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Abstract

The properties of semiconductor nanocrystals depend not only on their chemical com-
position, but also on their size and shape. In order to improve the optical properties
of nanocrystals, these are often synthesized as core/shell structures. Where the shell
nanocrystal can improve the surface passivation of the core nanocrystal. However, dif-
ferences of the crystal structures of core and shell may lead to a lattice mismatch at the
core/shell interface. This can result in compressive or tensile strain in the core and the
shell, which leads to the formation of surface traps, alters the emission properties of the
nanocrystals and reduces the fluorescence quantum efficiency. Instead of using one material
for the shell, one can use an alloy of components to gradually adjust the lattice constant
between the core and the shell. Concerning applications core/shell nanocrystals are usually
used as ensembles. Because of the small interparticle distance in such ensembles, potential

interaction between the nanocrystals in ensembles are an important issue.

The focus of this dissertation is on the spectroscopic investigation of the structural and
optical properties of such semiconductor nanocrystals. To enable optimizations towards ap-
plications Raman spectroscopy is used to determine the strain in InP/(Zn,Cd)Se core/shell
quantum dots. Here, the longitudinal optical phonon’s frequency changes with inherent
the strain. Tracking the longitudinal optical phonon frequencies helps to adjust the shell

compositions.

Within the ensembles of nanocrystals, the distance between the nanocrystals can affect
their interaction behavior. Forster resonance energy transfer (FRET) is a possible inter-
action between neighboring nanocrystals. In highly excited nanocrystals, multiexcitons
can recombine nonradiatively and compete with the energy transfer. CdSe/CdS quan-
tum dots/quantum rods encapsulated in amphiphilic micelles with inter-particle distance
control by spacer ligands are used as a model system. Photoluminescence spectroscopy
accompanied by transient absorption spectroscopy shows that at exciton populations of
approximately one per nanocrystal, energy transfer between the nanocrystals can lead to
generation of multiexcitons in neighboring nanocrystals. The generated multiexciton can
recombine nonradiatively. This is unfavorable for solar cells. Photogenerated carrier have
to be extracted in order to generate electric power and the generated multiexciton annihi-

lates the photogenerated carriers before they can be extracted. In this thesis, the duration



of the charge separation is investigated by transient absorption spectroscopy. Low concen-
tration of nanocrystals and interparticle distances of > 7.9 nm can present the generation
of transfered multiexcitons, thus allowing to tune the conditions for a high-yield extraction

of photogenerated carriers.



Zusammenfassung

Die Eigenschaften von Halbleiternanokristallen hingen neben ihrer chemischen Zusam-
mensetzung auch von ihrer Grofe und Form ab. Um die Photolumineszenzeigenschaften
von Nanokristallen zu verbessern, werden diese hdufig in Form von Kern/Schale Struk-
turen synthetisiert. Dadurch verringert sich die Anzahl an Fehlstellen an der Oberfliche
des Kerns, was es zur Verbesserung der Photolumineszenzeigenschaften fiithrt. Die Mate-
rialunterschiede der beiden Halbleiter von Kern und Schale kénnen jedoch aufgrund un-
terschiedlicher Gitterkonstanten zu einer Gitterfehlanpassung an der Grenzfliche fiihren.
Die Gitterfehlanpassung fiihrt zu einer Druck- oder Zugspannung im Kern und der Schale,
wodurch sich die Emissionseigenschaften der Nanokristalle verdndern und die Fluoreszenz-
Quantenausbeute verringert wird. Anstatt lediglich ein Material als Schale zu nutzen, ist
es auch moglich die Schale aus einer Legierung von weiteren Komponente herzustellen um
so den Gitterparametert kontinuierlich anzupassen und so die Spannungen zu verringern.
Kern/Schale-Nanokristalle liegen iiblicherweise nicht einzeln und isoliert vor, sondern wer-
den je nach Anwendungsbereich in grofen Mengen und mit geringer Distanz zueinander
verwendet. Daher ist die Wechselwirkung und gegenseitige Beeinflussung (kollegiale Wech-

selwirkungen) zwischen den Nanokristallen in Ensembles ein wichtiges Thema.

Der Fokus dieser Dissertation liegt auf der spektroskopischen Untersuchung und dem Ver-
stdndnis der optischen Eigenschaften von Halbleiternanokristallen im Ensemble. In dieser
Arbeit wird die Raman-Spektroskopie zur Bestimmung der Verspannung in
InP/(Zn,Cd) Se Kern/Schale-Quantenpunkten verwendet, welche von der Anderung des
Gitterparameters rithrt und durch eine Verschiebung der longitudinale optische Phononen-
frequenz nachweisbar ist. Dementsprechend hilft die Verfolgung der longitudinalen opti-
schen Phononenfrequenzen zur kontinuierlichen Anpassung der Verspannungen. Zeitaufge-
16ste Photolumineszenz Spektroskopie wurde durchgefithrt um die optischen Eigenschaften

von Kern/Schale Nanokristallensembles zu untersuchen.

Wechselwirkungen zwischen Nanokristallen in Engsembles kénnen die optischen Eigenschaf-
ten der Nanokristalle beeinflussen. Dabei ist der Abstand zwischen den Nanokristallen in
einem Ensemble ein signifikanter Parameter, welcher das Wechselwirkungsverhalten beein-
flusst. Der Forster-Resonanz-Energie-Transfer (FRET) ist eine mogliche Wechselwirkung

zwischen naheliegende benachbarten Nanokristallen. Bei einem Abstand von unter 10 nm



kommt es zu einer Energieiibertragung von kleineren zu gréferen Nanokristallen. In hoch-
angeregten Nanokristallen kénnen Multiexzitonen nichtstrahlend rekombinieren und mit
dem Energietransferprozess konkurrieren. Als Referenzmaterialien fiir diese Untersuchun-
gen dienen CdSe/CdS Quantenpunkte/Quantenstéibe, die in amphiphilen Mizellen verkap-
selt sind und deren Abstand innerhalb der Mizelle durch Liganden genau eingestellt werden
konnten. Photolumineszenzspektroskopie und transiente Absorptionsspektroskopie zeigen,
dass bei einer Exzitonenpopulationen von ungefdhr eins der Energietransfer zwischen den
Nanokristallen zur Erzeugung von Multiexziton fithren kann. Das erzeugte Multiexziton
kann zur Vernichtung der photogenertierten Ladungen in den Nanokristallen fiihren. In So-
larzellen miissen photogenerierte Ladungstréger extrahiert werden, um FElektrizitdt zu er-
zeugen. Das erzeugte Multiexziton kann jedoch die photogenerierten Ladungen vernichten,
bevor sie extrahiert werden konnen. In dieser Dissertation wurde die Ladungstrennungs-
dauer durch transiente Absorptionsspektroskopie untersucht. Eine niedrige Konzentration
der Nanokristalle und ein Abstand groféer als 7.9 nm zwischen den Nanokristallen kann das
Problem beheben, was es ermdglicht, die Effizienz von Nanokristallen-basierten Solarzellen

préazise zu optimieren.
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1 Introduction

Colloidal semiconductor nanocrystals are tiny light emitting particles with a regular crystal
structure and an average size of around 10 nm, which can equate to 10000 atoms. Their
optical and electronic properties are size and shape dependent,[I] which makes them very
popular for different applications such as optoelectronic devices, light emitting diodes, pho-
todetectors, solar energy conversion and biosensing.[2H6] The fluorescence of the nanocrys-
tals plays the main role in light emitting diodes.[7TH9] The nanocrystals can also be used
as fluorescence markers for medical purposes.[10, [I1] For applications such as solar energy
conversion, semiconductor nanocrystals are mainly used for converting light to electrical
energy. Beside their widespread potential applications, they are also a popular material
for fundamental research. The nanocrystals can be fabricated in high amounts and narrow
size distributions in solution. They are made of binary (II-VI and ITI-V ) compounds such
as ZnS, ZnSe, CdS, CdSe, InP.

One of the most extensively investigated nanocrystal material is CdSe, because of advanced
large-scale preparation possibilities and its band gap in the visible spectrum. The full
visible spectrum can be achieved by tuning the nanocrystal sizes. The electrons in such
nanocrystals can be confined over a different number of dimensions. Confining them in 3
dimensions leads to the fabrication of quantum dots, a confinement in two dimensions leads
to quantum wires or rods, and a confinement in one dimension leads to the fabrication
of quantum wells or disks. The higher the number of confined dimensions the stronger
the electronic confinement of the nanocrystals, leading to a wider range in the band gap

tunability.

The small size of the nanocrystals leads to an increase in the number of atoms at the
surface, which are incompletely bonded to the other atoms in the crystal structure. These
surface atoms disrupt the periodicity of the crystal lattice and can lead to dangling orbitals.
The nanocrystal surface is unpassivated, which may also form a similar states in addition
to the actual nanocrystal band structure.[12} [13] If these formed energy states are within
the nanocrystal band gap, it can lead to a trapping of charge carriers.[I4HI6] This surface
trapping of the nanocrystals influences their electrical and optical properties and leads to

an on/off fluorescence intensity behavior, also called blinking behavior.

To increase the amount of radiative recombination, the overlap between the electrons and

11



1 Introduction

the holes in the semiconductor nanocrystals need to be increased. An advantageous proce-
dure is to coat the nanocrystals with an inorganic shell. The major process is coating them
with a wider band gap nanocrystal material forming core/shell nanocrystals. With this
approach, the charge carriers in the core remain distant from the surface and the trapping
behavior can be reduced. The wider shell band gap insulates the core electronically. For
example, coating CdSe with CdS nanocrystals can not only lead to the confinement of the
carriers in core, but also the lower oxidation potential of S™2 relative to Se™2, leading to a

surface defect formation threshold.[17]

Most of the semiconductor nanocrystals are synthesized in organic solvents or in the solid
phase and stabilized afterwards with hydrophobic ligands (small molecules on the surface).
These hydrophobic ligands are not soluble in water, which is a disadvantage for biological
applications of the nanocrystals, for example imaging and drug delivery.[10, 11}, 18] The
nanocrystals can be made water-soluble by using block-copolymer, which will cause them

to self-assemble into micelles in water.[I9-H24]

In this thesis, this method is introduced for reducing the blinking behavior of CdSe/CdS
core/shell nanocrystals and increasing their optical stability. The number of nanocrystals
encapsulated in micelles can be controlled. In almost all of the applications, the nanocrys-
tals are used as a close packed group of nanocrystals. The encapsulation of nanocrystals
in micelles is found also to be a presentation of a good platform for investigating the

interaction between the nanocrystals.

This thesis investigates the structural and optical properties of core/shell nanocrystals.
This work starts with the fundamental background of semiconductor nanocrystals. The
investigated nanocrystals and the methods used in this work are described in Chapter 2. In
Chapter 3, Raman spectroscopy used to investigate the structural properties of InP/ZnSe
, InP/CdSe and InP/(Zn,Cd)Se core/shell nanocrystals. The core and the shell related
longitudinal phonons are studied by Raman spectroscopy to obtain the strain in core and
the shell. To eliminate the strain from the interface, the lattice constant of the compo-
nents are changed step—by—step. A strain free regime at a specific shell components ratio
is found.

In Chapter 4, photoluminescence time-resolved spectroscopy is utilized to investigate the
optical properties of the nanocrystals. The optical properties of CdSe/CdS core/shell
nanocrystals encapsulated in micelles are studied and the optical stability of this material
is proven.

In Chapter 5, photoluminescence time and wavelength resolved spectroscopy is used for in-
vestigating the possible interaction between the nanocrystals encapsulated in the micelles.
Varying the distance between the nanocrystals in the micelles resolved distance-dependent

interactions, mainly Forster or fluorescence resonance energy transfer. Multiexciton Auger

12



recombination is investigated by changing the excitation power.

In Chapter 6, another important property of the nanocrystals for their potential applica-
tion in solar cells is introduced. For this approach, very small CdSe quantum dots are
coupled to electron acceptor molecules and the charge transport from CdSe quantum dots
to the Methyl Viologen electron acceptor is probed by performing transient absorption
spectroscopy.

Chapter 7 concludes the summary of these investigations for an improvement in current

nanocrystal applications.
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2 Semiconductor Nanocrystals

Semiconductor materials are defined by their band structure. The following Chapter intro-
duces the basic theoretical concept of the semiconductor band structure and the behavior

of excited electrons in these materials.

