
power laser diodes, quantum well photodiodes and modulators are achieved [4-7].

This enabled us to conduct new experiments which were not previously possible.

Yet the MBE and MOCVD systems are complex and expensive. Moreover,
these systems offer limited production capability in terms of possible quantum
structures and they require lattice-matched high-quality substrates for a success-
ful single-crystal growth. Due to these limitations, other ways to exploit quantum
confinement effect in devices have been investigated and the colloidal synthesis
techniques have been found to be capable of producing quantum structures with
high-quality, lower cost and in a simpler and controllable way. With the advance
of the colloidal synthesis techniques, different routes to produce various kinds of
nanocrystals have been discovered. The chemical conditions to produce nanocrys-
tals with shape-anisotropy have been explored and this has been applied to form
more complex quantum structures, including nanocubes [8-10], nanorods [11,12],
tetrapods [13-16], nanobelts [17], nanodumbbells [18,19] and, as the last one, the
nanoplatelets [20]. The list can be expanded by including the different combina-
tions and compositions of the core/shell structures. This flexibility to form any
kind of nanostructure by benefiting from the colloidal route makes nanocrystals
a promising candidate for the advanced electronic/optoelectronic devices of the

future.

To harness the full potential of the colloidal nanostructures, however, some

post-processing techniques are needed to enhance the existing properties and/or



to introduce new functionalities. To exemplify, the quantum yield, emission blink-
ing and Auger recombination rate are intrinsic properties of colloidal quantum
dots and, sometimes, may not be suitable for the application in hand [21,22].
To increase the quantum yield and possibly reduce the blinking, for example, a
shell in a Type-I or quasi-Type-II configuration can be coated onto the core-only
nanocrystals for the proper passivation of the nanocrystal surface [23,24]. The
Auger recombination problem can be overcome by the use of a quasi-Type-II shell

on the core-only nanocrystals [25-28].

As another aspect of the post-processing methods, new functionalities can
be added to the existing nanocrystals with the use of a suitable chemistry. As
an example, cation/anion exchange reactions can be performed on nanocrystal
substrates within a solvent to form doped, alloyed or core/shell nanostructures
with the adjustment of the reaction conditions and the relative amount of the

precursors [29-35].

The main aim of this thesis work is to demonstrate the potential and versatility
of the colloidal nanostructures by some examples of the colloidal synthesis and
post-processing methods to improve the quality of the nanocrystals and to add
new functionalities. Via post-processing techniques the tools available to obtain
the materials with the desired properties increase significantly. Owing to the
diversity and efficiency of the available tools, the adaptation of the colloidal
nanocrystals into the next generation devices will be much faster and will result

in advanced, low-cost and energy-efficient optoelectronics.



1.2 Thesis Overview

The organization of the remaining of this thesis is as follows:

Chapter 2 presents background information about semiconductor nanocrys-
tals, starting from a simple physical picture to introductory colloidal nanocrystal

synthesis and discussion of applications.

Chapter 3 is devoted to the colloidal quantum rings, a novel quantum well
heterostructure having CdS/CdSe@CdS core/crown@shell architecture developed

in this thesis.

In Chapter 4, a facile silver-doping procedure for aqueous cadmium telluride

quantum dots is presented and experimental data are provided.

In Chapter 5, we present the colloidal atomic layer deposition-assisted man-
ganese doping study on CdSe@CdS core@shell colloidal quantum wells, proposed

and demonstrated in this thesis work.

Chapter 6 summarizes the results and findings of this thesis and gives a future

outlook on the thesis work.



Chapter 2

Scientific Background

2.1 Physics of Quantum Structures

Due to the limited number of constituent atoms, size effects are observed in
nanocrystals. The most prominent one is the quantum confinement effect, which
results from the quantization of the energy bands in semiconductor nanocrystals.
When the size becomes comparable to the exciton Bohr radius (Eq. 2.1), the

effective band gap of the nanocrystal increases.
Areh? < 1 1 )_1
’]"B = -, ,LLE = _— + — 2].
fefrq? 7= \me " my, (21)

In Eq. 2.1, € is the permittivity, & is the reduced Planks constant, m, is the
effective electron mass, my is the effective hole mass, and q is the elementary

electron charge.

The effective energy bandgap of a quantum structure can be expressed as:

EF = EP + Eqcota (2.2)
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Figure 2.1: FEnergy vs. Density of States with respect to confinement type.
Reprinted (adapted) with permission from A. P. Alivisatos [3]. Copyright 1996
American Chemical Society.

In Eq. 2.2, Egc totar denotes the quantum confinement energy due to the phys-
ically confined dimensions of the nanocrystal. The exact form of this energy
depends on various complicated terms due to the complex nature of the physics

of the nanocrystals, including material system, lattice system, and confinement

type.

The confinement type is defined as the number of dimensions of a nanocrystal
physically unconstrained. From this perspective, the simplest nanocrystals known
as colloidal quantum dots can be identified as quasi-zero dimensional nanoparti-
cles (quasi-0D, in short). These are point-like nanostructures confined in all three
physical dimensions. The second largely utilized family is the colloidal quantum
rods, or nanorods, and these are quasi-1D nanocrystals, elongated along one
direction only. The latest one in the series is named colloidal quantum wells fol-
lowing the MOCVD/MBE thin film analogues and these belong to the quasi-2D

nanocrystals family.

If the confinement type is different, the physical behavior of the optical transi-

tions is different even for nanocrystals belonging to the same material system and



the same crystal structure with the same constituent atom types. This subtle ef-
fect results from the fact that the energy vs. density of states diagram is distinct
for different confinement types (Figure 2.1) and this is reflected in the absorption
and emission spectra [20,36]. For the bulk case, the density of states follows a
square-root relation with energy whereas it becomes staircase and spike-like for

the quantum well and quantum dot case, respectively.

As the size of a piece of crystal gets smaller and smaller, its energy band
structure is distorted due to the constructive and destructive interference of the
wavefunctions of the charge carriers. This kind of interaction is well described by
Schrdinger equation because of the quantum nature of the problem.

h? 0?

2mc,i \% wc,z + Uwc,z ih o2

Ve (2.3)

Here, 1. is the carrier wavefunction, U is the potential and m.; is the carrier
effective mass in the crystal. Under time-independent conditions, this can be

written as follows:

h2

VQ,QZ)C,i + U¢c,i = Ec,i,@bc,i (24)
ch,i

In Eq. 2.4, E.; denotes the total energy of the carrier in the i energy level.
The leftmost term in Eq. 2.4 gives the kinetic energy of the carrier while the

middle term determines the potential energy of the carrier at the given position.

As a result of quantum confinement, the total energy of an electron in a fi-
nite crystal is different from that in an infinite crystal. We can understand this
phenomenon easily by solving Schrdingers equation with some simplifying as-
sumptions. First, we can assume that the potential is constant in a homogeneous
material and for simplicity we can further assume that the potential energy within
the material with the lowest conduction band level is zero. For the case at hand,
the difference in the conduction band levels of the material and the surrounding

medium is infinite. Thus,
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Continuing from Eq. 2.7, we can derive E-k relation for the quasi-0D, quasi-1D
and quasi-2D nanocrystals. For the quantum dot case, we can assume that it is
a cube with a corner length of d (Figure 2.2). Thus, along a single axis, e.g.,

x-axis, we can write:

1/}c,i(F: d) = O = OcyiSZln(k?%ndx)

h2k?
kgndy =nm — kg = Z—: and FEgcz = Qmij
h2
2 2 2
EQC,TL = 9 (kx,n + ky,n + kz,n) (28)

c,t

When confined in all the three dimensions of space for the quantum dot case,
the restriction on the wavevector is valid for all the three directions; thus, as a

first order approximation, we can write Egc totar ~ 3E0C 2

For the case of a nanorod (quasi-1D object) with a d-long square profile and
a very long third dimension, we can easily see that the total confinement energy
will be lower than that of the quantum dot case. Following the same reasoning
above, we can see that Eqgc iotar ~ 2Egc, as the long axis of the nanorods has no

significant effect on the quantum confinement energy.
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Figure 2.2: Schematic representation of the quantum box with infinite barriers
problem (Inset: a 3D representation of a quasi-0D cubic quantum dot.

For the recently introduced member of the nanocrystal family, the quasi-2D
nanoplatelets, the confinement energy decreases further due to the other two un-
constrained dimensions, hence Egc totai ~ Egc, assuming that the nanoplatelets
are confined in the x-direction. Thus, for the same length for the confined dimen-

sion(s), the relation between the resulting quantum confinement energies becomes

Eqcop > Eqcip > Egcoz2p > Eqgcspwur) = 0.

Although the explanation provided above oversimplifies the current picture, it
gives insight for the optical behavior of the colloidal nanocrystals and enables us to
interpret experimental data. To exemplify, for the case of CdSe materials system
a widely used model semiconductor system the same peak emission wavelength
can be achieved for nanocrystals with different confinement type. Both a CdSe
quantum dot and a CdSe nanoplatelet can emit at 512 nm, although the former
is a quasi-0D and the latter is a quasi-2D nanocrystal. From the approximate
results obtained above, we can infer that the size of the CdSe quantum dot has to

be larger than that of the confined dimension of the CdSe nanoplatelet to achieve



the same emission wavelength. Indeed, the diameter of the CdSe quantum dot is
found to be 2.5 nm whereas the thickness of the CdSe nanoplatelet is around 1.4
nm [37,38].