2.1 Fundamentals

In general, the band structure destines the states (energy, momentum) an electron can
reach, which can be quantum mechanically calculated from the Schrédinger equation.
Semiconductor materials are crystals with a periodic structure. The periodic structure
is an advantage for calculating the states of electrons in the potential.[25, 26] The wave
function of the electron can be defined with the Bloch theorem.[27] The wave function
Y(r) of a free electron is the solution of Schrédinger’s equation Hvy = eyp. According to
the Bloch theorem for a periodic potential,[28] the Eigenfunctions of the wave equation are
the wave function of the free electron multiplied by the Bloch function wug(r), which has
the same periodicity as the crystal lattice and therefore can be expanded into a Fourier
series with the wave vector of the reciprocal lattice G. uy(r) = > o Cgexp(iGr) defines
a function with the same periodicity of the direct lattice. Cg represent the plane wave

expansion coefficients and specifies the wave functions (¢ (r)) form.

V(1) = ug(r) " (2.1)

Where k represents the wave vector.
Assuming just one particular G in the first Brillouin zone in 2D, the Hamiltonian consist
of the kinetic energy term: ,

[P v (2.2)

2m
The wave function for one particular point according to the Bloch function wug(r) and

equation is:
P(r) = Og &*Har (2.3)

Applying the Laplacian (V2) operator on the wave function gives

V24(r) = —(k + G)*i(r). (2.4)

15



2 Semiconductor Nanocrystals

The energy of the electron for just one point in the reciprocal lattice is defined with:

2
(k) =~ / 5 () V2 (r)dr (2.5)
= i(k +G)? (2.6)

According to Equation E(k) varies quadratically with k for each point of the reciprocal

a b 7

D=
i\ N
S 0 .
&S x\ L7 7%
“.’E S T -
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10— o
! 151 -
-41/a -2m/a 0 2Tila 41m/a-m/a 0 m/a = S = N

Figure 2.1: a) The energy of a free electron E(k) in 2D cubic reciprocal lattice varies
quadratic with the wave vector k. b) First Brillouin zone (reduced zone
scheme).

C) Band structure of Cdse.(Reprinted (adapted) with permission from Investigation of the

bulk and surface properties of CdSe: insights from theory, Alexandra Szemjonov, Thierry Pauporté, Ilaria
Ciofini and Frédéric Labat. Copyright (2014) Physical Chemistry Chemical Physics.)[29]

lattice, and the lowest energy state occurs at G=0.

In a lattice, where the reciprocal lattice dose not have a simple cubic form and the Brillouin
zones have all possible kinds of shapes in 3D space, the energy of an electron in the energy
space is not as simple as Equation The change of the energy with the wave vector is
called band structure (Figure c).

The semiconductor band structures consist of a fully occupied continuous valence band
and a mostly unoccupied continuous conduction band with a band gap in between (the
blue area in Figure ¢ and Figure . In general photons with sufficient energy can
excite the electrons from the valance band (VB) to the conduction band (CB) and leave

holes in the valance band behind.

An electron or a hole with a mass m in the semiconductor responds to an applied field like
a free electron but with an effective mass of m* given by
11 d%(k)

m*  h? dk?

where €(k) is the energy of the electron near the conduction band or the energy of a hole

(2.7)

near the valance band at wave vector k. A negatively charged electron and a positively
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2.1 Fundamentals

charged hole can be electrostatically bound together via the Coulomb force and can form

a so called "exciton".

The possibility for controlling the band gap energy of a semiconductor provides a great con-

trol over the optical and electronic properties of this material.[30] Semiconductor Nanocrys-

a Bulk semiconductor b Semiconductor NC

1D (e)
1P (e)
— Conduction band — 1s (“?)-'
E
G Eq
—— Valence band=— 1S(h)
1P (h)
1D (h)

Figure 2.2: a) Bulk semiconductor materials consist of continuous conduction and
valence bands, separated by a band gap F¢g, while semiconductor NCs
have discrete energy levels and their band gap energy is size dependent
(assuming simply a two-band semiconductor, which contains of a single

parabolic conduction band and a single parabolic valence band.).

tals (NCs) have the same lattice structure as semiconductor bulk materials. The increase of
their surface-to—volume ratio and their size-dependent properties are the main differences
to bulk materials. The "Quantum-size effect" phenomenon appears when the dimension
of the semiconductor NC gets below the bulk semiconductor exciton Bohr radius which

results in a blue shift of the exciton energies.

Ekimov and Onushchenk have shown the first experimental evidence for quantum-size
effects of excitons in all three dimensions for CuCl and the blue shift of the excitonic ab-
sorption spectrum.[31H33] The size, at which the transition from bulk to NCs happens,
usually corresponds to a number of approximately 100 to 10000 atoms.[34] In 1984 Louis
Brus explained the size dependence of the lowest excited electron sate. As the result of
the quantum confinement effect,[33] [35] the continuous energy bands of the bulk semicon-
ductors material will be replaced with discrete energy levels in semiconductor NCs with a
band gap energy related to the one of the bulk semiconductor by Brus-Formel.

252 o2

e
E (NC) = Epuip + ———— — 1.8 2.8
g(NC) bulk o Sk (28)
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2 Semiconductor Nanocrystals

Here R represent the average radius of the NCs. The first term in this equation is the
quantum energy of localization of electrons and holes and shifts £,(NC') to higher energies
by the factor of R=2. The second term defines the Coulomb interaction induced by the
correlation between electron and hole positions, which shifts E,(NC) to lower energies as
R71[33, 6] The reduced exciton mass m, is defined as[32} 34]

1 1 1
—=—+—. (2.9)
my Mg mj

Transient absorption spectroscopy, which will be explained laer, is a method that has direct

access to the carrier population in the band structure of the NCs.

2.2 Synthesis

In 1950 Victor LaMer and Robert Dinegar developed a method of synthesizing mono-
disperse colloids.[37] They further explained the colloidal synthesis in three phases, where
in the first phase the concentration of the system (in their case sulfur) grows until it reaches
a critical concentration (C,,;,), where the system enters a second phase, the nucleation
phase, untill it reaches a supersaturating point at which the nucleation phase rate becomes
zero. The nucleation phase can be controlled by controlling the initial concentration of
the components (in their case acid and thiosulfate). The shorter the nucleation phase, the
more mono-disperse colloids will result. After the concentration reaches its maximum, the
nucleation rate starts to decrease. The system enters a third phase the so—called growth
phase, where discrete particles start to grow. In this phase the growth rate can be controlled
by the rate of the chemical reaction (Figure . In a high monomer concentration small
crystals will grow faster than large crystals, which is known as Ostwald ripening. At
a critical size (given at any monomer concentration) NCs can not grow further. If the
monomer concentration is high enough, the critical size is small and all particle can grow.
The smaller particles grow then faster, so that the size distribution can be kept down to
a nearly monodisperse distribution. Large crystals with smaller surface-to—volume ratio
have a higher stability and are energetically convenient for growing further. If the monomer
concentration is below a critical threshold, small particles are dissolved on the surface of

the large particles, which lead to the further growth of the large particles.[39]

The growth can be performed in several ways, one is the hot injection method.[40] The
first step for synthesis is to find a temperature for the growth. The method then contains
two main steps: one to make the nucleation process very fast, in a way that the precursors
are injected very fast in a hot solvent (250-350°C) to form a supersaturation of monomers,
which is followed by the fast nucleation of NCs, and the other is to separate the nucleation

phase from the growth phase of the NCs by decreasing the temperature. If these two

18



2.2 Synthesis
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Figure 2.3: An illustration of LaMer’s condition of the concentration of the system
before and after nucleation as a function of time.

(Reprinted (adapted) with permission from Growth of nanocrystals in solution, Ranjani Viswanatha and
Dipankar Das Sarma. Copyright (2007) Nanomaterials chemistry.)[38]

19



2 Semiconductor Nanocrystals

process take place separately, the size distribution can be narrow and the control over the

size—distribution can be precise.

In the next Chapter the structural properties of exemplary InP QDs are introduced. The
InP QDs are formed by mixing indium(III) chloride, zinc(II) chloride and technical oley-
lamine (OLA) under a temperature of 180°C. A quick injection of tris(dimehylamino)to
this mixture leads to the formation of InP QDs.[41]

2.2.1 Core/Shell Nanocrystals

A general way to avoid potential surface trapping and to increase the PLQY of the
NCs is to embed the NCs in another semiconductor material and to generate so—called
core/shell NCs. This approach isolates the photo-excited carrier from the other surface.
The core/shell combination can be also applied for different shape of NCs. Core/shell
QDs/QRs are applied as fluorescence reporters and also in bioanalysis.[42), 43] The high
molar extinction coefficients and PLQY of core/shell QDs/QRs often exceed those of
QDs.[44], 45] If the shells have a larger band gap than the core NCs, the electron and
hole carrier will be confined in the core (so—called type I core/shell NCs) and the overlap
with the trap states will be reduced.[46-48]|

The synthesis of core/shell NCs can be conducted by the SILAR-method (successive ion
layer adhesion and reaction). The growth of the shell is performed by growing monolayer
by monolayer by alternating injection of cationic and anionic precursors into the reaction
mixture of the core NCs.[49], 50] After the synthesis of the core NCs, they can be purified
and the shell precursor is slowly added to the solution in a lower temperature than for the

fabrication of the cores to avoid the direct nucleation of the shell.

Another approach is to prepare them in a so called one pot synthesis, where the shell
precursors will be added with a syringe pump slowly to the core solution. There the
purification process of the core is not necessary. The thickness of the shell can be controlled

via the amount of shell precursor added to the solution.

In order to prepare an alloyed shell, instead of adding a single shell precursor, the two alloy

component precursors will be inject to the solution.

In this work, different type I core/shell NCs are investigated such as CdSe/ZnS, CdSe/CdS,
InP/ZnS and InP/ZnSe.

In the following, the syntheses of core/shell NCs used in this work are presented. InP /ZnSe
core/shell QDs were syntheziesed after reducing the temperature of the InP core mixure
(introduced before) by stoichiometric injection of TOP-Se and Zn(stearate)s, octadecene
(ODE) and OLA. After increasing the temperature, TOP-Se was injected drop—by—drop.

20



2.2 Synthesis

InP/ZnSe QDs were precipitated once in ethanol and suspended in toluene.

CdSe/CdS core/shell QDs/QRs were synthesized from CdSe QD seeds in a high boil-
ing organic solvents such as trioctylphosphine (TOP), trioctylphosphine oxide (TOPO),
hexylphosphonic acid (HPA), and octadecylphosphonic acid (ODPA).[43] 51

The lattice constant of the shell usually is different than the one of the core QDs. At
the interface of these two, the lattice constant of the shell will adjust to the one of the

core (Figure [2.4). This lattice mismatch between the two materials can cause a tensile or
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Figure 2.4: Schematic illustration of InP/ZnSe core/shell QDs. The lattice con-
stant of the shell is smaller than the core lattice constant, which leads

to a lattice mismatch at the interface of core and shell.

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

compressive strain in the core (Figure [2.5)). If the strain reaches a critical values,[52] it can
also generate defects at the surface and changes the electronic structure, which lead to a
trapping of the photo excited carrier and a reduction of the PLQY.[53], 54]

2.2.2 Core/Shell QDs Alloy

Tuning the lattice constant of the core/shell QDs continuously can be applied by gradual
alloying. Changing the shell composition can be accomplished by using solid solutions for
either the core or the shell component.[55H60] At a constant temperature, the crystal lattice
constant of an alloy builds a linear relationship with the concentration of the constituent of

the alloy elements. This empirical rule known as "Vegard’s law", was observed by Vegard
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Figure 2.5: The lattice reconstruction at the interface leads to strain in both com-
pounds. The crystal with the smaller lattice constant is subject to
tensile strain, while the crystal with the larger lattice constant is com-

pressed.