2.2 Colloidal Synthesis of Nanocrystals

In this part, some general information regarding the synthesis procedures used
to produce colloidal nanocrystals will be presented to prepare the reader for the
following chapters. The details of the synthesis and the post-processing methods

utilized for each study will be provided in the respective chapter of this thesis.

Starting from the first demonstration of the quasi-OD colloidal quantum dots,
the evolution and progress of the methods applied to the colloidal synthesis are
tremendous within the past two decades. With the rapid development of the
new techniques, the colloidal methods have become an inevitable choice for the
synthesis of certain kind of nanostructures as there is no reliable and controllable

alternative way for their production.

To understand the methods used in colloidal synthesis, we can group the
nanocrystals into two basic categories and examine them accordingly. The first
group consists of the nanocrystals that can be dispersed in solvents with a low
polarity index such as hexane, octane and toluene and they are called nonpolar-
soluble nanocrystals or nonpolar nanocrystals in short. The second group is the
water-soluble/aqueous or polar nanocrystals and they can be dispersed in solvents

with a high polarity index, including water and n-methyl formamide.

For the synthesis of nonpolar nanocrystals, there are two main routes. The first
and the most widely used one is the hot-injection method. In this method, a host
medium with a high boiling point is loaded into a flask with or without additional
chemicals. After the flask reaches a certain temperature, a precursor solution,
generally prepared under inert atmosphere (see Figure 2.3), is swiftly injected into

the flask and the nucleation of nanocrystals occurs. After the nanocrystals reach
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Figure 2.3: Glove box system to handle oxygen-sensitive chemicals.

Figure 2.4: A typical setup for the synthesis of nonpolar quantum dots (from our
laboratory at Bilkent UNAM).
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Figure 2.5: A representation for the typical equipment used for the synthesis of
the aqueous CdTe QDs. Reprinted (adapted) with permission from N. Gaponik
et al. [41] Copyright 2002 American Chemical Society.

the desired size/shape, the flask is cooled to room temperature and the resulting
nanocrystals are purified with the addition of a non-solvent and centrifugation.
In the second method called heat-up method, all of the ingredients are loaded
into the flask before the synthesis begins. Then, the temperature of the flask
is raised up in a controlled manner. During the heating the nucleation and
growth of the nanocrystals occur. Then follow the cleaning steps to obtain a
usable product. The most widely used ligands in the synthesis of the nonpolar
nanocrystals are the carboxylic acids, phosphonic acids, amines and different
combinations of them [12,39,40].

For visual assistance to the reader, a typical experimental setup for the syn-

thesis of nonpolar quantum dots is given in Figure 2.4.

For the aqueous synthesis of nanocrystals, the most widely used technique is
the aqueous heat-up method (Figure 2.5). For this type of synthesis, the cation
precursor is dissolved in deionized water and a suitable ligand is added into the
solution. The type of the ligand is chosen according to the desired functionalities

and it is generally a mercaptan, such as thioglycolic acid and 3-mercaptopropionic
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Figure 2.6: (a) 3-mercaptopropionic acid, (b) 2-thioglycolic acid.

acid (Figure 2.6) [42,43].

Subsequently, the pH of the solution is brought to the required value with
the drop-wise addition of an aqueous solution of a strong base, such as sodium
hydroxide and potassium hydroxide. The final pH of the solution mainly de-
pends on the identity of the ligand(s) used [41]. After the pH adjustment, the
anions are introduced into the flask and the resulting solution is refluxed until

the nanocrystals reach the desired size.

2.3 Colloidal Atomic Layer Deposition (c-ALD)

Colloidal atomic layer deposition technique is an ambient temperature method
used for the shell coating of colloidal nanoparticles [44]. ¢-ALD offers a superior
shell thickness control and gives an opportunity to deposit a shell on nanoplatelet
substrates as the older methods, such as SILAR, failed to fulfill this task [39].

The procedure depends on the ability of Cd*" and S?° ions making
nanoplatelets dispersible in polar media. At the first step, the colloids to be
shell-coated is purified and dissolved in a nonpolar solvent, which is not mixable
with the polar solvent to be utilized. For this purpose, the most commonly used
polar and nonpolar solvents are formamide (FA)/n-methyl formamide (NFA) and
hexane, respectively. FA and NFA have a special role in this process thanks to
their high dielectric constant, which makes them perfect dispersants for the shell-

coated nanocrystals. In the previous studies, it has been shown that the colloids
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stay stable for longer time if they are dispersed in FA and kept in an air-tight
glove box [45].

First, the nanocrystals dispersed in hexane are put into a falcon tube and 1 mL
of NFA is added. At this point, two separate phases are observed and NFA phase
is colorless, indicating the absence of nanocrystals. Then, ammonium sulfide is
added and the mixture is stirred to ease the phase-transfer of the nanocrystals.
After a few minutes, all the nanocrystals pass into the NFA phase and their color
change, showing the successful coating of sulfur layer on the nanocrystal surface.
The top hexane phase is then discarded and pure hexane is added. After a short
stirring, the hexane phase is discarded again to remove the original ligands and
the nanocrystals that failed to phase-transfer. Then, a mixture of toluene and
acetonitrile is added to reduce the solubility of the sulfur-coated nanocrystals.
Centrifugation is utilized to collect the precipitated colloids and later they are
dispersed in pure NFA. The purification step is repeated once more to ensure the
complete removal of sulfur precursor, which otherwise causes over-coating of the

sample at later stages.

For deposition of the cationic layer, the acetate salt of cadmium is used as it is
commercially available and readily soluble in NFA. For this step, a cadmium pre-
cursor stock solution is prepared by dissolving cadmium acetate in NFA. Then,
the cadmium precursor is added to the NFA dispersion of the purified and sulfur-
coated nanocrystals. Another color change is observed at this stage, which in-
dicates the reduction of quantum confinement energy due to the increasing size
of the nanocrystals. Then, the purification step is repeated twice to remove ex-
cess cadmium from the solution. As it is coated with a cadmium layer now, the
nanocrystals can be reacted with sulfur precursor again, enabling the repetition

of the whole cycle to deposit one more monolayer of shell.

A process flow diagram is provided in Figure 2.7. Here, didodecyldimethyl
ammonium bromide (DDAB) is used for phase transfer of NPLs from FA to
toluene to purify the NPL dispersion. In our study, we did not utilize DDAB as we
did not need nonpolar nanocrystals. Instead, we precipitated NPLs with toluene-

acetonitrile mixture for purification. In Figure 2.7, the red-shifting absorption and
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Figure 2.7: (Left) ¢-ALD process and (Right) the optical and structural char-
acterization of the resulting core@shell nanoplatelets. Reprinted (adapted) with
permission from S. Ithurria and D. V. Talapin [44]. Copyright 2012 American
Chemical Society.
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photoluminescence peaks, given in the right, clearly demonstrate the narrowing

of the effective bandgap due to the increasing thickness of NPLs.

2.4 Application Areas of Colloidal Nanocrystals

In nanocrystals, the energy levels are quantized owing to the quantum confine-
ment effect. As a result, the luminescence from nanocrystals can be adjusted over
a broad range by changing their size (see Figure 2.8). Moreover, the colloidal syn-
thesis allows the production of core/shell, alloyed and gradient nanostructures,
thus providing alternative ways to adjust the optical bandgap, electronic config-
uration and surface passivation of the nanocrystals. The whole visible spectrum
can be covered by nanocrystals of one type of material family. This capabil-
ity of nanocrystals makes them valuable as active media for the optoelectronic
applications, including light-emitting diodes, lasers, solar cells and light detec-
tors [46-49].

15



PL Intensity (a.u.)

Figure 2.8: Upper: PL spectra of the CdZnSeS QDs of II-VI family. Lower:
CdSe quantum dots with varying radii emitting in the green-red interval under

UV excitation.
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Chapter 3

A New Colloidal Quantum Well

Heterostructure: Quantum Rings

3.1 Introduction

Starting from their first demonstration, colloidal semiconductor nanocrystals
have attracted significant attention thanks to their promising properties and
potential applications. The nanocrystal research initiated with simple quasi
zero-dimensional (quasi-0D) structures namely solution-processed quantum dots
has continued its progress with more anisotropic structures, such as nanorods,
nanocubes, nanodumbbells and nanotetrapods [18, 19, 50-54]. Recently, it has
been shown that it is also possible to synthesize highly anisotropic atomically-
flat quasi-2D structures, commonly dubbed nanoplatelets (NPLs), with favor-
able and unique optical properties as compared to their quasi-0D and quasi-1D
counterparts [55]. In addition, with the growth of a suitable shell, the physi-
cal and electronic properties of the core-only NPLs can be modified, which can
be exploited for various device applications. For example, their quantum yield,
photo-stability and fluorescence emission blinking can be significantly improved
with precise control of the shell deposition turning them into highly advantageous

candidates for LEDs, optical gain media and biological imaging [23,56-62]. Very
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recently, the first heterostructures of NPLs, core/shell and core/crown have also
been demonstrated [37,44,63].

Also, NPLs with Type-I and Type-II electronic structures have been reported
and in these novel heterostructures, the shell and crown layers can be grown
on the seed NPLs with precise thickness control [63,64]. Currently, these NPL
heterostructures have been under intense research owing to their robust control
of the shell and crown growth, and exceptional optical features, including high
quantum yield (~80%) and reduced fluorescence emission blinking [65]. Although
different variations of these structures have been reported, these are confined to
either only core/crown or only core/shell structures to date [37,63]. The growth
of NPL heterostructures containing both crown and shell components together
has not been shown. This is significantly important, since it would introduce a
new method for bandgap engineering in NPLs, which can be exploited for various

device architectures.