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

in 1921.[61} 62] In recent works, Bouamama et al showed a weak deviation of Vegard’s law
for the obtained lattice parameter values of Zn,;Cd;_,Se against the zinc fraction z.[63]
In Figure [2.6] the calculated lattice parameter shows a quadratic relation with the zinc

fraction x.
ap = (1 — 2)a§¥® + za*5¢ + b (1 — z) (2.10)

Here ag stands for the equilibrium lattice parameter. b = 0.0777 is a bowing parameter.
The experimental data for these alloys where investigated by Bouroushian et ol and agree

with the calculated data.[64]

In Figure transmission electron microscopy (TEM) images of different compositions
of InP/(Zn,Cd)Se are shown. Changing the composition of the shell alloy leads also to a
change in the structure of the core/shell QDs. The bulk lattice constants of the compo-
nents is the main guideline for this optimization through strain engineering. In the next
Chapter an experimental realization of strain engineering of these alloys (InP/(Zn,Cd)Se)

is demonstrated.|41]
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Figure 2.6: Relaxed lattice parameter of Zn,Cd;_,Se as a function of composition
(z) fitted with a quadratic relation. The dashed line represent Vegard’s
law.

(Reprinted (adapted) with permission from Ab initio calculation of the elastic properties and the lattice

dynamics of the Zn,Cd;_,Se alloy , Khaled Bouamama, P. Djemia, N. Lebga, K. Kassali. Copyright
(2009) Semiconductor Science and Technology.)

Figure 2.7: TEM images of a) InP/ZnSe QDs, b) InP/Zngg75Cdg o255e
QDS, C) InP/Zn0_95Cd0,o5Se QDS, d) InP/Zn0‘87Cd0‘138e
QDs, e) InP/Znp79Cdp21Se QDs, f) InP/ZngssCdga2Se QDs,
g) InP/Zn0_3ocd0_7ose QDS, h) IHP/ZHQ.lgch.g’?SG QDS, i)
IHP/ZH0.0QCdO_ggse QDS, J) InP/CdSeQDs

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger
Hens and Holger Lange. Copyright (2018) American Chemical Society.)
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2.2.3 Micelles

To make NCs applicable for biological use they have to be water-soluble. As mentioned
earlier, one option is to use biocompatible polymers. One kind of polymer can be bound
to the NCs via a ligand exchange. Such polymers can be water-soluble. Another kind of
polymers are block-copolymers, which can self-assemble into water-soluble micelles and
encapsulate hydrophobic NCs. In this case, the hydrophobic block isolates the core of
the NCs from the solvent, while the hydrophilic blocks provides the stabilization and
forms the corona.[65H67] The polymer container can contain multiple and different NCs
in it.[22] 23], [68H70] The morphology of the micelles can be controlled.[TIH74] Figure
illustrates the approach of ligand exchange and the encapsulation. The QDs/QRs are
synthesized with Octadecylphosphonic acid (ODPA) and hexylphosphonic acid (HPA) as
passivating ligands. The ODPA and HPA are then exchanged with larger hydrophobic
polymer ligands of different weights. Amphiphilic diblock-copolymers are then added to
the polymer-stabilized QDs/QRs and the mixture is transferred into aqueous solution.
The copolymers weight plays the main role for controlling the micelle size. The amount
of QDs/QRs encapsulated in the micelles can be controlled by the relative concentration
of the used copolymer to the NCs. A high amount of polymer concentration can lead
to the saturation of the hydrophobic surface of the NCs. By adjusting the ratio of the
amphiphilic polymer to the QDs/QRs the encapsulation of multiple and single NCs can
be achieved.[43]

In Chapter 5 the inter-particle distance in the micelles becomes a main issue. This can
be changed by varying the size of the exchanged polymer ligand. For this aim 4 different
clusters of encapsulated QDs/QRs are introduced in Table The native ligands are ex-
changed with three different weighted polymer ligands are used, a 2,2’-diaminodiethylamine
functionalized polyisoprene [PI-DETA] (M,, ~ 1.1 kDa) and two phosphonic acid function-
alized polybutadiene [PB-PA| (M,, ~2.2 and 4.8 kDa). Amphiphilic diblock copolymers
polyisoprene-block-poly(ethylene oxide) (PI-6-PEQ) and polybutadiene-block-poly(ethylene
oxide) (PB-b-PEO) are added to the polymer-stabilized QDs/QRs and the mixture is
transferred into aqueous solution (Figure reffgr:fig26). In the last step, the copolymer is

cross-linked by radical initiated polymerization to finalize the construct.
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Figure 2.8: Schematic illustration of the QD/QR micellular encapsulation. The

QD/QR ligand defines the interparticle distance within the micelle.

An exchange of the short native ligands to a polymer ensures a larger

interparticle distance. The micelles are formed by amphiphilic diblock

copolymers, where the hydrophobic QDs/QRs assemble within the hy-

drophobic core of the micelle and the hydrophilic part of the copylmer

stabilizes the construct in the aqueous solution.
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Table 2.1: The used ligands and copolymers for clusterl-4 in Chapter 5. Increasing
the ligand size leads to an increase of the interparticle distance. The
copolymers weight plays the main role for controlling the micelle size.
The amount of QDs/QRs encapsulated in the micelles can be controlled
by the relative concentration of the used copolymer to the NCs. The
inter-particle distance in the micelles can be changed by varying the size

of the exchanged polymer ligand.

sample Ligand Miigand Dcopolymer Mcopolymer exess

clusterl PB-Phosphonat 5000 Da PB-6-PEO 15000 Da 200-fold
cluster2 PB-Phosphonat 2100 Da PB-b-PEO 15000 Da 200-fold
cluster3 PI-DETA 1300 Da PI-5-PEO 13700 Da 500-fold

cluster4 ODPA/HPA 334/166 Da PI-5-PEO 13700 Da 500-fold

In Chapter 4 the optical properties of three different clusters of encapsulated QDs/QRs are
investigated. Figure 2.9]e-f shows the QDs/QRs with native ligands. The native ligands are
exchanged with the block-copolymers (polyisoprene-block-diethylenetriamine [PI-DETA],
PI-b-PEG), which acts as the seed for micelle formation. Three different weighted PI-b-
PEG were synthesized. The QDs/QRs with PI-DETA, PI-6-PEG diblock polymer and a
radical initiator dissolve in tetrahydrofuran and solve in water (Table 2.2).[75]
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Figure 2.9: TEM micrographs of QDQR clusters encapsulated with three different
weighted PI-5-PEGs: a) 14300 Da (large), b) 8100 Da (medium) and
c¢) 4600 Da (small). The scale bars correspond to 0.1 pm. d) TEM
image of single encapsulated QDs/QRs after phase transfer into water.
The scale bar corresponds to 50 nm. e) Native QDs/QRs after the syn-
thesis in toluene. f) High resolution TEM image of native QDs/QRs.

The scale bars each correspond to 20 nm.

Reprinted (adapted) with permission from Clustering of CdSe/CdS Quantum Dot/Quantum Rods into
Micelles Can Form Bright, Non-blinking, Stable, and Biocompatible Probes, Mona Rafipoor, Christian
Schmidtke, Christopher Wolter, Christian Strelow, Horst Weller, Holger Lange. Copyright (2015) Amer-
ican Chemical Society.
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Table 2.2: Hydrodynamic diameter via DLS (volume distribution) of clustered
QDs/QRs loaded PI-6-PEG diblock-copolymer micelles used in Chap-

ter 4.
PI-b-PEG diblock-copolymer Diameter by volume of
Abbreviation My, clustered QDs/QRs
small 4600 Da 73 nm
medium 8100 Da 81 nm
large 14300 Da 108 nm

2.3 Methods

In this work structural and optical properties of NCs are investigated by applying differ-
ent spectroscopy methods. In this section the different spectroscopic methods, including
Raman spectroscopy, time-resolved photoluminescence spectroscopy (PL) and transient

absorption spectroscopy (TA) are introduced.

2.3.1 Raman Spectroscopy

Raman spectroscopy is based on inelastic scattering of light by other elementary excitations
such as optical phonons.[76] [77] Since the atoms in a crystal are bound to each other, a
displacement of the atoms propagates through the crystal as wave. The Hamiltonian for a
perfect crystal contains the Hamiltonian of ions in the crystal, the Hamiltonian of the elec-
trons in crystals and the interaction Hamiltonian between them (electron an ions), which
is the term responsible for the displacement dR; of the ions from the equilibrium position
Rjo. The simple approximation that is used in textbooks to simplify this equation is to
assume that the electron motion in a crystal follows the motion of the ions instantaneously.

This is known as the Born-Oppenheimer and adiabatic approximation.|[26]
H = Hions(Rj) + He(ria RjO) + Hefion(rz} 5R]) (211)

Here the electron Hamiltonian is defined by the kinetic energy of the electron. Assuming
that every electron has the same average potential V(r), also known as the mean-field
approximation. The Schrédinger equation will describe the motion of electrons as:

P2

He=o—+V(r). (2.12)
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The ion Hamiltonian consists of the ion Hamiltonian in equilibrium and the change ion

Hamiltonian due to the displacement:
Hion = eq + Hgis. (213)

The Hamiltonian due to the displacement is defined by the harmonic approximation,[206]
where the motion of the ions is assumed to follow an harmonic oscillator. Considering
the displacement of the k-th ion from equilibrium in the unit cell [ by (ug;), within the

harmonic approximation, the displacement Hamiltonian term can be written as:

Hyis = - d“’“l Zukl (KL, K1) g, (2.14)
k’l’

where —®(kl, k'l’) is the force constant on the iong; through the displacement of the iongy
(ugry). The quantization of the oscillation energy in the lattice leads to the definition of
phonons as the quantum of the lattice vibration. Similar to the motion of the electron
in the lattice, the displacement of the ion kl can be described with a Bloch wave. The
displacement wy; is related to the displacement of the ion from origin (ugp) and can be
specified with the lattice vector (R;):

up (g, w) = uppe’ 0, (2.15)

where ¢ is the wave vector and w is the frequency of the elastic wave that describes the
vibration of the lattice through the displacement. One can use this approach to solve the
Hamiltonian from equation Applying the mass Fourier transformation of the force
constant ® leads to a dispersion relation. The dispersion relation can be written in terms
of the oscillation frequency w:

Dy — w6 = 0 (2.16)

The dispersion relation shows the behavior of the frequency versus the wave vector. The
dispersion relation can also be obtained from Hooke’s law. One can assume the elastic
response of the crystal as a function of the force with a linear relation. This is also
equivalent to the quadratic relation between elastic energy and the displacement of two
points in the crystal. The displacement of one plane of atoms (us) causes a displacement
in the neighboring plane (us4,) and is proportional to the displacement difference of them

(Ustn-ug). Assuming just the first nearest neighbors, the Hooke’s law can be written as:
Fy = K(ug1 — us) + K(us—1 — ug). (2.17)

Here K stands for the force constant and depends on the direction. In this example K acts
as a scalar. Fy is defined as the force caused by the displacement on one atom. Solving

the equation of motion for an atom leads to the dispersion relation:

2

=K Ug — Ug + K Us—1 — Us
Mgts = K(tssn = us) + K(us-1 —us) (2.18)

= K(Uerl + us—1 — 2us)a
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Figure 2.10: Planes of atoms in equilibrium (dashed line) and after longitudinal
displacement (solid lines). a is the spacing between different planes

and K stands for the wave vector.

where ug 1S a traveling wave function wit JEUs = —Wug:

ug = ue' k5wt (2.19)
Substituting equation in equation leeads to:

~Mw?u - ei(ksa—wt) _ K(ei(ka) + e—i(ka) o 2)U . ei(ksa—wt)
Mw? = K(2 o ei(ka) o e—i(ka))
= 4K (sin*(ka/2))

The dispersion relation for one atom in a lattice defines the relation between the oscillation

frequency (w(k)) and the wave vector (k) as:

w(k) = 2\/5 | sin(ka/2) | . (2.20)

Unit cells containing atoms with a smaller mass oscillate with a higher frequency than the
ones with larger mass. Depending on the lattice structure the number of atoms in the
primitive unit cell and the number of phonons can be different. The phonons are divided
in to transverse or longitudinal, depending on the direction of the vibration (perpendicular
or parallel to the wave vector k). The phonons at the I" point (zone center phonon mode)

can be Raman achive and can be resolved by using Raman spectroscopy.|[78-81]

This method is used also for determining strain in heteronanocrystals.[82H84] In 1912 and

1918 Eduard Griineisen described the thermal vibrations of atoms in crystalline solids
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as undamped harmonic oscillations. The movement of an atom towards a neighboring
atom was calculated by considering the forces attracting or repelling from the atom. He
estimated the vibration change by changing the pressure and temperature. A material

dependent constant was defined as:[85], 86]

dlnw  V(OV/IT)p
_ _ 2.21
7T 9mvV ~  C,(0V/OP)r (221)

where C, is as the energy of a single oscillator. - is the Griineisen parameter, which
depends on the material. w is the vibration frequency and V is the crystal volume. The
change in the vibration frequency due to strain in a NCs can be estimated by using the
Griineigen parameter of the material. In a spherical NC the relative lattice constant change
% can be obtained from the relative shift of the LO frequency %:[87789]

Aw = (1 + 3Aaa> ! —1. (2.22)

w

In this thesis, different confocal micro-Raman setups in backscattering geometry were
used. In order to obtain the core and the shell-related Raman bands, different excitation

wavelengths were required.

830 nm, 458 nm (diode lasers), 514nm (ArKr laser), 532 nm (frequency-doubled Nd:YAG
laser) and 633nm (HeNe laser) was served as excitation sources. For ArKr laser lines a
Dilor XY800 triple monochromator setup was used with a liquid Ny cooled CCD. In all
other setups an LabRamHRS800 equipped with a peltier-cooled CCD was used.

For the preparation of the samples, dropcasting was used by simply drying the sample
solution on silicon in ambient conditions. The measurements were performed quickly to
avoid degradation effects. To avoid sample heating or destruction, the laser power on the
sample was around a few hundred micro watts on a diffraction limited spot. For calibrating

the spectra neon lines were used.

2.3.2 Time-resolved Photoluminescence Spectroscopy

Photons with higher energy than the band gap energy can be absorbed in the NCs. The
absorption of the photons leads to the creation of excitons. The excitons can radiatively
recombine (after thermaliziation towards thermal equilibrium distribution) and reemit pho-

tons at the band gap. This process is photoluminescence (PL).[26], 90-H93]

Figure shows the steady state absorption and emission of CdSe/CdS QDs/QRs. In
this thesis PL spectroscopy is used to investigate encapsulated QDs/QRs in micelles (Chap-
ter 4-5).
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Figure 2.11: Steady-state absorption of CdSe/CdS core/shell QDs/QRs. The shell
peak appears at 462 nm. The core has a smaller band gap than
the shell and appears at 610 nm. The emission of the core in red

corresponds to the lower energy transition states (617 nm).

The two main information one can obtain from the PL spectrum are the peak position and
the spectral width. The peak position relates to the band gap energy of the QDs/QRs
and the width to the recombination mechanisms.[94] The interaction of the exciton with
the environment leads to an inhomogeneous broadening of the lifetime-limited "natural"
spectrum.[95] The PL spectrum for an ensemble of particles is then a convolution of the
emission spectra of the individual particles (Figurd2.12)).[96]

Figure shows the PL decay curve of the QDs/QRs, which is the PL intensity as a

function of time:

I(t)=Ip+ Y I et/ (2.23)

Where I is a measured background intensity and ¢ corresponds to the order of the recom-

bination mechanism. 7; is expressed as:

= ‘ (2.24)

The monoexponential PL decay curve indicates a radiative recombination of the excited
electron.[07-99] The exited electron needs about 20 ns to recombine radiatively. The
radiative recombination rate (1/7,44) of the excited carrier is defined as n/ < 7, >, where
n corresponds to the carrier population (n = ne = np). As the photogenerated excitons

can also nonradiatively recombine, the total decay rate is:

1 1 1
_ (2.25)

Ttot Trad Tnonrad
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Inhomogeneously-Broadened
Ensemble Spectrum

Single-Nanocrystal Spectrum

/TN
Ll

Spectral Dynamics Phonon Coupling  Exciton Fine Structure

N1/

Lifetime-Limited “Natural” Spectrum

Figure 2.12: An ensemble spectrum consists of the intrinsic single-emitter spectrum
convolved with the interparticle inhomogeneities. The single-emitter
spectrum arises from a combination exciton-phonon coupling of the
lifetime-limited 'natural’ spectrum, spectral dynamics and emission
from fine-structure states.

(Reprinted (adapted) with permission from Evolution of the Single-Nanocrystal Photoluminescence
Linewidth with Size and Shell: mplications for Exciton—-Phonon Coupling and the Optimization of
Spectral Linewidths, Jian Cui, Andrew P. Beyler, Igor Coropceanu, Liam Cleary, Thomas R. Avila,
Yue Chen, José M. Cordero, S. Leigh Heathcote, Daniel K. Harris, Ou Chen, Jianshu Cao, and Moungi
G. Bawendi. Copyright (2015) American Chemical Society.)
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Figure 2.13: PL spectroscopy on CdSe/CdS core/shell QDs/QRs. PL decay curve.
The lifetime of the excitons at the lower transition state 1S5 is about
20 ns.

The individual QDs/QRs can show a fluctuation in their PL intensity known as "blinking".
The PL intensity of the QDs/QRs switches between two off/on-states. [L00HI04] The off-
state relates to the quenched PL intensity due to the nonradiative recombination.[105] [106]
The experimenal result for blinking behaviour of CdSe/CdS core/shell QDs encapsulated

in micelles are presented in Chapter 4.

In order to perform time-resolved single particles photoluminescence spectroscopy, the
sample solutions of the QDs/QRs in micelles were diluted and dropcasted on glass sub-
strates. The galss substrates were first cleaned in a plasma-cleaner. A microscopy setup
with a confocal geometry (100x objective lens Zeiss Achroplan, 0.75 NA) was used. A col-
limated 446 nm laser beam of a pulsed laser diode (PDL800-D, PiL.044X, A.L.S. GmbH)
was used for the excitation. The laser beam consist of pulse trains with a pulslength of
100 psec and a repetition rate of 10 MHz. To spectrally separate the emitted light (from
the sample) from backscattered laser light, a longpass filter with a edge wavelength of
532 nm (Semrock) was pemployed. In order to resolve the spectrum of the emitted light
a spectrograph (Acton SP2500) combined with a CCD camera (ProEM 512B, Princeton
Instruments) was used. For resolving the PL lifetime of the samples, the emitted light
was guided to an avalanche photodiode (PDM Series, Micro Photon Devices) with an at-
tached TCSPC (time-correlated single-photon counting) control unit. The blinking (See
Chapter 4) time traces were measured by time-tagged time-resolved measurements with
PicoHarp 300, PicoQuant GmbH.

The time-resolved PL spectroscopy (streak camera) was performed with the same excitation
source as for the TA (next section[2.3.3)) and a universal streak camera (C 5680, Hamamatsu
photonics) with a M 5675 Synchroscan and Single-Sweep—unit for detection. The estimated
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spot diameter within the liquid was 457 pm.

2.3.3 Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy is a technique that has a direct access to the
excited carrier distribution. A femtosecond laser pulse referred to "pump pulse" excites
the NCs. The absorption is then monitored by a delayed white light pulse the "probe
pulse" (Figure . [34], 107] This delayed pulse probes the system before and after the
excitation by the pump pulse. The change in the absorption is the TA contrast and is
measured by this method (Figure [2.15)).

Probe Pulse

Pump Pulse

Figure 2.14: Schematic illustration of the TA setup. The pump pulse (in blue)

excites the sample. The probe pulse (in red) has a temporal delay
relative to the pump pulse. With a sapphire crystal it is converted to
a white light pulse that hits then the sample. A chopper on the way of
the pump pulse blocks every second pulse and leads to the detection

of the change in the absorption.

At higher pump fluences the VB is occupied with holes. The incident probe pulse can
lead to the excitation of carriers at higher energy bands. This process is known as pho-
toinduced absorption and results in a positive bleach in the TA signal.[34] 108, 109] At
a low pump fluences ((INV) << 1) the probe pulse can either see unexcited NCs or NCs
with a single exciton. The created exciton by the pump pulse interacts with the gener-
ated exciton by the probe pulse. The interaction between the two excitons (Biexciton
Effect Figure may lead to a transition shift.[I10, 111] This transition shift due to
the Coulombic interaction of two excitons is called Stark effect and can be resolved as a
positive bleach in the TA signal with the same dynamic of the excitonic bleach.[112] [113]
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Figure 2.15: The origin of the TA spectra of CdSe/CdS QDs/QRs. a) The white
light "probe pulse" probes the system before and after the excitation
by the pump pulse. b) The change in the absorption (Aa) is the TA
contrast. The excitonnic bleach of CdS core is at 600 nm and the
excitonic bleach of the CdSe shell is at around 460 nm.
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At the early times after the excitation the carriers are at the higher energetic states. The
lowest transition state (15) can just be affected by Coulomb interaction. This transition
state experiences a shift by A,, due to the interaction between the exciton at 1.5y and the
exciton at higher state (Figure a). After thermalization the excitons will reach to the
lower transition state (15). Due to the Pauli exclusion principle the states occupied fully
by carriers are not able to absorb more photons (Figure b). This leads to the bleach

and contributes to Aa.

Figure a represents a TA map of CdSe/CdS QDs/QRs. The core related absorption
bleach is monitored at 550 nm while the shell related absorption bleach is at higher energies
(462 nm). The spectra at different times after excitation are in shown in Figure b.
The incident pump pulse has a photon energy higher than the shell band gap, which leads
to more excitons in the larger shell volume.[I14] The bleach dynamics of the core and the
shell in Figure c indicate a faster dynamic for the excitons in the shell. In the earlier
time after excitation, the excitons start to thermalyze to the 1S excitonic state. When the
excitons in the shell started to relax, the 1S excitonic state of the core is still filling up
(Figure d). The increase in the contrast of the core excitonic bleach indicates a charge
transport process from the shell to the core. After 1.5 ps the excitons in the core start to

relax.

The Pump-probe TA spectroscopy experiments were performed using a commercial TA
setup (Helios; Ultrafast Systems). A commercial amplified Ti-sapphire laser system (Spitfire-
Ace, 800 nm, 6 W, 1 kHz, 35 fs; Spectra Physics) was employed to generate pump and
probe pulses. The pump pulses were generated in an optical parametric amplifier (TOPAS-
Prime; Light Conversion) with frequency mixer (NirUVis; Light Conversion) and chopped
at 500 Hz. The probe beam was a broadband continuum white-light with a spectral range
of 420-750 nm (Figure . The instrument response in this wavelength regime is esti-
mated to be below 200 fs. The excitation wavelength at 418 nm has a spot diameter of

204 pm in solution.

37



2 Semiconductor Nanocrystals

a,, a (arb. units)

a,, « (arb. units)

'[ T [ T I T T '[ T '[ T 0.2
V..— 0.0
— . - -0.2
L 1S,
- 4 -04
| T R IS I N T 06
Energy (arb. units)

fppnry T

0.0

)
na
("s1)’poy

é

| I I N NI |

5

Energy (arb. units)

Energy (arb. units)

’:ﬁ Klimov VI. 2007.
' Annu. Rev. Phys. Chem. 58:635-73

Figure 2.16: Transient of the 1Sy transition shift induced by the biexciton effect
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is much better pronounced at the early times after the excitation. a)
At the early times after the excitation the carriers are at the higher
energetic states. The lowest transition state (15) can just be affected
by Coulomb interaction. This transition state experiences a shift by
A, due to the interaction between the exciton at 1.5y and the exciton
at higher state. b) Due to the Pauli blocking the states occupied fully
by carriers are not able to absorb more photons. The corresponding
ground and excited state absorption are shown in black dashed and
red solid lines. The side graph on the right corresponds to the result-
ing A« spectrum.

(Reprinted (adapted) with permission from Spectral and Dynamical Properties of Multiexcitons in

Semiconductor Nanocrystals, Victor I. Klimov. Copyright (2007) Annual Review of Physical Chem-
istry.)
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Figure 2.17: Transient absorption measurements of CdSe/CdS QDs/QRs. a) Typ-
ical TA map, consisting of two main bleaches of core and shell. b)
TA spectra at different times after excitation. The TA spectra consist
of the absorption bleach of CdSe core at 550 nm and CdS shell at
464 nm. c) TA dynamics of core and shell bleach. d) Zoom in to the
first 10 ps of the TA dynamics.