Here, we report the colloidal synthesis and optical properties of a new family
of NPLs, quantum rings (QRings), having a CdS/CdSe@CdS core/crown@shell
heterostructure. These atomically-flat colloidal quasi-2D heterostructures were
formed by embedding a CdSe crown layer between the 4 ML CdS core and the CdS
shell with varying thickness. First, 4 ML CdS NPLs were synthesized and a CdSe
crown was grown laterally around the 4 ML CdS NPLs using core-seeded method.
Afterwards, the core/crown NPLs were coated with a CdS shell via colloidal
atomic layer deposition (c-ALD) on CdS/CdSe core/crown NPLs emitting at 513
nm. We studied the resulting excitonic and optical properties of these QRings by
varying the number of the CdS layers deposited on the CdS/CdSe NPLs through
the absorption, photoluminescence (PL) and time-resolved fluorescence (TRF)
measurements. This part is partially or fully taken from our journal publication

article (M. Z. Akgul et al.), which is currently under submission.
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3.2 Experimental Methods

3.2.1 Chemicals

Cadmium nitrate tetrahydrate (Cd(NOj), - 4H50), sodium myristate, technical
grade 1-octadecene (ODE), selenium (Se), sulfur (S), cadmium acetate dihydrate
(Cd(OAc);, - 2H50), ammonium sulfide (S(NHy)y , 40-48% wt. solution in Hy0),
N-methyl formamide (NFA) and technical grade oleic acid (OA) were purchased
from Sigma-Aldrich. Methanol, ethanol, acetone, toluene, acetonitrile, and hex-

ane were purchased from Merck Millipore.

3.2.2 Preparation of cadmium myristate

Cadmium myristate was produced using the procedure given in the literature [63].
First, 1.23 g of (Cd(NOs3)y - 4H20) and 3.13 g of sodium myristate were added
in 40 mL and 250 mL of methanol in seperate beakers, and magnetically stirred
until the complete dissolution. Then, (Cd(NOs), - 4H50) solution was added into
the vigorously stirred sodium myristate solution and was left stirring around 1 h
untill the formation of a whitish precipitate. The precipitate was collected using
centrifugation and the supernatant was discarded. Then, the precipitate was
dissolved in methanol and centrifuged again. This purification stepl was repeated
three times. Then the whitish precipitate was kept under vacuum overnight to

remove the solvents.

3.2.3 Synthesis of 4 ML CdS NPLs

4 ML thick CdS NPLs were produced by a modified recipe found in the literature
[66]. First, 217 mg of (Cd(OAc)s - 2H20), 2 mL of 0.1 M S in ODE, 0.36 mL of
OA, and 10 mL of ODE were put into a three-neck flask. Under argon protection,

the temperature of the mixture was increased to 250°C within 20 min and kept
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at this temperature for 2 min. Then, the flask was quickly cooled down to room
temperature. CdS NPLs were seperated out of the mixture with the addition of

acetone and centrifugation, and then dispersed in hexane for further use.

3.2.4 Preparation of anisotropic growth mixture

The precursor for CdSe crown growth was prepared using a slightly modified
recipe found in the literature [63]. 480 mg of (Cd(OAc)s - 2H50), 340 upL of
OA, and 2 mL of ODE were put into a three-neck flask. At room temperature,
it was sonicated for half an hour. Under air, the temperature of the mixture
was increased to 160°C with continuous stirring and frequent sonication until the
formation of a homogenous gel. 3 mL of 0.1 M ODE-Se solution was prepared in

a No-filled glove box and added into the cadmium precursor with stirring.

3.2.5 CdSe crown growth

15 mL of ODE and 4 ML CdS NPLs dispersed in hexane were loaded into a three-
neck flask. The temperature of the mixture was elevated to and kept at 80°C
under vacuum about 1 h for the removal of the volatile hexane. Then, the flask
was heated to 255°C under argon protection. At 255°C, the precursor mixture
for CdSe crown growth was injected at a rate of 3 mL/h. After the injection,
the flask was quickly cooled down to room temperature. CdS/CdSe core/crown
NPLs were seperated out of the reaction mixture with the addition acetone and

centrifugation, and then dispersed in hexane for further use.

3.2.6 CdS shell growth

CdS shell growth was performed with a similar procedure found in the literature
[44]. 1 mL of NFA and 4 ML CdS/CdSe core/crown NPLs dispersed in 1 mL of

hexane were added into a tube. To this two-phase mixture, aqueous ammonium
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Figure 3.1: TEM images of (a) CdS core NPLs, (b) a CdS/CdSe core/crown NPL
and (c) 45Cd QRings.

sulfide solution was added. After stirring, the NPLs were phase-transferred from
hexane to NFA. Then, the hexane phase was discarded. NPLs were precipitated
via the addition of toluene/acetonitrile mixture and centrifugation. The resulting
NPL precipitate was dispersed in NFA and the cleaning step was repeated twice
more to ensure the removal of excess precursor molecules. To complete one CdS
shell deposition cycle, cadmium acetate precursor (dissolved in NFA) was added
to NPL solution in NFA. Then, NPLs were cleaned using the same procedure
given above. The shell deposition cycle was repeated 4 times to obtain the final
12 ML-thick QRings (Sample 4SCd).

3.3 Results and Discussion

In this part, we report the synthesis and optical properties of core/crown@shell
type CdS/CdSe@CdS QRings. 4 ML-thick CdS cores were synthesized according
to the recipe found in the literature with slight modifications [66]. Length of
the CdS NPL seeds along the direction they rolled up was determined to be 40
nm 6 nm using high-angle annular dark-field transmission electron microscopy
(HAADF-TEM) images (Figure 3.1).

As the CdS NPLs tend to stack and fold, it is difficult to extract the exact size
distribution data from the TEM images. The light-hole and heavy-hole transitions
of the 4 MLL CdS NPLs are close to each other and form a relatively-broad peak
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Figure 3.2: Absorption and photoluminescence spectra of (a) 4 ML CdS NPLs,
(b) 4 ML CdSe NPLs, and (c) 4 ML CdS/CdSe core/crown NPLs in hexane.
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Figure 3.3: A process flow diagram describing the synthesis of QRing structure.
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centered at 413 nm [20]. 4 ML CdS NPLs exhibit two photoluminescence peaks,
one peak resulting from the band-edge excitonic emission at 421 nm with a full-
width-half-maximum (FHWM) value of ~12 nm and the other one at 613 nm
with a FWHM of ~140 nm resulting from the trap states present in these NPLs
(Figure 3.2a). On the other hand, 4 ML-thick CdSe NPLs do not have such trap
state emissions (Figure 3.2b). Their photoluminescence spectrum consists of a
single peak at 513 nm with a FWHM value of 8.5 nm, which is narrower than
that of the CdS NPLs. Also, the light-hole (at 481 nm) and heavy-hole (at 512
nm) transitions of the CdSe NPLs are clearly visible in the absorption spectrum

and well separated from each other.

After cleaning, 4 ML CdS NPLs were used as seeds to synthesize CdS/CdSe
core/crown hetero-NPLs (see Figure 3.3). The length of the synthesized
CdS/CdSe NPLs along the direction they rolled up was measured to be 55 nm
6 nm using (HAADF-TEM) images and these CdS/CdSe NPLs have an emis-
sion peak centered at 513 nm, which is similar to that of the 4 ML CdSe NPL
cores [65]. This result is a clear indication of the successful CdSe crown coating.
Moreover, the presence of sharp excitonic absorption peaks of the both 4 ML CdS
and 4 ML CdSe regions (Figure 3.2c) confirms that CdSe was grown only in the
lateral direction, not in the vertical direction. The positions of these peaks are
413 nm (~3.01 eV) for the overlapping CdS light-hole and heavy-hole transitions
and 513 nm (~2.42 eV) for the CdSe heavy-hole transition, which are well corre-
lated with those of the core-only CdS and of the core-only CdSe 4 ML NPLs [20].
As the thickness of NPLs is much smaller than the lateral size of both CdS and
CdSe parts, the main quantum confinement results from the vertical thickness
of the NPLs and the effect of lateral dimensions on quantum confinement can
be ignored. Thus, the existence of the CdS core does not affect the emission
spectrum of the CdSe crown to a considerable extent [63]. For the same reason,
the position of the sharp absorption peak of the CdS core remains nearly the
same and no significant difference in the shape of the peak was observed after the
crown coating, as expected. As another observation, the trap-state emission dis-
appears following the CdSe crown coating and a pure, narrow emission spectrum
a characteristics of 4 ML CdSe NPLs is attained (Figure 3.2c), as the trap-state
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emission results from the defective CdS NPL cores. The complete disappearance
of the CdS NPL emission at 421 nm supports the idea that the exciton trans-
fer from the CdS core to the CdSe crown region is very fast and effective. The
excitons formed in the CdS cores are transferred to the CdSe crown with the
help of fast carrier thermalization/cooling process thanks to the exciton-phonon

coupling, valence band offsets, and large exciton binding energy in the order of
~100 meV [63,67,68].