39






3 Structural properties of Core/Shell

Quantum Dots

In Chapter 2 three different material combination (core/shell QDs, core/shell QDs alloy
and core/shell QDs/QRs encapsulated in micelles) were introduced. Furthermore Ra-
man spectroscopy was introduced as a method for strain analysis. This Chapter includes
the experimental Raman results of InP QDs, InP/ZnSe, InP/ZnS core/shell QDs and
InP/CdZnSe alloys. The shift of the longitudinal optical (LLO) phonos due to change of

the material composition is studied in this Chapter.

3.1 Optical Phonons of Core/Shell QDs
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Figure 3.1: Representative Raman spectrum of InP QDs with an effective diameter

of 3.2 nm.

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

Figure represents a Raman spectrum of InP QDs (effective diameter of 3.2nm), which
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3 Structural properties of Core/Shell Quantum Dots

consists of two subbands. The bulk LO phonon of InP appears at 342cm™! [78], according
to other studies.[78, [T5HII8] The the sub-band at 306.9cm™! is assigned to transverse
optical (TO) phonons of InP QDs. These Raman bands can be fitted easily with a cor-
responding Lorentzian function shown as dashed lines in Figure 3.I] In Figure the
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Figure 3.2: Raman spectrum of InP/ZnSe core/shell QDs with an effective diameter

of 4 nm.

Raman spectra of InP/ZnSe core/shell QDs are illustrated. The LO phonon of the InP
core is shifted to higher energies (from 341.2cm™! to 342.2cm™!). In contrast to the Ra-
man spectra of plain InP QDs (Figure, a second band is observed at 213.6 cm™!. With
increasing ZnSe shell thickness, this band shifts to higher energies (Figure a and c).
For reproducing the shape of this band, two Lorentzians are required. Since the bulk LO
phonon of ZnSe is reported to be around 249 cm ™! [I17], this band is assigned to the ZnSe
shell LO phonon.

3.2 Strain in Core/Shell QDs

Increasing the shell thickness of ZnSe influences the core LO phonon frequency, which is
interpreted in terms of changed bond lengths and originates from strain between the core
and the shell. This issue was introduced earlier in Chapter A series of InP/ZnSe
core/shell Raman spectra are illustrated in Figure a. This series includes samples with
increasing sizes of ZnSe shells. With increasing the shell thickness, the InP core LO phonon
shifts to higher frequencies (Figure b). Since the lattice constant of InP (5.86 A) is
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3.2 Strain in Core/Shell QDs

larger than the lattice constant of ZnSe (5.68 A), the lattice reconstruction at the interface
leads to a shortening of the InP bonds (a compressive strain in the InP core QDs). The
opposite effect happens for the ZnSe shell QDs in the core/shell interface in form of a tensile
strain. Figure d shows the calculated strain in the InP core (in red) evaluated from
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Figure 3.3: Increasing the shell size in InP/ZnSe QDs leads to a) a shift of the
core related LO band in the direction of lower frequencies. b) Best
Lorentzian fit of the core related LO band. c¢) Shell related L.O band
with increasing the shell size. d) Calculated strain in the shell and the
core of Inp/ZnSe QDs.

equation with yp = 1.24 [119] and the related frequency shift relative to the bare
InP QDs LO phonon in Figure (341.2cm™!). The strain in the ZnSe shell (Figure|3.3|d
in blue) was also estimated with equation using Yznse = 0.85 [119] instead. In the
case of the shell, the frequency change was recorded relative to the bulk value of the ZnSe
LO phonon frequency (250 cm~!).[117]

Figure d shows that the core builds up a compressive strain while the strain in the
shell is relaxed with increasing the shell size. As mentioned in section 2.2.2] an approach

to inhibit the disadvantage of strain in core/shell QDs is the lattice constant tuning by
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3 Structural properties of Core/Shell Quantum Dots

using alloys of QDs as shell.[60]

The main guideline in this approach are the bulk lattice constants. Because CdSe has a
larger lattice constant (6.08 A) than InP (5.86 A), the strain would have a inverse behavior
to the InP cores than ZnSe shells (5.68 A). Changing the shell composition by using
InP/(Zn,Cd)Se core/shell QDs sould change the strain in the InP core from compressive
to tensile along changing the shell composition from ZnSe towards CdSe. In this way the

lattice mismatch at the core/shell interface could be controlled.|[4]]

To obtain InP/(Zn,Cd) QDs, Dupont et al performed the partial substitution of cadmium
acetate for zinc stearate in the shell reaction (Chapter [2.2.2).[120] Changing the shell
composition from ZnSe to CdSe, leads to a variation of the shell thickness and a change in
the structure from zinc blende (zb) to wurtzite. The growth of the shell in the structure
transition regime can be followed by TEM analysis (See Chapter .

Figure shows the Raman spectra of InP/ZnSe and InP/CdSe QDs, the two pure bench-
mark systems of this changing shell composition protocol. Note that the InP/ZnSe shown
here is the InP/ZnSe discussed earlier in Figure In the case of InP/CdSe QDs, the InP
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Figure 3.4: Raman spectrum of InP/ZnSe and InP/CdSe core/shell QDs showing
two Raman modes assigned to the shell (CdSe and ZnSe) and core InP
as indicated. The dashed line represents the Raman shift of the LO
phonon of plain InP QDs.

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

Raman band is shifted to lower frequencies, opposite to the InP/ZnSe QDs. A new Raman

band shows up at the lower energies around 208.5cm™!, with a side band at 206 cm™!,
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3.2 Strain in Core/Shell QDs

which are assigned to the LO phonon and surface optical (SO) phonon of CdSe.[84] 121]
Similar to these two benchmarks, the InP/(Zn,Se) core/shell QDs contain two features in
their Raman spectra, one correlates to the InP core and the other represents the shell LO
phonon. Figure [3.5)zooms into these two regions for two exemplary InP/(Zn,Se) core/shell

QDs with either a zinc-rich or cadmium-rich shell composition. Adding a small amount of
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Figure 3.5: Exemplary Raman spectra of InP/(Zn,Cd) core/shell QDs with
zcq = 0.025 in blue and xcq = 0.70 in green. Thin lines represent the
experimental data, bold lines are best fits of the sum of Lorentzians. a)
Shows the frequency region of the shell-related bands and b) the core-
related bands. In both a) and b) the spectra have been normalized to
the respective LO band intensities. LO frequencies from Figures

and have been included as a reference in dashed lines.

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

Cd to the shell results a shift of the core and shell related LO phonons in contrast to the
pure InP/ZnSe. While adding a small amount of Zn to InP/CdSe QDs shifts the core and
shell LO phonons in the direction of higher frequencies relative to InP/CdSe benchmark.
These opposite shifts are pronounced to be continuous with the shell composition change
from ZnSe to CdSe.

In the following the Raman shift of the shell related LO phonon will be discussed.

In general, optical phonons in mixed-ternary alloys exhibit a two or one mode behavior. In
a A;B1_,C system with a zinc-blende structure, the binary crystals AC and BC have each
two Raman frequencies TO and LO. In the one mode phonon behavior one of the LO or TO
is dominant energetically and shifts with the composition change from one side (x = 1) to
the other side (x = 0), while the other LO-TO pair vanishes. In other words the frequency
position of the LO/TO phonon varies with the composition z. In the two mode behavior

case on the other hand the two LO and TO phonons are energetically well separated, and
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3 Structural properties of Core/Shell Quantum Dots

their intensity ratio (I(AC)/I(BC)) depends on the composition change z.[122] [123]

According to previous studies, Raman spectra of (Zn,Cd)Se alloys exhibit a one mode
behavior.[124] By replacing Zn with Cd, the effective mass of the ions contributing to
LO vibration increases. This leads to a reduction of the shell-related LO frequency (equa-
tion[2.20). The gradual shift of the Raman bands in a (Zn,Cd)Se has already been reported
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Figure 3.6: a) Lorentzian functions used to fit the shell-related LO Raman bands
and b) shell-related LO phonon frequencies versus relative cadmium
amount in the alloy. The bulk values for zinc blende ZnSe and wurtzite
CdSe are displayed as lines.[125] [126] The solid line is a fit according

to Bouamama et al.[124]

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

as indicative for the formation of solid solutions.|[121] The gradual shift of the shell-related
LO phonon frequencies is demonstrated in Figure b. The frequency can be described
by Vegard’s law (equation [2.10)) with a best fit of a second order polynomial:

W = Wadse® + Wznse(1 — ) — bpox(1 — ), (3.1)

where the value obtained for the bowing parameter from the fit curve is bo = 60 +
5cm~!. This is in good agreement with previous works on bulk alloys.[63] 124] The absence
of new Raman bands confirms, that there is no separation of minority domains in the
synthesis approach of (Zn,Cd)Se solid solution shells. The transition from a zinc-blende
to a wurtzite lattice in bulk alloys has no impact here. This confirms that changing the
lattice geometry does not strongly influence the dynamic properties of the lattice. The
information concluded from the study of the shell composition helps to compare the lattice
mismatch between the core and the shell and to obtain the strain in the InP core. Similar
to the previous discussion in Figure b, the InP LO phonon shift collected from the
Raman spectra leads to the strain estimation in the core. In Figure the shift of both
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3.2 Strain in Core/Shell QDs

core and shell-related LO phonons towards the plain InP peak from the initial benchmark
sides (InP/ZnSe and InP/CdSe) was introduced. In Figure a the Raman shift for the
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Figure 3.7: a) Lorentzian functions used to fit to the InP core LO frequency, b)
LO frequencies in red and strain estimated by evaluating equation [2.22]
in blue versus relative cadmium amount. The corresponding lattice
mismatch (dghell — Geore) Was estimated assuming Vegard’s law[62]:
Aghell () = acdse® + aznse(l — ).[63], 124] The solid lines are linear
fits. The dashed line corresponds to zero strain with the measured
pure InP QD LO frequency of 341.2cm~!. The spectrum of the 42%
Cd samples was excited in the infrared spectral region and subject
to a specific analysis (Figure [8.3). (The green square corresponds to
CdSe/CdS core/shell QDs.[84

(Reprinted (adapted) with permission from Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, Mickael D. Tessier, Janina Maultzsch, Zeger Hens
and Holger Lange. Copyright (2018) American Chemical Society.)

core-related LO is represented. The shifts of the InP core-related LO phonons towards the
plain InP peak from each InP/CdSe and InP/ZnSe benchmark is clearly recognizable. In
the case of the ZnSe shell, the shorter lattice constant of ZnSe relative to InP leads to a
shortening of the InP bonds of the core/shell interface, while in the case of the CdSe shell

the opposite effect occurs.

To obtain the strain in the core equation is used, where the Griineisen parameter
is ymp = 1.24 for InP.[119] Aw is calculated relative to the LO phonon of the pure InP
QDs, which are assumed to be free of strain. The relative change of the lattice constant
shown in Figure b as a function of lattice mismatch based on Vegard’s law. The
strain in terms of the shell composition is modeled as a linear function and the best fit
yields %x(;d = 1.92z¢4 — 1. Again no deviation due to the lattice structure is observable,
accordingly the core behavior is not related to the lattice configuration. According to
these data, xcg = 0.53 + 0.05 is the "strain free" composition, where the strain in the
core changes from compressive to tensile, which is close to xog = 0.48 lattice matched

composition for thin films of InP/(Zn,Cd)Se in other works.[63], 127 128]
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3 Structural properties of Core/Shell Quantum Dots

Comparing the linear behavior of lattice mismatch and strain with other works with a
similar particle size,[84] suggests that the mismatch-strain relation derived here can be
applied to a wider range of I1I-V and II-VI semiconductors. In Figure b The data
point for CdSe/CdS core/shell QDs with a comparable size is included.

The strain-mismatch dependency is used (in other works) for optimizing the material

composition to optimize lasing threshold by reducing Auger recombination.|16]

In this Chapter the quantitative investigation of tuning lattice strain in InP/(Zn,Cd)Se
QDs alloys by tuning the shell lattice constant was discussed. The lattice constant was
tuned by modifying the alloy composition. A systematic shift of the shell-related Raman
band, which is a sign of homogeneous formation of (Zn,Cd)Se shell alloys has been observed.
The strain behaves linearly relative to the lattice mismatch between the core and the shell
material. The strain was changed from compressive in case of a pure ZnSe shell to tensile
for a pure CdSe shell. In between for the composition of Zngs53Cdg42, seems to be a

successful implementation of strain-free core/shell QDs.
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4 Optical properties of Core/Shell
Quantum Dots/Quantum Rods in
Micelles

In Chapter the clustered CdSe/CdS QDs/QRs encapsulated in amphiphilic diblock-
copolymer micelles were introduced as a water-soluble material. In this Chapter, the optical
properties of these materials are studied by performing time-resolved photoluminescence
spectroscopy. The effect of the clustering and the cluster size on the fundamental optical
properties will be discussed. The stability and blinking behavior of these materials are

studied by single particle investigations.