We performed CdS shell deposition on the obtained CdS/CdSe core/crown
NPLs to form the QRing heterostructure. The red-shifting absorption peaks
of the both CdS core and CdSe crown regions can be seen in Figure 3.4a-b as
each shell deposition cycle increases the total thickness of the QRings by 2 ML.
Due to the shallow conduction band offset between CdS and CdSe, the electron
wavefunction can spread over the CdS shell region and the effective bandgap of
the QRings decreases as a result of the diminishing quantum confinement [68].
As another manifestation of the shell coating, the emission peak of the CdSe
crown region is shifted towards longer wavelengths after each shell deposition
cycle [44]. For the rest of the text, the sample nomenclature for the QRings is
given as XSCd, where X is the number of deposition cycles performed on the 4
ML CdS/CdSe core/crown NPLs.

As the CdS/CdSe core/crown cores are the most quantum-confined nanostruc-
tures used in this study, the largest red shift occurs after the first shell deposition
cycle. The PL peak of the 4 ML CdS/CdSe core/crown NPLs located at 513
nm shifts to 585 nm, corresponding to a red shift of 72 nm (~297 meV), after 1
cycle of CdS shell deposition. Then, the amount of PL peak shift decreases to 30
nm (~103 meV), 16 nm (~51 meV) and finally 12 nm (~36 meV) for the each
succeeding shell deposition cycle. As another observation, the absorption spec-
trum is dominated by the CdS region as a result of the high atomic ratio of S/Se
within the QRings (Figure 3.4c-d), which causes a significant energy difference
between the photoluminescence peak and the dominant absorption peak of the
QRings. For the 1SCd sample as an example, the ratio of the heavy-hole (at 572
nm) and light-hole (at 538 nm) excitonic absorption peaks of the CdSe crown
region to the first absorption peak of the CdS core region (at 457 nm) is found to
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Figure 3.4: (a) Absorption and photoluminescence spectra of CdS/CdSe@QCdS
QRings, (b) the scaled version of (a) showing the red-shifting absorption peaks of
the CdSe crown coated with a varying-thickness CdS shell. (¢) EDX Spectrum of
1SCd QRings (inset: TEM image of the respective QRing) and (d) EDX spectrum
of 4SCd QRings (inset: TEM image of the respective QRing).
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be 44.5 and 19.7 by fitting a multi-component Gaussian curve to the experimen-
tal absorption data. The difference in the positions of the first absorption peaks
of the CdS core and the CdSe crown is 115 nm, which opens the way for these
QRings to be utilized as selective nanoprobes [69-71]. For the case of the sample
4SCd, the ratios reduce to 19.04 and 3.98, respectively; however, the difference in
the spectral positions of the first absorption peaks of the CdS core and the CdSe

crown exceeds 150 nm.

From Figure 3.1c, we estimated that the average thickness of a monolayer of
CdS is ~0.4 nm within the nanoplatelet structure, which is similar to the value
reported in the literature [44]. For example, for 4 cycle CdS coated samples, i.e.,
the sample 45Cd (4 ML on the upper surface and 4 ML on the lower surface
and with 4 ML core size, resulting in 12 ML in total), the total thickness of the
nanostructure reaches ~4.8 nm. As a beneficial side-effect of the shell coating, the
folded CdS and the CdS/CdSe NPLs unfold and become flat sheets, as in the case
of the only-core small CdSe NPLs, easing the TEM analysis. This observation
was previously reported in the literature when shell coating was performed on
the folded II-VI NPLs [37].

To support our results on the shell growth, we performed the same shell coating
procedure on the CdS NPLs (Figure 3.5). Starting from the as-synthesized 4 ML
CdS NPLs, we deposited the CdS shell monolayer by monolayer and observed
nearly the same excitonic peaks as in the case for the as-synthesized (4+2X)
ML CdS NPLs reported in the literature [20]. The absorption spectra of the 4
ML-core@X ML-shell CdS@CdS NPLs are very similar to those of the 4 ML-
core@X ML-shell CdS/CdSe@CdS QRings. However, there are some slight dif-
ferences between the absorption spectra of the CdS@QCdAS core@shell NPLs and
the CdS/CdSe@CdS core/crown@shell QRings due to the presence of the CdSe
crown region in the QRings, in addition to the CdS core region. The absorption
spectra of the QRings demonstrate the existence of both the CdS core and the
CdSe crown regions and the spectral position of the absorption peaks of the CdS
regions is not significantly affected by the presence of the CdSe crown region, for

the reason explained before.
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Figure 3.5: Absorption spectra of the core@shell CdSQCdS NPLs (dashed) and
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Figure 3.6: TRF curves of the CdS/CdSe core/crown inverted Type-I NPLs (In-
verted) measured in hexane and the XSCd QRings (X: 1-4) measured in NMF.
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Table 3.1: Lifetime components (in ns), respective fractional contributions (%),
and amplitude-averaged lifetime of CdS/CdSe core/crown NPLs (inverted) and
of CdS/CdSe@CdS core/crown@shell NPLs (QRings).
Sample 7 Ty T3 Ty Ay Aoy AsTs AuTy Tave
Inverted 0.15 1.24 9.25 59.37 846 17.09 25.65 4877 14
1SCd  0.18 1.34 9.28 5856 4.16 1294 29.06 53.82 2.7
25Cd  0.18 1.31 7.53 5244 16.16 20.73 31.27 31.82 0.9
35Cd  0.21 1.48 7.99 51.38 11.05 20.65 35.55 32.72 1.4
45Cd  0.31 1.91 880 51.36 5.21 1514 41.31 3831 3.3

From the time-resolved fluorescence decay curves, it can be asserted that the
CdS shell coating modifies the emission dynamics of QRings significantly. The
fitting of the TRF curves was successfully performed with 4 lifetime components
and the fitted curves are given in black lines in Figure 3.6. The respective life-
time components and the amplitude-averaged lifetime of the fitted TRF curves
are given in Table 3.1. The amplitude-averaged lifetime of the inverted Type-I
CdS/CdSe core/crown NPL cores is found to be ~1.4 ns (in hexane). After the
deposition of the first CdS shell layer, the average lifetime nearly doubles, to 2.7
ns (in NMF). One possible reason behind this prominent change is the lattice
strain on the 1 ML-thick CdS shell layer deposited onto each facet of the cores.
It has been shown that lattice strain can change material properties dramatically
in core/shell colloidal nanocrystals, and it is highly probable that the same effect
is in action in our case as well because of the difference in the lattice constants
of CdSe and CdS (~4%) [72]. As the first deposited CdS shell (1 ML on each
facet) is thinner than the 4 ML-thick CdSe crown, this crown exerts enough force
to the CdS shell to distort its equilibrium lattice, shifting its lattice constant to
larger values. This increase in the lattice constant of CdS decreases its bandgap,
hence lowering its conduction band level while raising its valence band level. An
opposite yet weaker effect is expected in the CdSe crown as it is thicker. This
change in the band alignment strengthens the Type-II character of the system
and increases the average lifetime significantly. After the deposition of the second
CdS shell layer, the force resulting from the lattice mismatch is distributed among
the CdS shell layers and the distortion in the first CdS shell layer decreases. As

a result, the systems Type-II character becomes weaker than that in the sample
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1SCd case and the average lifetime becomes 0.9 ns, shorter than the inverted
CdS/CdSe NPLs. Then, a monotonic increase in the average lifetime emanates
as the system is now quasi Type-II and the overlap between the electron and hole
wavefunctions is reduced with thickening CdS shell. However, it should be noted
that the real scenario behind this behavior is more complicated as the QRings are
more subject to the environmental effects due to the lack of insulating organic
ligands on the surface and there is a significant dielectric constant difference be-
tween the polar NMF and the nonpolar hexane solvents. We believe that this
may be the reason why the average lifetime of the sample 2SCd is smaller than
that of the CdS/CdSe NPLs.

3.4 Conclusion

In summary, we have presented the synthesis and characterization of the
CdS/CdSe@CdS QRings having quasi Type-II electronic structure. With suit-
able growth parameters, nearly pure 4 ML-thick CdS/CdSe core/crown inverted
Type-I NPLs were synthesized. After the CdSe crown growth, QRings with a
varying-thickness CdS shell were produced via c-ALD procedure. Due to the
extension of the carrier wavefunctions, mainly electrons, into the deposited CdS
shell layers, the emission and absorption peaks of the QRings red-shift gradually
with the deposition of each additional CdS layer. PL quantum yield of these
QRings with emission FWHM of ~20 nm was found close to 30%. In addition,
an increment in the radiative lifetime was observed, which is a characteristics of
reduced oscillator strength in Type-II and quasi Type-II nanostructures. These
findings suggest that the QRings are very promising candidates as a model sys-
tem for bandgap engineering studies and as a possible candidate for use in pho-

tonic/optoelectronic applications due to their distinctive optical properties.
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Chapter 4

Size-dependent Quantum Yield
Enhancement of Aqueous CdTe
Quantum Dots Post-treated with
Ag™' Cations

4.1 Introduction

Apart from the general use of nonpolar colloidal quantum dots in the literature,
aqueous nanocrystals have a special place in terms of unique applications owing
to their functionalized surface and suitability for mass-production. In a typical
nonpolar colloidal quantum dots synthesis, the general yield is a few grams at
most and it is hard to obtain more nanocrystal with the same quality as the
characteristics of the attained nanocrystals changes from batch to batch [73,74].
Given these, the suitability of aqueous CdTe quantum dots for mass-production
plays an important role as the yield of this synthesis can reach tens of grams and

can be scaled up further to satisfy the needs [75].

30



Thanks to the functionalized surface as a result of the aqueous synthesis tech-
nique, aqueous nanocrystals do not need extra effort to change the surface lig-
ands as in the case for the nanocrystals synthesized in nonpolar media [76, 77].
They can be directly used in applications including bio-labeling [78, 79], dip-
coating [80-82] and magnetic resonance imaging [83,84], which places them among

the scientifically interesting and important nanomaterials.