4.1 Blinking

Individual micelles were spin-coated on glass cover slides and investigated by time-resolved
confocal photoluminescence (PL) spectroscopy. One of the most striking differences be-
tween the clustered and single encapsulated QDs/QRs is the abundance of any blinking
behavior for the clustered NPs (Figure [f.1). While the PL intensity of the clustered
QDs/QRs remains constant during the experiment time, the PL intensity of the single
encapsulated QDs/QRs fluctuates between two on/off-states (Chapter [2.3.2). The excita-
tion condition are not changed, thus a direct comparison is available. Because all clusters
contain enough bright QDs/QRs, under continuous excitation they can constantly be lu-
minescent. If one of the QDs/QRs in one micelle is in it off-state, it is probable that one
or more QDs/QRs in the same micelle are in their on-state. This will result in an intensity
fluctuation during the excitation, but a clear off-state dose not appear. On the other hand,
the on/off-state of the single encapsulated QDs/QRs are very distinct, which could also be
confirmed by a spatial imaging of an enlarged region of the sample.[43] These results are
also valid for the other clusters; an exemplary time trace for PI-6-PEG (small) cluster and
single QDs/QRs is illustrated in Figure
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Figure 4.1: Time evolution of PL Intensity for a) clustered and b) single encapsu-
lated QDs/QRs with medium polymer.

Reprinted (adapted) with permission from Clustering of CdSe/CdS Quantum Dot/Quantum Rods into
Micelles Can Form Bright, Non-blinking, Stable, and Biocompatible Probes, Mona Rafipoor, Christian
Schmidtke, Christopher Wolter, Christian Strelow, Horst Weller, Holger Lange. Copyright (2015) Amer-

ican Chemical Society.
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Figure 4.2: Time evolution of the PL Intensity of a) clustered and b) single encap-
sulated QDs/QRs with small polymer.
Reprinted (adapted) with permission from Clustering of CdSe/CdS Quantum Dot/Quantum Rods into
Micelles Can Form Bright, N Non-blinking, Stable, and Biocompatible Probes, Mona Rafipoor, Chris-
tian Schmidtke, Christopher Wolter, Christian Strelow, Horst Weller, Holger Lange. Copyright (2015)

American Chemical Society.
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4 Optical properties of Core/Shell Quantum Dots/Quantum Rods in Micelles

4.2 Photoluminescence Spectra and Decays

Figure [4.3] a shows the scan area for three different clusters and the corresponding single
encapsulated QDs/QRs. For each sample a statistically relevant amount of micelles (bright
spots in confocal scan microscopy) with different PL intensities are studied. The PL
spectrum and PL decay for each spot on the sample are recorded and can directly be
compared. The excitation conditions and illumination duration of each spot is not changed.
The diffraction-limited resolution of the utilized set up is about 300 nm (FWHM of the
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Figure 4.3: (a) PL scans of the investigated clustered QDs/QRs. The scale bars cor-
respond to 2.0 um. The brightness scale bars conform to (counts/msec).
(b) Exemplary PL spectra of different clusters of the same batch, cor-
responding to the structures highlighted in (a) by white circles. (c)
Comparison of the PL spectra of the initial, the single encapsulated
and the clustered QDs/QRs with different polymer weights.

Reprinted (adapted) with permission from Clustering of CdSe/CdS Quantum Dot/Quantum Rods into
Micelles Can Form Bright, N Non-blinking, Stable, and Biocompatible Probes, Mona Rafipoor, Chris-
tian Schmidtke, Christopher Wolter, Christian Strelow, Horst Weller, Holger Lange. Copyright (2015)
American Chemical Society.

laser spot), at which the clustered QDs/QRs emit more light than the single encapsulated
QDs/QRs. The PL of the clusters is 10 times brighter than the singles (Figure £.3]a). By

52



4.3 Stability and Possible Interparticle Interactions

comparing the three different clusters across the sample surface no noticable difference in
the PL spectra can be observed. The shape of the PL spectra and the central wavelength
are almost the same. The normalized spectra of the clustered and single encapsulated
QDs/QRs do not differ from the initial synthesized QDs/QRs as seen in figure c.
Figure represent the PL decay curves of all samples including the initial QDs/QRs
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Figure 4.4: Photoluminescence decay curves of all QDs/QRs.
Reprinted (adapted) with permission from Clustering of CdSe/CdS Quantum Dot/Quantum Rods into
Micelles Can Form Bright, N Non-blinking, Stable, and Biocompatible Probes, Mona Rafipoor, Chris-
tian Schmidtke, Christopher Wolter, Christian Strelow, Horst Weller, Holger Lange. Copyright (2015)
American Chemical Society.

before encapsulation. The excitation fluence is the same for every measurement. The
lifetime of the excitons in the lowest transition state are almost the same for each sample
with a value of 19.8 ns. Exchanging the native ligands of QDs/QRs and varying the
polymer and even encapsulating the QDs/QRs, seems to have negligible influence on the

fundamental optical properties of the QDs/QRs.

4.3 Stability and Possible Interparticle Interactions

Tracking the luminescence intensity on longer time scales (10 s) by varying the pump
fluence is a way to proof the optical stability of these materials. Figure [£.5] a-b shows
the time traces of PI-6-PEG (large) clustered and single QDs/QRs for different excitation

power during a continuous measurement. The PL decay was tracked for each excitation
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Figure 4.5: PL intensity traces for different excitation powers of a) large polymer
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the corresponding PL decays.

Reprinted (adapted) with permission from Clustering of CdSe/CdS Quantum Dot/Quantum Rods into
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American Chemical Society.



4.3 Stability and Possible Interparticle Interactions

power. Figure [1.5] c-d shows the comparison of the decay curves at different excitation
powers for clustered and single encapsulated QDs/QRs. The clusters remain bright without
any blinking behavior, while the luminescense intensity of the single QDs/QRs fluctuates
during the measurement. In both samples the obtained PL intensity remains unchanged
for the same excitation power, which indicates that no physical damage or changes have
happened after high power excitation. The possible generation of defects in the particle
would reveal itself by fastening the PL decay (See Figure |8.6|d).

Increasing the excitation power leads to an increase of the average exciton population in
the NCs. The increase of the exciton population can result in exciton-exciton interaction or
even multiexciton Auger recombination and will influence the PL decay by shortening the
lifetime. The biexponential behavior of the PL decay curve for the highest measured power
(450 nW = (N) < 1) in figure[£.5|d, indicates a biexcitonic effect for the single encapsulated
QDs/QRs. In the case of clustered QDs/QRs the PL decay curve for the highest excitation
power has a more prominent behavior. It could originate from either interactions between
excitons or charges across the QDs/QRs. To understand further which interactions in
the clustered QDs/QRs can cause this behavior, different inter-particle interactions are

introduced and investigated in the next Chapter.
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5 Inter-Particle Interactions between
Core/Shell Quantum Dots/Quantum
Rods

5.1 Nonradiative Recombination Channels in QDs/QRs

From an application point of view core/shell quantum dot/quantum rods are often used in
scenarios as ensembles. One of the possible interactions that can occur in these ensembles
is resonant energy transfer. As shown in the previous Chapter, in a highly excited situa-
tion the energy relaxation of the QDs/QRs may happen via multiexcitonic decay.[129] The
multiexciton recombination can often compete against the energy transfer.[130] Depending
on the spatial position of the QDs/QRs, these two processes can be convolved. The intro-
duced material in the previous Chapter is a convenient platform for studying the interplay
of energy transfer and multiexciton Auger recombination. The inter-particle distance plays
a main role for studying these kind of processes. In this Chapter, spacer ligands are used
for controlling the distance between the QDs/QRs in the micelles (Chapter [2.2.3).

For tracking these processes time-resolved photoluminescence and transient absorption
experiments are performed. In this Chapter, it is shown that energy transfer between
the QDs/QRs is extremely efficient. It can result in a collective excited state dynamic.
This Chapter starts with an introduction of the two main nonradiative processes: Forster
resonance energy transfer and multiexciton Auger recombination. Later on, a coupling of

these two interactions is discussed.

5.1.1 Forster Resonance Energy Transfer

Férster resonance energy transfer[131], 132] and Dexter[133] electron transfer are the main
nonradiative interactions, that can take place between two individual particles in a non-
conductive environment. In both cases the overlap of the emission spectrum of the donor
and absorption spectrum of the acceptor is required.[I34HI37] Besides Dexter electron

transfer requires an overlap of the electronic wavefunctions and is effective on sub-nanometer
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5 Inter-Particle Interactions between Core/Shell Quantum Dots/Quantum Rods

scales. The energy transfer rate in this case varies with the distance between the particles.
The shell dimensions of the QDs/QRs used in this work and also the space occupied by the

passivating ligands allow neglecting this kind of energy transfer in core-shell NC ensembles.

Forster resonance energy transfer (FRET) on the other hand is associated with a charge-
neutral coulombic dipole-dipole interaction between an excited donor and a ground-state
acceptor pair. Here only the overlap between the emission and absorption spectra is re-
quired. The energy transfer rate kpr depends on the distance between the particles in a
scale of % and requires a maximum distance of 10 nm.[I138] 139] The FRET quantum
yield or in other words FRET quantum efficiency (E) is defined as the fraction of energy

transfers per donor excitation and is given by

P ket
k'r + kET + Z knr’

(5.1)

where kpr stands for the energy transfer rate from donor to acceptor, k. is the radiative
recombination rate and k,, corresponds to the nonradiative recombination (nr) rate. The
energy transfer rate also depends on the excited donor state population relaxation, but this
relaxation is dominated by the donor fluorescence rate. Thus, the energy transfer rate is
commonly described by the fluorescence lifetime of the donor 7p and the effective distance
or Forster distance (Ro) and is given by:[131], 132} 140-142]

1 Ry

ker = —(

— )° (5.2)

This approximation is also known as point-dipole approximation.[143] [144] Here r stands
for the donor-acceptor distance. The Forster distance (Ry) depends on several components,
one of the main component is the relative orientation of the donor and acceptor (x2):[140]

5,%2<I>DJ

6 —
== . 1
R§ = 8.785 x 107~

(5.3)

Here @ corresponds to the quantum yield of the donor in absence of the acceptor and
J represent the overlap integral between the emission spectrum of the donor and the

absorption spectrum of the acceptor. n is the refractive index.[140, [145] Furthermore,
J = / MEp(N)oa(N)dA, (5.4)

where o 4 represents the molar absorption coefficient of the acceptor.[146] Equation
and show that the FRET quantum yield F depends on . If the distance between the
donor and acceptor is smaller than their size,[133], 147, 48] which is usually the case in
NCs, the point approximation can not be used any more and E will be strongly depend
on the dimension and shape of the NCs. This fact can also be used to modify FRET

systems with specific desires. Hadar et al. showed that small NCs can provide better
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5.1 Nonradiative Recombination Channels in QDs/QRs

sensing properties [149-151] for low analyte concentration while larger NCs can be used in

the detection of multiple acceptors.[152HI55]

The 1% dependence for the FRET rate (Equation will then change. For multipolar
interaction the FRET rate will extended to:[143 [156]

kpr = —(—)% S >6, (5.5)

where S corresponds to the multipolar exponent, for example for dipole-quadrupole inter-
action S would be equal to 8.[I43] Size variations in NCs are associated with a band gap
distribution. FRET is then the main interaction that can happen between NCs, where the
excited large-bandgap (blue) NCs transfer nonradiativly energy to the small-bandgap (red)
NCs. In this way the blue NCs act as donor and the red NCs as acceptor. In other words,
within the blue NCs, energy is relaxed by radiative and nonradiative recombination. Note,

that blue NCs are associated with smaller size NCs and red NCs with larger size NCs.