Yet the optical properties of aqueous quantum dots suffer from some problems,
including low quantum efficiency. The typical photoluminescence quantum yield
of the aqueous CdTe nanocrystals is below 40% in the only-core state and requires
additional treatment to achieve higher values. To increase the quantum yield of
aqueous CdTe quantum dots, different routes have been shown in the literature
including shell coating, surface modification and annealing [85-87]. Among the
available options, doping has a special place as it offers an easy and reproducible
way to enhance the optical properties of the available nanocrystals. Different
variations of doping on aqueous CdTe nanocrystal have been demonstrated and
the versatility of the method has been confirmed via experimental data [88-90].
However, these examples have been performed on a limited number of samples
and no general information about the behavior of aqueous CdTe quantum dots

with different sizes under different doping levels have been understood to date.

In this part of the thesis, we showed that the quantum yield increase with re-
spect to doping level is a strict function of the nanocrystal size and the attainable
maximum photoluminescence quantum yield via doping is limited by the choice
of the quantum dot size. The quantum yield measurements were supported via
time-resolved fluorescence (TRF) measurements and it was shown that the quan-
tum yield increment is due to the increased lifetime of the nanocrystals resulting
from the trap state annihilation by dopant atoms. The integrity of the nanocrys-
tal lattice was checked via powder x-ray diffraction (PXRD) measurements and
it was confirmed that the CdTe lattice is protected at the doping levels of inter-
est. This work is fully taken from our journal publication article, which is under

preparation.
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4.2 Experimental Methods

4.2.1 Synthesis of Aqueous CdTe Quantum Dots

The synthesis of aqueous CdTe quantum dots was carried out using a re-
ported method with slight modifications [42]. In a typical synthesis, 4.59 g of
Cd(ClOy)3 - 6H20 was dissolved in 500 mL of deionized water in a 3-neck round
bottom flask. To this solution, 1.33 g of thioglycolic acid (TGA) was added under
constant stirring. The pH of the solution was brought up to 11.8 by the drop-wise
addition of 1M NaOH solution. After pH adjustment, the solution was deaerated
with bubbling of high-purity argon gas for 30 min. To a separate flask, 0.8 g of
AlyTes was loaded in a glove box as it is an air-sensitive material. Then, this flask
was connected to the main flask under argon protection. Subsequently, HyTe gas
was generated via slow addition of H,SO, into the Aly;Tes-containing flask and
the generated gas was carried to main flask with a slow argon gas flow. After the
gas generation stopped, argon gas flow was terminated and the main flask was
connected to a condenser. The main flask was refluxed at various times to obtain

the CdTe quantum dots with different size.

The resulting CdTe QDs were purified via addition of 2-propanol and centrifu-
gation. Finally, they were dissolved in deionized water to obtain 10 uM stock

solutions for the doping study.

4.2.2 Ag-Doping of CdTe QDs

For silver doing of CdTe QDs, AgNO3 was dissolved in deionized water to obtain
4 mM solution. Then, a certain amount of this stock solution was added slowly to
the vials containing 10 nmol of CdTe Ds (equivalent tol mL of stock solution)

under vigorous stirring.
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4.2.3 Absorption, PL and Quantum Yield Measurements

The absorption, photoluminescence, quantum yield, and time-resolved fluores-
cence measurements were carried out without further purification of the QD dis-
persions as the purification steps can change both the optical characteristics and

the colloidal stability of the cleaned quantum dots.

The quantum yield of the samples was measured by the utilization of the
commercial Rhodamine 6G dye dissolved in ethanol as the reference (absolute
QY - 0.95). The optical density of the dispersions was kept within the range 0.03-
0.05 to ensure the elimination of the self-absorption effects. Then, the absolute
quantum yields of the samples were calculated following the method given in
Ref. [91].

4.3 Results and Discussion

Aqueous CdTe nanocrystals were synthesized with different size according to
the literature method [42]. The normalized photoluminescence and absorption

spectra of the resulting nanocrystals are given in Figure 4.1.

For this study, we used 5 different-sized CdTe nanocrystals to show the effect of
crystal size on the quantum yield enhancement. The resulting PL peak positions
of the nanocrystals are 525, 562, 587, 604 and 621 nm. The full-width-half-
maximum (FWHM) values of the PL spectra are larger than those of typical
nonpolar CdSe quantum dots, which were 37, 47, 50, 54 and 52nm for S1-5,

respectively.

As they are widely utilized in the literature, the properties including extinction
coefficients of the core-only CdTe nanocrystals are well known. In this study, the
size and concentration of the CdTe nanocrystal dispersions were determined using
the experimental size-dependent absorption cross-section provided in [38]. The

mathematical formulae describing the size and extinction coefficients of CdTe
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Figure 4.1: Absorption and photoluminescence (PL) spectra of aqueous CdTe
quantum dots.

nanocrystals are given in Eq. 4.1.

D =9.812721077\* — 1.71742107°\? + 1.0064\ — 194.84 (4.1)

¢ = 10043 D*1'2

Here, A\ denotes the position of the first excitonic absorption peak in nanome-
ters, whereas D (nm) gives the size of the quantum dots and € is the extinction
coefficient. The calculated size information of our nanocrystals is provided in
Table 4.1.

Table 4.1: Size information for 5 different CdTe dispersions used in this study.

Sample First Absorption Peak (nm) Photoluminescence Peak (nm) Size (nm)

S1 489 525 2.01
52 532 562 3.01
S3 955 a87 3.29
54 D72 604 3.44
S5 290 621 3.58

First, we cleaned all the nanocrystal dispersions following the literature method
[41]. Then, the stock solutions of each CdTe nanocrystal were prepared by dis-

solving the CdTe quantum dots in deionized water and the concentration of each
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solution was kept fixed at 10 uM. After concentration adjustment, the nanocrys-
tals were placed into glass vials in 1 mL portions, making the amount of nanocrys-
tals in each vial 10 uM x 1 mL = 10 nmol, and treated with Ag™ ions in solution
and the changes in the optical properties were examined through absorption,

photoluminescence and time-resolved fluorescence spectroscopy.

From the previous studies, it is a well-known fact that the excess addition of
some ions including Ag™, Hg?t and Cu?" quenches the emission of CdTe/CdSe
nanocrystals [92-94]. However, the silver ions in small amounts, generally a few
silver ions per nanocrystals, enhance the emission of CdTe nanocrystals [95].
Following these findings, we determined the range in which the addition of silver
ions will increase the quantum yield and the experiments were conducted within

this range.

To investigate the effect of doping level on optical features, we added increas-
ing amounts of silver ions into the vials and recorded the absorption and emission
spectra. With the addition of silver ions, it was observed that the photolumines-
cence peak of the samples was red-shifted slightly and the quantum yield of the
samples increased with varying levels with respect to the amount of the silver ions
introduced into the solutions (Figures 4.2-4.3). The reaction takes a few hours to
reach completion at most thanks to the fast and effective cation-exchange reaction
between Cd?* and Ag™ ions [96].

A photograph of the S2 series under UV light is given in Figure 4.2. In this
figure, the color change of the dispersions is evident, indicating the successful

incorporation of the silver ions into the aqueous CdTe nanocrystals.

The red shift observed after the doping process is attributed to the incorpo-
ration of the silver ions into the quantum dots, consuming pure CdTe QDs and
forming AgCdTe and AgyTe QDs. In Figure 4.3, samples belonging to S5 sample
set are presented under both day light and UV excitation. As it is clearly seen,
the color of the CdTe quantum dots darkens as the doping level increases. If the
doping level is increased further, a black-colored dispersion is obtained, indicating

the increasing amount of silver telluride.
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Figure 4.2: S2 series under UV excitation (U: Untreated S2 and 1-3: S2 samples
treated with increasing amount of silver ions).

Figure 4.3: S5 series under (left) day light and (right) UV light. The leftmost
sample is the cleaned S5 sample without silver addition. The doping level in-
creases towards right. The emission red-shifts and decreases till it disappears as
a result of the elevated doping level (The rightmost sample).
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To obtain the data presented in Figures 4.4 and 4.5, the absorbance of the
nanocrystal dispersions at 468 nm was kept within the 0.03-0.04 range to prevent
the self-absorption effects and the absorption value within each sample set was
fixed with respect to the undoped sample; thus, the photoluminescence spectra
reflect the relative quantum yields of the samples within a sample set. Due to the
significant overlapping, the absorption spectra of the sets were given with offset

in vertical axis to make the visual inspection of the data easier.

For the small-sized CdTe nanocrystals (Figures 4.4 and 4.6), increase in the
quantum yield was apparent and the ratio of the maximum quantum yield ob-
tained to the quantum yield of the stock solution reached ~2.25 for Sample S1.
The absolute quantum yield of Sample S1 went from 10.7% (PL peak ~525 nm)
up to 24.2% (PL peak ~539 nm), which is a significant number for an aqueous
CdTe dispersion at the respective emission peak. Sample S2 had a maximum
quantum yield ratio of ~1.5 with an initial quantum yield of 43% (PL peak ~562
nm) and a maximum quantum yield of 64% (PL peak ~573 nm). The values of
the initial and maximum QY and the maximum QY ratio for Sample S3 were
found to be 38% (PL peak ~587 nm), 45.7% (PL peak ~596 nm) and 1.2, re-

spectively.

For the larger CdTe nanocrystals (Figure 4.5), the quantum yield did not
increase to a considerable extent. To exemplify, the addition of silver ions did
not affect the emission of Sample S5 in a significant way at low doping densities,
making the initial quantum yield of the solution (~50% PL peak ~621 nm) nearly
the same with the doped samples QY (~49% PL peak ~625 nm). However, at
high doping levels, the photoluminescence of Sample S5 was quenched completely,

rendering them useless for photonics/optoelectronics applications (Figure 4.3).

The results presented here can be achieved routinely by applying the procedure
given in Section 4.2 - Experimental Methods. However, QDs with even higher
quantum efficiency levels can be produced by careful adjustment of the experi-
mental conditions. For example, we could achieve a record high quantum yield
of 68% for the doped S2 sample with a very slow addition of 10 uL of silver stock

solution and we believe that this value can be pushed up further with careful
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Figure 4.4: Absorption and photoluminescence spectra of aqueous CdTe QDs
(S1-3) with different silver cation levels.
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Figure 4.5: Absorption and photoluminescence spectra of aqueous CdTe QDs
(S4-5) with different silver cation levels.

adjustment and optimization of the size and doping level.

From the results obtained in this study, the optimal range of silver ions for
a successful post-treatment of aqueous CdTe nanocrystals was calculated and it

was found to be:

5—15ul x 4mM Ag* i
pL x 4m g" 1lons =2 —6Ag" ions/nanocrystal. (4.2)

1 mL x 10 puM nanocrystals

The calculated amount is similar to the ones reported to be effective in the
literature and demonstrates the success of our technique [97]. To gain further
deeper insight into the effects of silver ions on CdTe nanocrystals, we performed

powder X-ray diffraction (PXRD) study on our samples to observe the differences
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Figure 4.6: Quantum yield of the samples (left) and the maximum relative quan-
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Figure 4.7: (Left) XRD patterns and (Right) TRF curves of CdTe QDs treated
with silver ions.
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caused by the doping process (Figure 4.7). The samples used for the PXRD study
were cleaned multiple times to discard the excess precursor and possible reaction
byproducts. Then, the quantum dots were casted into thick films to obtain high
enough signal levels. The data presented in Figure 4.7 shows three distinct peaks
of CdTe system and confirms the cubic lattice of both the undoped and doped
CdTe nanocrystals [78]. As it can be seen, no significant difference among the
diffraction curves of the samples exists. Moreover, the PXRD results showed
no evidence for the existence of a second phase such as Ag,Te, confirming the
uniform doping of CdTe nanocrystals. This is an expected result since these
experiments were carried out at low doping levels and the doping conditions were

optimized to obtain uniformly doped nanocrystals.

To find the underlying mechanism behind quantum yield enhancement, time-
resolved fluorescence experiments were carried out on these nanocrystals with
different levels of doping (Figure 4.7). The nanocrystal dispersions were excited
using a pulsed UV laser emitting at 375 nm integrated into the commercial Pico-
Quant FluoTime 200 TCSPC system. The signal was collected at low excitation

density to prevent the interference of higher order kinetics to the results [98].

Table 4.2: Lifetime components (in ns), respective fractional contributions (%),
and amplitude-averaged lifetimes of Ag-treated aqueous CdTe dispersions (Sam-
ple S2).

Sample T1 T2 T3 T4 AlTl AQTQ A37'3 A47'4 TAVG
Opl 2853 13.88 385 0.70 29.32 47.08 14.84 8.76 15.53
5pul 44.03 1599 - - 67.72 32.28 - - 3498
10 pL 49.86 17.48  — - 7838 21.62 - —  42.86
20 L 56.34 - - - 100 - - - 956.34

The results demonstrated that the amplitude-averaged lifetime of samples in-
creased significantly by higher levels of silver. The undoped CdTe nanocrystals
had an average lifetime of 15.55 ns and the respective TRF decay consisted of 4
lifetime components. Surprisingly, the number of lifetime components decreased
by increasing the amount of doping, which indicates the blocking of some exciton
decay channels. The blocked channels were found to be the ones with the short-

est lifetime values. This indicated that these channels with short lifetimes were
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Figure 4.8: (Left) Average lifetime versus the amount of silver ions and (Right)
the ratio of the number of the surface atoms to the total number of atoms within
a zinc blende CdTe nanocrystal as a function of the nanocrystal size.

related to the nonradiative channels mostly as the suppression of these channels
led to an enhancement in quantum yield [42]. In the as-synthesized case, the
quantum yield of Sample S2 was measured to be ~43% and the average lifetime
was measured to be 15.53 ns. After addition of 5 uL of silver solution, the quan-
tum yield increased to ~60%), while the amplitude-averaged lifetime increased to
34.98 ns. When the amount of silver was increased to 10 ul, the average lifetime
went up to 42.86 ns. For the 20 uL case, the lifetime became 56.34 ns, which
signifies that the relation between the doping level and the lifetime is nonlinear
(Figure 4.8).

This trend in lifetime-doping level can be explained by taking the dangling
bonds, traps, etc., on the surface of the nanocrystals into consideration. In a
recent study, it was shown that the aqueous CdTe QDs have tellurium-related
surface traps and that these Te-related traps have a dominant role in low quan-
tum yield of aqueous CdTe nanocrystals via synchrotron X-ray photoelectron
spectroscopy measurements [99]. In a later study, the relative energy of these Te-
related defects was examined by electrochemical methods and it was concluded
that the energy of these traps is around the valence band edge energy of the CdTe
quantum dots (Figure 4.9) [100]. Moreover, it was confirmed that the energy of

these trap sites is not fixed and changes in accordance with the nanocrystal size.
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Figure 4.9: Size dependent electrochemical behavior of aqueous CdTe nanocrys-
tals. Reprinted (adapted) with permission from S. K. Poznyak et al. [100] Copy-
right 2005 American Chemical Society.

For the smaller QDs, these traps sites remain within the bandgap of nanocrys-
tals, facilitating the hole transfer from quantum dots to the Te-defect sites. Thus,
these traps cause both the reduced quantum yield and the short average lifetime
values. When the size of the nanocrystal is increased, the energy of the traps gets
lower while the energy of the valence band edge of the quantum dot gets higher
in the energy bandgap diagram [42]. After a certain nanocrystal size, the trap
site becomes embedded within the valence band, which makes the hole transfer
inefficient (Figure 4.10).

As the surface traps in aqueous CdTe nanocrystals result from the 3-fold co-
ordinated surface Te?~ anions, it is expected that Ag™ cation can passivate them
effectively for it can bind and provide surface Te anions with 4-fold coordination.
Furthermore, its ionic radius in +1 oxidation state is similar to that of Cd?*
cation, which reduces the possible lattice distortions due to the silver incorpora-

tion to the nanocrystals.
Although silver can both undergo cation exchange reaction and attach to the
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Figure 4.10: (Upper) Size-dependent behavior of the Te-related traps in silver-
doped CdTe QDs and (Lower) trap annihilation process by binding of silver atoms
to the defect sites. Blue, white and yellow lines represent the positions of con-
duction and valence band edges and of the Te-related surface traps, respectively.
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surface Te atoms, the surface trap annihilation process is more favorable compared
to the silver ions replacing the cadmium cations as the surface is more available to
such interactions and the replacement of cadmium with silver typically requires
more energy. As the as-synthesized quantum dot dispersions have a relatively
high density of surface traps, which results from the synthesis procedure and the
cleaning steps, the number of silver ions consumed by these surface traps will be
higher at the initial stages of doping. With the addition of increasing amount
of silver, more of these traps will be annihilated and the number of remaining
trap sites will be reduced. After a portion of the surface traps are eliminated, the
incorporation of the silver ions into the interior parts of the nanocrystals becomes
more favorable. As the silver has a slightly different ionic radius and is in +1
oxidation state, the crystal lattice of the nanocrystals starts to be distorted with
increasing number of the replaced cadmium atoms, which results in quantum

yield drop.

As another point, by a simple reasoning, the surface-passivating silver atom
is expected to behave as an n-type dopant for it binds to the undercoordinated
surface Te atom by providing an extra electron. This situation resembles the in-
terstitial doping as in both cases the total number of atoms within the nanocrystal
increases. On the other hand, the silver ions replacing cadmium ions within the
crystal lattice will assume a p-type doping character due to +1 oxidation state
of the silver. From this perspective, it can be concluded that silver enhances
the quantum yield if it is introduced as an n-type dopant whereas quenches the
emission if it is p-type, which is perfectly consistent with the behavior of the
Ag-doped nonpolar CdSe QDs discussed before [97].

Following the surface trap scenario, the size-dependent quantum yield enhance-
ment of CdTe nanocrystals can be explained. In Figure 4.10, the position of the
trap sites with respect to the valence band edge is given and the mechanism how
silver atoms function to enhance the quantum yield is provided. As the energy
of the Te-related surface traps is size-dependent, the effect of silver-doping is also
dependent on the nanocrystal diameter. For small QDs, the holes in the valence
band of the QDs can be captured by the Te-related surface defects easily. Thus,

the quantum efficiency of the QDs can be lowered significantly due to the presence
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of such defects. With the addition of a small amount of silver, these defects are
eliminated and a huge enhancement in quantum efficiency can be observed. This
was ~2.25-fold for sample S1 in our experiments. When the nanocrystal size gets
larger, the Te-related traps become shallower and their quenching effect reduces.
As a result, the quantum efficiency recovery ratio reduces as a result of increasing
QD size. After the size of QDs exceeds a certain limit, the quantum yield cannot
be enhanced via silver doping, for the traps are within the valence band. How-
ever, cation exchange reactions can still reduce quantum yield significantly owing
to the lattice distortions explained before. The critical size for the as-synthesized
core-only MPA-capped CdTe QDs was given ~4 nm in the literature [42]. For
our TGA-capped silver-doped core-only CdTe QDs we found that the critical size

is around 3.5 nm.