5.1.2 Auger Recombination

As mentioned in Chapter in highly excited NCs, multiexcitons are generated. In such
a case Auger recombination is the dominant nonradiative recombination channel.[34] 157,
158] In this process the energy of one exciton is transferred to a third charge (electron or
hole) and leads to a further excitation of this charge. The re-excitation of the third charge
to higher energy states can either occur in the NCs or outside of the NCs. In the second
case one can speak of Auger ionization. In Bulk semiconductors the Auger rate (r4) is
defined as a function of carrier density (n.p), in which they have a cubic relation[34), [159]

- dnep

AT Tat
where Cy stands for the Auger constant and will be defined in the following. From equa-
tion the Auger time constant 74 can be defined as
1

p— 2
— = Caniy, (5.7)

= —CAngh, (56)

Consequently, the Auger time constant changes continuously with the reduction of carrier
density. In NCs the Auger time constant is quantized, because of the quantization of the
NC population, which also may change the cubic relation between Auger rate and the
carrier density in equation [5.6] Considering the cubic relationship and an effective carrier

density (carrier density per NCs volume N/Vj), the Auger constant Cy is defined by
Ca=V5(8m) ™. (5.8)

Equation shows that Auger recombination depends on the volume and the size of the
NCs.
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5 Inter-Particle Interactions between Core/Shell Quantum Dots/Quantum Rods

5.2 Coupled Auger Recombination and Energy Transfer

Exciting an ensemble of NCs with a size distribution (which leads to statistically distributed
bandgaps), can lead to an interplay between Auger recombination in one NC and FRET
with a neighboring NCs. For investigating the interplay between these two processes, the

QDs/QRs in micelles are a stable and convenient platform.

An approach to control the distance between QDs/QRs within the micelles is to function-
alize the NCs with polymer ligands of defined weight before the encapsulation which was
explained in Chapter 2.2.3]

5.2.1 Characterization of the Encapsulated QDs/QRs

Four clusters with different inter-particle distances were provided (Table . Cluster 1
constitutes large micelles with a long average inter-particle distance. Cluster 2-4 have
mainly the same size and a decreasing inter-particle distance (Figure a). The basic
characterization of these set of ensemble NCs is illustrated in Figure TEM, steady-state
absorption and photoluminescence (PL) spectroscopy, small angle x-ray scattering (SAXS)
and dynamic light scattering measurements (DLS) were performed for the characterization.
As shown in Figures a and e (TEM and DLS measurements), the clusters with native
ligands (cluster 4) and those with smaller polymer ligands (clusters 2 and 3) all have
similar sizes, but the cluster prepared with the 14.8 kDa polymer ligand (cluster 1) are
larger (Table [8.2]).

The CdSe core-related absorption appears at 605 nm. The broad shell-related CdS ab-
sorption is located at shorter wavelengths (460 nm) (Figure5.1|b). The PL spectra of the
clusters are broader and red shifted in comparison to the single encapsulated QDs/QRs.
The shorter the inter-particle distance, the higher is the probability for resonance energy
transfer from blue NCs to the red NCs. This leads to the red shift of the spectrum (due
to the smaller band gaps of the red NCs) (Figure c).

TEM images in Figure a confirms the fact, that the distance between the NCs in the
micelles are smaller than the actual size of the NCs. A distance estimation according to
the TEM analysis shows an average surface to surface distance (surface of the QDs/QRs)
of 2.1 nm for cluster 4, which is smaller than the size of the QDs/QRs (CdS core QDs have
a diameter of 5.3 nm and CdSe shell QRs have a length of 25.2 nm ). This changes the
point-dipole approximation of equationfor the Forster rate to a r~* surface dependency
of the NCs.[143], 160162

It is important to notice, that SAX measurements present the center to center inter-particle
distances (between the QDs/QRs). The scattering vector (@), which is the difference be-
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Figure 5.1: a) TEM images of the investigated samples. The scale bars correspond
to 50 nm. The clustered NCs are labeled by the most dense cluster
having the largest number. b) absorption and c¢) Photoluminescence

spectra of the samples. d) SAXS spectra and e) DLS statistics of the

samples.
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5 Inter-Particle Interactions between Core/Shell Quantum Dots/Quantum Rods

tween the incoming and out going beam wavevector (k — k') is related to the scattering
angle (#). From the measured angle in SAX analyzes, the @ values of each sample (Fig-
ure d) can be estimated (Equation [8.4).[25] The observed shift in Figure d of the
scattering vector () toward larger ()-values confirms a decrease of the inter-particle distance

between the NCs in the micelles of cluster 1 to cluster 4.

5.2.2 Biexciton Generation

In order to increase the exciton population (V) in the NCs, the excitation power was
increased. Time and wavelength resolved spectroscopy was performed to record the PL
decays (Figure[5.2). An approach established by Klimov et al.[163], was used to calibrate
the excited carrier population density. One can also estimate the excited carrier popu-
lation by knowing the focal conditions in the ensemble solution and the absorption cross
section[I64HI67] of the NCs at the exciting wavelength. By increasing the exciton popula-
tion (increasing the excitation power) in both, the dense cluster 4 and single encapsulated
QDs/QRs, the shape of the PL decay curve changes from mono-exponential to a biexpo-
nential function (Figure a and c¢). For an exciton population below the biexcitonic
threshold ((IV)<1), the excitons decay monoexponentially. In a regime for generating mul-
tiple excitons ((IN) > 1), Auger recombination is the dominant nonradiative recombination,
resulting the multiexponential decay of the excitons (Figure5.2|a and c).[34] 164} 168, [169]
To distinguish the two regimes in the experiment data, one can normalize the PL decay
curves to the long mono-exponential tail of the single-exciton decay curve (Figure b
and d). A faster decay component at the early time after the excitation is observable. This

fast component belongs to the multiexciton decay.[34) 130, [164]

The calibration approach of the exciton population can be achieved by removing the long-
time mono-exponential term of the PL decays. Figure b inset indicates that the build
up of the biexciton threshold occurs at 10 pW. One can normalize further the PL decays
to the biexciton contribution and find out the threshold of three excitons, which appears
at 20 uW (Figure [8.7). Assuming the photon density seen by each QD/QR in the micelle
is the same, the 10 uW can be associated with one exciton per QD/QR. Switching to the
dense cluster 4, one can recognize the general fastening of the PL. decays. The biexciton
behavior is much more prominent even for lower excitation powers. Because the excitation
conditions for single encapsulated QDs/QRs and cluster 4 are the same, the initial excited
carrier population remains the same. Earlier in this Chapter Auger recombination was
introduced as a non-distance-depended process, which makes the scenario of cluster 4 in
Figure c and d interesting.

The difference between cluster 4 and single encapsulated QDs/QRs at lower excitation
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Figure 5.2: Spectral integrated PL decay of a) single NCs and ¢) cluster 4 for
different excitation powers. The spectra were normalized to the PL
maximum. b-d) Same spectra as in (a-c), but normalized to the tail of
the PL decay. For the inset in part (b), the slow decay component was

removed in order to show the onset of biexciton recombination.
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5 Inter-Particle Interactions between Core/Shell Quantum Dots/Quantum Rods

power in Figure [5.2] where no multiexciton recombination contributes to the relaxation
dynamic, can only stem from the inter-particle interaction. This effect can be observed
by comparing the different clusters (1-4). Figure confirms that the change in the
faster component of the multiexponential decay curves is related to the distance between
the QDs/QRs in the micelles. Cluster 2 has the same behavior as single encapsulated
QDs/QRs. The smaller the distance between the QDs/QRs in the micelle, the faster the

first component (the component at the earlier time after excitation) of the multiexponential

decay.
cluster 1 cluster 2 cluster 3 cluster 4

ta b c d —4mwW
T | 1mw
8 — 10w
g — 1w
,‘%‘
0.1

-5 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (ns) Time (ns) Time (ns) Time (ns)

Figure 5.3: Spectral-integrated PL decays of cluster 1-4 normalized to the single-

exciton (long-duration) PL decay tail.

5.2.3 Forster Resonance Energy Transfer Analysis

In a regime of (N) < 1 no multiexciton can be generated. FRET can be considered as the
main inter-particle interaction in this excitation regime. Spectral and time resolved PL
measurements are an appropriate way to analyze this effect. Figure [5.4] a shows a streak
camera map for single encapsulated QDs/QRs. The time-integrated PL spectrum for this
sample is shown in Figure b. The marked areas in the spectrum represent the different

spectral components used for analyzing the impact of energy transfer in Figure 5.4 c-g.

The single encapsulated QDs/QRs decays mono-exponentially over the whole spectrum
with an estimated lifetime of 11 ns (Figure ¢). Cluster 1 with a larger amount
of QDs/QRs and a larger average inter-particle distance follows the single encapsulated
QDs/QRs and decays mostly in the same way (Figure[5.4/d). With decreasing inter-particle
distance in clusters 2-4, the splits of the different spectral components appear to be more
pronounced (Figure e-g). The red components in all clusters behave almost like the
single encapsulated QDs/QRs. The blue components decay much faster, which is an indi-
cation of a Foérster resonance transfer. The blue component corresponds to the particles
with larger band gaps (blue NCs), while the red one corresponds to the NCs with smaller
bandgap (red NCs). The blue NCs can transfer energy nonradiatively to the red NCs (and
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Figure 5.4: a) Streak camera map of single NCs excited with 1 yW at 418 nm. b)

Time-integrated PL spectrum from the data set presented in (a). The

three spectral regions are used for the wavelength-resolved analysis.

Spectral-resolved PL decays of ¢) single NCs, d) cluster 1, e) cluster 2,

f) cluster 3 and g) cluster 4. All samples were excited with the same

conditions.
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green), which make them the donnor in FRET. Assuming the blue NCs as donor, one
can estimate the average inter-particle distances from the decay constants of the different
spectral components.

1 1 1
=+ (5.9)

Ttot Tr TET

The inter-particle interaction dose not take place for the single encapsulated QDs/QRs,
thus the measured time constant for the single encapsulated QDs/QRs can be taken as the
radiative time constant.

1 1
= —. (5.10)

Ttot Tr

According to equation and including the r~* relation for the QDs/QRs ensemble,
one can estimate the relative inter-particle distance of the clusters, by normalizing these
extracted values to the SAX values for the dense cluster 4 (Table [5.1)).

Table 5.1: Comparison of the obtained inter-particle distances in the micelles from
SAXS and FRET analysis.

EXPeFiment dclusterl (nm) dclusterQ (nm) dclustev"?) (nm) dcluster4 (nm)
SAXS 12.3 9.1 8.3 7.3
FRET - 9.8 7.9 7.3

5.2.4 Coupled Forster Resonance Transfer and Auger Recombination

More information can be gained by extending these investigation and increasing the ex-
citation power. Figure [5.5] shows the same spectral components as in Figure [5.4] The
excitation power increases from left to right. From top to bottom the inter-particle dis-
tance decreases. The first column in Figure[5.5|represent the same data set as in Figure[5.4
The lifetime of the excitons shortens in the case of single encapsulated QDs/QRs in the

first row. This indicates multiexciton generation.

The split in the spectral component is less strong for increasing excitation power, which is
mostly a result of a strong change in the red part of the spectrum. Comparing the different
columns confirms the distance-dependence of this effect. The change in the blue part of
the spectrum can be explained by the contributions of FRET and an additional part of

Auger recombination with increasing the excitation power by:

1 1 1
L (5.11)
Ttot Ty Tnr
1 1 1
=—+—+ (5.12)

Tr TET TAug
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Figure 5.5: Spectral-resolved PL decays (wavelength regimes selected the same way

as for Figure ) of each sample in different initial exciton population

regimes.
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Let’s focus on the second column to understand the behavior of the blue and red part of the
spectrum. The second column presents the data, where the exciton population reaches the
value of (N) = 1. To understand the fast component at the early times after excitation for
the different spectral component in this power regime, one can follow again the procedure

of calibrating the exciton population and removing the long tail of the single exponential

component.
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Figure 5.6: To differentiate between (N) < 1 and (N) > 1, the spectral resolved
PL decays (blue part and red part) were normalized to the lowest power
PL decay (at 100 nW), the long time component was removed. (wave-
lengths selected the same way as in Figure a) Blue part and b)
red part of single encapsulated QDs/QRs spectrum. c¢) Blue part and
d) red part of the cluster 4 spectrum. The obvious difference between
(c) and (d) at lower power confirms the FRET from blue to red NCs,

which leads to an increase of (V) at lower power regime.