Moreover, as the number of surface atoms occupies a higher fraction of the to-
tal atoms (Figure 4.8) and the effect of surface states on the excitonic dynamics
is more pronounced for smaller nanocrystals, it is expected that the recovery of
the quantum yield for smaller quantum dots will be greater. This is expected as
the carrier wavefunctions of the first excitonic state have the highest probability
density at the center of the nanocrystal and the overlap of charge carrier wave-
functions with the surface imperfections is greater for smaller QDs; hence, the

charge carriers become more influenced by the surface traps.

The significant change in fluorescence lifetime supports the incorporation of
the silver ions into the CdTe nanocrystals. However, to further verify the presence
of silver in the Ag-treated CdTe nanocrystals, we used X-ray photoelectron spec-
troscopy (XPS). As the percentage of silver is minute for our samples presented
above (< 1%), new samples with higher doping levels were prepared following
the sample preparation steps until a detectable silver signal obtained in the XPS
spectra. As we cleaned our samples multiple times to ensure the disposal of the
reaction byproducts and unreacted precursor molecules, the signal results only
from the silver ions incorporated into the nanocrystals (Figure 4.11). The po-
sitions of the cadmium, silver and tellurium peaks are consistent with the XPS

spectra of the Ag-doped CdTe quantum dots given in the literature [95].
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Figure 4.11: XPS analyses of Ag-doped CdTe nanocrystals.

4.4 Conclusion

In this study, we have shown that the quantum yield of the aqueous CdTe quan-
tum dots can be enhanced by utilizing the silver-doping procedure. Via the
addition of a suitable amount of silver cations into the quantum dot dispersions,
it has been successfully demonstrated that the spectral response of the aqueous
CdTe quantum dots can be tuned and the exciton decay kinetics can be changed
in a controllable way to obtain nanocrystals with desired properties. Moreover,
the mechanism behind the size-dependent quantum yield enhancement for the
silver-doped CdTe QDs was explained based on the quantum yield and time-
resolved fluorescence measurements. As the last part of the study, the structural
integrity of the doped nanocrystals has been confirmed with powder X-ray diffrac-
tion measurements and the incorporation of silver into nanocrystals was verified

with X-ray photoelectron spectroscopy.
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Chapter 5

Colloidal Atomic Layer
Deposition-Assisted Doping of
CdSe Nanoplatelets

5.1 Introduction

Since the beginning of the nanocrystal research, the doping of the nanocrystals has
become a matter of significance as it paves the way for both new and enhanced
properties [97]. Among the available elements for the doping of nanoparticles,
manganese has a special place thanks to its magnetic properties [61,101]. The
effect of manganese-doping has been explored using nanocrystals belonging to
various material systems including II-Se, II-S, II-O and III-V [102-108].

Among these materials, CdSe and CdS nanocrystals have been utilized widely
owing to their superior optical performance including high quantum yield, nar-
row and easily tunable photoluminescence spectrum and availability of different
crystal structures and various shapes under ambient conditions. With the intro-
duction of zinc blende CdSe and CdS nanoplatelets, the effect of confinement type

on the optical behavior has been shown in various ways, including the distinct
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absorption and photoluminescence spectra, higher optical gain coefficients and
faster exciton dynamics [65,109,110]. Furthermore, the advances in nanoplatelet
research have provided us with the capability of controlling the material synthe-
sis and shell-coating with atomic precision via colloidal atomic layer deposition
technique (c-ALD) [44].

Although doping of different types of nanomaterials has been shown in the liter-
ature, there is no report on the doping of zinc blende CdSe and CdS nanoplatelets.
As the thickness of the nanoplatelets reported so far is between 3 and 7 layers
of CdSe or CdS, the incorporation of dopant ions into the nanoplatelets presents
an overwhelming challenge due to the lattice strain and self-purification system

found in nanocrystals [111,112].

The aim of this study is to demonstrate the eligibility of colloidal atomic
layer deposition technique for the successful doping of the zinc blende CdSe@CdS
core@shell nanoplatelets. Moreover, c-ALD gives the opportunity to determine
the distance of the dopant atoms from the center of NPLs, which enables a novel
way to explore the position-dependent behavior of manganese atoms within the
resulting NPL nanostructure. This work is partially based on and contains data

from our associated journal publication article, which is under preparation.

5.2 Experimental Methods

5.2.1 3 ML CdSe Core Synthesis

First, 217 mg of (Cd(OAc)s - 2H50), 0.3 mmol of Se dissolved in 2 mL of 1-
octadecene (ODE), 0.36 mL of oleic acid OA, and 10 mL of ODE were put into
a three-neck flask. Under argon protection, the temperature of the flask was
raised to 250°C within 20 min and kept at this temperature for 3 min. Then, the
flask was quickly cooled down to room temperature. The resulting NPLs were
precipitated with the addition of acetone and centrifugation. The supernatant

was discarded and the precipitate was dispersed in hexane for further processing.
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5.2.2 5 ML CdSe Core Synthesis

5 ML CdSe NPLs were synthesized following a recipe in the literature [20]. 170
mg of cadmium myristate and 14 mL of ODE were put into a three-neck flask and
pumped down to remove the air and moisture for 1 h at room temperature. Then,
this mixture was heated to 250°C under argon protection. 12 mg of elemental
selenium was dissolved in 1 mL of ODE and swiftly injected into this mixture.
After one minute, 120 mg of (Cd(OAc), - 2H50) was added into the flask. The
flask was kept at 250°C for 10 min and 0.5 mL of oleic acid was injected before
cooling it down to room temperature. CdSe NPLs were precipitated with the
addition of acetone and centrifugation. The supernatant was discarded and the

precipitate was dispersed in hexane for further processing.

5.2.3 CdS Shell Deposition and Mn-Doping

For the doping study, we used a modified version of the recipe [44]. Mn?* ions were
introduced as manganese (II) acetate complex. First, CdSe NPLs were purified
to discard the unreacted precursors. After purification, 1 mL hexane solution of
CdSe NPLs and 1 mL of NFA were put into a centrifuge tube. Then, aqueous
ammonium sulfide was added into this mixture to deposit a sulfur layer onto the
NPLs . After the addition, the color of the NPLs changed and the NPLs were
transferred to NFA phase. Subsequently, NPLs were seperated out of the reaction
mixture by adding toluene—acetonitrile and centrifugation. The supernatant was
discarded and the precipitate was dissolved in 1 mL of NFA. The cleaning step was
repeated once more to discard the unreacted molecules. Afterwards, the doping
was achieved adding Mn?* — Cd?* mixture. This precursor solution was prepared
by mixing NFA solutions of manganese (II) acetate and cadmium nitrate tetra
hydrate by 1/9 Mn/Cd atomic ratio. The same cleaning procedure was applied
to remove the unreacted precursors. Similarly, CdS shell coating was carried
out without using manganese (II) acetate solution. As shown in the literature,
this step can be repeated as much as needed to achieve the desired NPL shell

thickness.
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5.3 Results and Discussion

As the first part of this study, we synthesized the CdSe core NPLs with 3 and 5ML
thickness (see Figure 5.1). After the purification of the core NPLs, a modified
c-ALD procedure was used to introduce the manganese ions into the nanoplatelet
structure. As the shell material, we used CdS as it provides nanoplatelets with a

quasi Type-II electronic structure, resulting in successful passivation of the CdSe
NPL surface [37].

First, the CdSe core NPLs in hexane were sulfur-coated and phase-transferred
to n-methyl formamide (NFA) using the aqueous (NHy4)2S precursor. Then, the
NPLs were cleaned and a solution containing nitrate salt of cadmium and the ac-
etate salt of manganese was used for the incorporation of the Mn?* ions. We used
the same procedure to obtain the doped versions of the 3 and 5 ML-thick CdSe
NPLs. The absorption and PL spectra of the attained Mn-doped CdSe@CdS
core@shell NPLs are presented in Figure 5.2.

The presence of the emission tail at the longer wavelength side of the PL
spectrum for the doped-NPL with a 3ML CdSe core is significant. Although
it seems much like a combination of NPL photoluminescence and manganese
emission, we confirmed that the tail resulted from the usage of cadmium nitrate.
Our experimental results indicated that the core@shell CdSe@CdS NPLs give a
similar PL signal when the cadmium nitrate salt is used even in the absence of
the manganese ions, which further confirms that it was not due to manganese

ions, but results from the traps formed by cadmium nitrate.

To observe the behavior of this defect state and to determine its character-
istics, the c-ALD procedure was repeated on the CdSe@CdS:Mn NPLs without
the addition of the Mn(ace)s into the cadmium precursor solution. After the
first cycle of CdS deposition following the manganese doping, the tail emission
was decreased; however, its spectral shape did not show any significant change.
After the second deposition cycle, the PL spectrum of the doped NPLs became

virtually symmetric, indicating the reduced exciton transfer from NPL to the
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Figure 5.1: A process flow diagram describing the synthesis of Mn-doped NPLs.
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Figure 5.2: Absorption and PL spectra of CdSe@CdS NPLs using 3 and 5 ML-
thick CdSe cores.
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Figure 5.3: Absorption and PL spectra of Mn-doped CdSe@QCdS core@shell
nanoplatelets with different number of shell layers.

defect states (Figure 5.3). This result suggests that the energy of the trap site
is within the bandgap of the doped NPL; however, it goes into either conduction
or valence band with weakening quantum confinement. The critical thickness for
this transition was found to be (3CdSe + 2SCd:Mn + 4SCd ) = 9 ML for our
NPLs.

To gain more insight into the exciton dynamics of the resulting NPLs, energy-
resolved TRF spectroscopy was utilized (Figure 5.4). Our results indicated a
steady increase of the amplitude-averaged lifetime towards lower energy, starting
from ~2 ns at 525 nm up to ~40 ns at 680 nm, further confirming that the
defect emission was not due to the presence of Mn ions as the typical lifetime for
Mn dopant emission was reported to be in the order of milliseconds [88]. When
combined with the PL spectrum, this shows us that the defect states are long-
lived with respect to the band-edge state of the NPLs and their contribution at
the low-energy side dominates the PL spectrum of the doped NPLs.

The presence of the manganese within the NPLs was verified via photolumi-
nescence measurements under magnetic field (Figure 5.5). For the magneto-PL

measurements, NPLs were excited using the linearly polarized output of a solid
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Figure 5.4: Spectral behavior of CdSe@CdS NPLs with 3 ML CdSe core and a
Mn-doped CdS shell.
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Figure 5.5: Circular polarization of NPL emission under varying magnetic fields
at 7 K. (In collaboration with Petrou Lab, Department of Physics, SUNY at
Buffalo, Amherst, New York, USA)
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state laser emitting at 405 nm and the NPL emission was collected in the Faraday
geometry in which applied magnetic field is parallel to direction of the emitted
light [113]. The separation of the NPL emission into left and right circularly-
polarized components was achieved via a combination of a quarter-wave plate

and a linear polarizer. The circular polarization is given by Eq. 5.1.

I+ — I,-

CP=———
I+ + I,-

(5.1)
Here, I,+ and I,- are the intensities of the left and right circulary-polarized

emission, respectively.

Thanks to the strong magnetic response of manganese, we could measure the
magnetic field dependent circular polarization of the doped NPL emission; how-
ever, undoped NPLs did not exhibit any significant magneto-optic response under
such strong magnetic fields as a result of the intrinsically weak magnetic proper-
ties of CdSe and CdS materials. This is a clear indication that manganese is not
only incorporated, but it is active within the NPL lattice, as well. Moreover, Fig-
ure 5.5 demonstrates that the physical positition of the manganese atoms within
NPLs changes the strength of the magnetic response. The doped NPLs with 3
ML CdSe core achieved higher circular polarization than the doped NPLs with
5ML-thick CdSe core could. As the strength of magnetic response is related to
the dopant-exciton interaction, the distance of the dopant atoms from the center
of the nanoparticles plays a key role. In our method, the manganese ions were
placed on the surface of the CdSe cores; however, the distance of the manganese
ions to the NPL center for the doped NPLs with 5 ML core is larger than that
of the NPLs with 3 ML core by the thichness of a monolayer of CdS. Thus, the
spatial overlap of the resulting carrier wavefunctions and dopant atoms is much
greater for the doped NPLs with the 3ML cores than that for the ones with the
5 ML core.
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5.4 Conclusion

In this study, we have demonstrated the successful doping of zinc blende CdSe
NPLs with manganese. The cadmium-nitrate related defect emission and its exci-
ton dynamics were shown via photoluminescence and energy-resolved TRF mea-
surements. The optical behavior of these Mn-doped NPLs was presented under
varying magnetic field strengths. The presence and activity of manganese atoms
were confirmed by the strong circular polarization of the doped NPLs. Further-
more, the effect of carrier-dopant overlap on the magnetic response strength was
demonstrated by placing the manganese atoms in different layers within the NPL
structure. It was shown that a greater spatial overlap results in higher magnetic

activity for the manganese-doped NPLs.
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Chapter 6

Summary and Future Work

In the first part of this thesis work, we showed that the synthesis of complex
nanostructures is now possible thanks to the recently introduced nanoplatelet
family. Although some simple examples of complex nanostructures were pro-
vided in the previous literature, the absence of the nanoplatelet family and the
advanced highly anisotropic deposition methods, such as crown coating, has post-
poned the demonstration of a truly complex nanostructure with profound shape
anisotropy. With this thesis study, we demonstrated that such nanostructures
can be synthesized using the advanced colloidal deposition methods. Although
we have shown only a core/crown@shell nanostructure making a QRing, the same
methods can be applied to form more complex structures, enabling the precise
bandgap engineering of NPLs to obtain enhanced properties. For the future work,
our plan is to demonstrate QRings with continuously tunable emission. The pho-
toluminescence of the NPLs presented in this part can be tuned as shown in the
related figures. Also, it is possible to tune the emission of the core/crown NPLs
with the adjustment of the lateral size of the CdSe crown. If the lateral size of the
crown becomes comparable to the thickness of the NPL, the wavefunction of the
carriers will be modified due to the increased quantum confinement. As a result,
the effective bandgap of the core/crown NPLs will increase and the emission will
blue-shift compared to the core/crown NPLs with large crown sizes. By applying

the shell deposition on core/crown NPLs, the continuously tunable emission from
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core/crown@shell NPLs will be obtained.

In the second study, we presented a systematic method to probe the internal
dynamics of aqueous CdTe QDs when doped with silver atoms. This simple post-
processing method has enabled us to explore the size-dependent enhancement of
the optical properties of the silver-doped QDs. Our experimental findings indi-
cated that the inconsistencies encountered in the literature on the silver-doped
aqueous CdTe QDs may be the result of the nanocrystal size as the response
of QDs to silver ions can change significantly with its size. We have found that
smaller QDs show a pronounced quantum yield recovery when treated with a suit-
able amount of silver ions and the increase can easily exceed 2-folds. However,
our findings also indicated that the quantum efficiency of the larger QDs cannot
be increased via silver treatment. With our experimental data and the earlier
findings presented in the literature, we have demonstrated that this results from
the existence of under-coordinated tellurium atoms on the surface of the QDs.
It was found that silver ions increase the quantum yield of QDs via binding to
the surface tellurium atoms, thus making them 4-fold coordinated. Moreover,
we discovered that the size-dependent behavior of the silver-doped CdTe QDs is
a direct result of the size-dependent position of the surface trap states formed
by 3-fold coordinated tellurium atoms. With our systematic study here, it was
shown that the critical size for our QDs is around 3.5 nm, which is similar to the
value reported in the literature. As a result, we provided a facile way to enhance
the optical properties of aqueous CdTe QDs. The future work on this subject will
be the investigation of silver doping process on different kinds of nanocrystals.
Especially, the ones with lower quantum efficiencies will be examined and a sys-
tematic study will be performed to observe the effects of doping. Also, the effects
of other ions on the colloidal nanocrystals will be investigated, including both
homovalent and heterovalent ions. Among the heterovalent ions for the II-VI
family of nanocrystals, +3 ion of manganese has a special place as it can provide

nanocrystals with both electronic doping and magnetic properties.

In the third study of this thesis, we proposed and demonstrated a doping
method for the zinc blende nanoplatelets for the first time. Our method is based

on the colloidal atomic layer deposition technique and proved to be useful for
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the doping of nanoparticles with high shape anisotropy. The simplicity and the
versatility of the c-ALD process makes it a perfect choice for this kind of doping
studies as it is an easy, room-temperature process, and it provides means to
control the exact position of the impurity ions. Using the superior position control
provided by c-ALD technique, we demonstrated that the exciton-dopant overlap
plays a significant role in the determination of the magnetic response. As the
carrier wavefunctions of the first state are dense around the center of the NPLs,
the exciton-dopant interaction is expected to be stronger if the dopant ion is
placed near the center. Indeed, our experimental data showed that the strength
of the magnetic response is inversely proportional to the distance of the dopant
ions to the center of the NPLs. For our future work, this project will be merged
with the QRing project presented previously. With the current method, we can
control only the vertical position of the impurities, however the methods used
in the QRing project can provide us with alternative methods to control the
position of the dopant ions in other directions. Via controlling the position and
the amount of manganese ions within the NPLs, we target to increase the circular
polarization of the system. As the doped NPLs are still highly emissive, they will
be the perfect choice for the realization of the spin-based optoelectronic devices,
such as LEDs emitting circularly polarized narrowband light. As another project
in this track, the c-ALD assisted doping method will be extended to produce NPLs
doped with other ions, such as nickel, magnesium and calcium. With this study
we aim to explore the effects of different dopant ions on NPL structures as there
is always need for methods to enhance the properties of the available materials.
The main goal will be the enhanced quantum yield and less photodegradation,
which will enable us to benefit from NPLs as the active material for advanced

optoelectronic devices.

To sum up, we have shown the potential and versatility of the nanocrystal
synthesis and colloidal post-processing in this thesis work. Via utilization of the
proper techniques, nanocrystals with desired properties can be achieved. The
simplicity and cheapness of the colloidal synthesis and post-treatment methods

combined with the easy-to-perform solution-processing methods developed for
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colloidal nanocrystals forms a basis for the utilization of nanocrystals in elec-
tronic, photonic and optoelectronic devices. With further advances in this field
of research, we believe the nanocrystals will possibly be the material of choice for

the production of future large-area devices.
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