To understand the interaction between the QDs/QRs in the clusters, one can compare the
biexciton onset for different spectral component between single QDs/QRs and clustered
QDs/QRs. Figure presents a comparison of the PL decays of the blue and red NCs as
single NCs and in the dense cluster 4. The single blue (Figure[5.6(a) and red (Figure[5.6|b)
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NCs behave as the spectral integrated ensemble of single NCs (Figure[5.2). The threshold
for observing multiexciton recombination is at 10 yW. The same is valid for the blue
NCs (Figure c) in the dense cluster 4. For the red NCs (Figure d) in cluster 4,
a biexponential behavior can already be observed at 1 pW, while an excitation power of
10 uW results in higher-order multiexciton recombinations. To track the timescales of
energy transfer, pump-probe TA spectroscopy was performed. These studies disuses only
the core-related absorption bleach. The different spectral components were compared after

the thermalization into the lower transition state (15).
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Figure 5.7: TA maps of the core QDs a) single NCs and b) cluster 4. ¢) Spectral
cuts of the QD core spectral region of single NCs (solid lines) and cluster
4 (dashed lines). The spectra were normalized relative to the bleach
maximum, set to t=0. d) TA dynamics for three representative spectral

regimes, t=0 was set to the moment of photoexcitation.

Figure shows the data measured with an excitation power correlating to an exciton
population of (N) = 1. The spectra of single encapsulated QDs/QRs and cluster 4 both
narrow during the first 100 ps (Figure c¢). The spectra behave differently for the blue
part and red part of the spectrum, which is more distinct in the cluster 4 spectra. For the

single encapsulated QDs/QRs the dynamic of the blue and red part of the spectrum in the
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selected areas are almost similar. The green part of the spectrum represents the 1.5 central
bleach (excitonic bleach), which is occupied with excitons and has a longer lifetime. In the
case of clustered encapsulated QDs/QRs (cluster 4), the dynamic of the blue part of the
spectrum is faster than the other parts of the spectrum, which is also the main reason of
the asymmetric spectra in Figure c. This evidences the energy transfer from the blue
NCs to the red NCs.
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Figure 5.8: The same dataset as in Figure d, TA dynamic traces for three
representative spectral regimes of (b) single NCs and (c) cluster 4. ¢ =0

was set to the moment of photoexcitation.

A zoom in to the first 8 ps of the TA dynamic in Figure 5.8 highlights this effect better. At
the first 8 ps no spectral sensitivity can be observed for the single encapsulated QDs/QRs.
The energy transfer from the blue NCs donor in cluster 4 begins in the early 2 ps after
excitation. The transferred energy to the red NCs in cluster 4 can be confirmed by the
decrease of the blue NCs dynamic at 2 ps while the red NCs bleach increases (Figure 5.8/ b).
The energy transfer from the blue NCs to the red NCs leads to a further excitation of the
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red NCs. This effect is described in Figure For the case of a low exciton population,
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Figure 5.9: Schematic illustration of the processes contributing to the energy re-

laxation of clustered NCs.

an efficient energy transfer was observed in the PL measurements (Figure top). This
leads to a decreasing lifetime of the blue NCs and increase of the red NCs radiative re-
combinations. If the initial exciton population increases, a combination of energy transfer
and multiexciton generation will happen. An already excited red NC accepts energy from
the neighboring blue NC, which leads to the generation of a multiexciton in the red NC.
The multiexciton recombination is very fast and depends on the transfer rate of the blue
NCs. The relative amount of the multiexciton recombination generated by these collective
processes scales with the excitation power and the energy transfer probability (distance
between the NCs). This effect happens for an exciton population of (N) < 1 and an

average inter-particle distances below 10 nm.

This effect can have a significant impact for compact light source devices, where the dis-
tances between the NCs become smaller. The decrease of the radiative recombination of
the NCs by the generation of the triggered multiexcitons is a disadvantage for these applica-
tion fields. The triggered multiexciton may lead to the annihilation of the photogenerated

carrier before the charge can be separated from the NCs. Next Chapter is followed by the
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importance of the charge separation for specific applications.
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6 Charge Separation in Quantum Dots

One important application of QDs is their usage in solar cells or in devices, where pho-
toexcitation (light energy) and electricity (electrical energy) are coupled with each other.
Charge separation is a main procedure for applications containing converting light to elec-
trical energy. This process can also be controlled by multiexciotn generation, hot electron

extraction or even plasmonic effects.[I70HIT5]|

6.1 Coupling of CdSe QDs to Methyl Viologen

One common way for charge separation is to attache NCs to a molecular acceptor, in the

way that an excited electron in the NCs can be extracted by the molecule.

In this Chapter, very small CdSe QDs (diameter of 1.7 nm) were attached to methyl
viologen (MV?2+).[I76-I80] An illustration of this process is shown in Figure [6.1] The
absorption spectrum of bare CdSe QDs features the CdSe 1.5 absorption at 465 nmE]

6.1.1 Transient Absorption Dynamics of Charge Transport

Transient absorption (TA) is an appropriate way to study the fast dynamics of charge
separation. For a detailed investigation bare CdSe QDs and CdSe QDs attached to MV?2*
were used. An excitation wavelength of 400 nm was utilized. Figures a and b represent
the TA map for bare CdSe QDs and CdSe QDs attached to MV?+. At 220 fs after excitation
the two samples have the same spectral shape. However, the 15 excitonic bleach of the
QD attached to MV?* is red shifted relative to the bare CdSe (465 nm). After 220 fs the
excitonic bleach of CdSe attached to MV?* reduces and a broad positive absorption bleach
at longer wavelengths (550-700 nm) appears (Figure d). To track this bleach a zoom
in of the first 2 ps is illustrated in Figure b. Since the bare MV?T dose not show any
TA dynamic signatures in the visible region (Figure , the broad absorption bleach at
longer wavelengths (550-700 nm) can be related to the transport of the excited electron of
CdSe QDs to MV?*t, generating MV ™.

LAll TA measurements were performed with a wavelength of 400 nm and an excitation power of 100 V.
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Figure 6.1: a) Schematic illustration of electron transport from CdSe QDs to
methyl viologen (MV?2%) molecule acceptor. b) Steady-state absorp-
tion of CdSe QDs with an effective diameter of 1.7 nm. ¢) Calculated
band alignment of CdSe QDs attached to MV?+.



6.1 Coupling of CdSe QDs to Methyl Viologen
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Figure 6.2: TA maps of (a) CdSe QDs and (b) CdSe QDs with MV?*. Extracted
TA spectra of CdSe QDs in blue and CdSe QDs with MV?* in red at
(c) 220 fs after excitation and (d) 700 fs after excitation. The spectra
were normalized to the QD absorption bleach intensity at 220 fs.
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Figure 6.3: The bare MV?* dose not show any TA dynamic signatures in the visible

region.
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6 Charge Separation in Quantum Dots

1t — excitonic bleach of CdSe with MV* -
— excitonic bleach of CdSe

Intensity (A OD, norm.)

0 2 4 6 8
Time (ps)
Figure 6.4: TA dynamics of the CdSe 1S excitonic bleach for bare CdSe QDs (in
blue) and CdSe QDs attached to MV2* (in red).

The fastened decay dynamic of the CdSe 1S excitonic bleach in CdSe QDs attached to
MV?2* relative to the bare CdSe QDs (Figure, confirms a new nonradiative relaxation
channel in CdSe QDs. This nonradiative process is associated with the electron transport
from CdSe QDs to MV?*. This allows a discussion of the dynamic of the charge transfer
by comparing the QDs coupled to MV?* 1S excitonic bleach dynamic and MV?* dynamic.
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Figure 6.5: a) TA dynamics of the CdSe 1S excitonic bleach and the MV™ bleach
exctracted from CdSe QDs attached to MV2*. b) A zoom into the the

first 1 ps after excitation.

Figure [6.5 represent the traces of the TA dynamics of the CdSe QDs 1S excitonic bleach
attached to MV2T and the TA bleach dynamic of the broad MV?* [176] The carrier relax-
ation in CdSe happens very fast. After about 400 fs the MV bleach is still rising while the

CdSe 18 excitonic bleach is relaxing. These data indicate a duration of charge transport
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6.1 Coupling of CdSe QDs to Methyl Viologen

about 400 fs from CdSe QDs to MV?+.

6.1.2 Photoluminescence of CdSe QDs coupled to Methyl Viologen
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Figure 6.6: PL streak camera map for a) bare CdSe QDs and b) CdSe QDs attached
to MV2*. ¢) The extracted PL spectra of both samples are normalized

to the maximum intensity. d) Extracted PL decay of the 15 excitonic
state for bare CdSe QDs and CdSe QDs attached to MV?T compared

to the MVT PL.

In the ns regime, more information can be collected through the PL behavior of this

system. Figure a and b represent time and spectral resolved PL streak camera maps of
CdSe QDs and CdSe QDs attached to MV?*. The PL intensity of the 1.5 excitonic state
decreases by attaching the QDs to MV?T and a broad PL at longer wavelengths (550-
600 nm) appears. This broad feaure has a faster PL decay than the CdSe QDs decay of
both systems (at 465 nm)(Figure|6.6|d). Since this broad PL dose not appear for the bare
CdSe QDs, one can relate it to the MV™. Though MV™ dose not show any fluorescence
behavior. The energy difference between the LUMO band of MV?* and the VB (ground
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6 Charge Separation in Quantum Dots

state) of CdSe QDs in the calculated band alignment in Figure is appropriate to the
broad PL in Figure|6.6b. The electron in MV?" can be relaxed into the LUMO band and
transported to the VB (ground state) of CdSe QDs.
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7 Summary

The strain at the interface between the core and shell remains an issue and can still be
a source for trap states. Using Raman spectroscopy, the strain in core/shell QDs was
investigated by studying the LO phonon frequency behavior of core/shell QDs. As model
material, InP/ZnSe core/shell QDs with different shell thickness were used. By increasing
the thickness of the shell layer, a frequency shift of the core-related LO phonons towards
higher frequencies was observed. The reason for this is due to the different lattice constants
of InP (5.86 A) and ZnSe (5.68 A): InP QDs are compressed by the lattice reconstruction
with the ZnSe shell.

To overcome any compressive or tensile strain, the shell was synthesized as an alloy from
different compositions of ZnSe and Cdse. Since bulk CdSe was a larger lattice constant than
InP (6.08 /:\), a strain-free shell alloy could be achieved with a composition of Zng 58Cdg.42-
A systematic shift of the shell-related LO phonons was demonstrated and the strain in the
interface could be tuned from compressive to tensile. A linear dependence of the strain
and the lattice mismatch between the core and the shell material was observed. Thus, an
engineering of the alloys’ composition while tracking the LO phonon frequency allows an

optimization of the emission properties of the NCs.

In order to achieve water-soluble semiconductor NCs, the NCs were encapsulated using
block—coploymers. Clusters of encapsulated QDs/QRs were shown to be stable optically,
which could be confirmed by power-dependent measurements (without any blinking be-
havior). The distances between the QDs/QRs in micelles were tuned by exchanging their
ligands. The size of the micelles could be controlled by the copolymers’ weight, while the
distance between the QDs/QRs was controlled by the weight of the ligand. It could be
shown, that in these systems Forster Energy transfer along with Auger processes are two
important non-radiative recombination channels. Using SAXS data and comparing the PL
decay-time constants of single particles with clusters, the effective distance between the

particles could be estimated.

At higher excitation conditions (corresponding to an exciton population of 1 per particle),
a coupling between FRET and Auger recombination could be observed. The FRET from
blue to red NCs induces multiexcitons in the red NCs, which is followed by a nonradiative

Auger recombination process. This effect leads to a fast recombination of the triggered
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7 Summary

multiexcitons in the red NCs, which also led to a reduction in the radiative efficiency of
the NCs. This effect depends on the distance between the QDs/QRs in the micelles and
the excitation power. In order to increase the efficiency of compact light source devices,
one should be aware of this effect and avoid the generation of triggered multiexcitons. As a
model system to investigate the dynamics of charge separation for applications such as solar
cells, QDs coupled to electron accepting molecules have been used. Using time-resolved
transient absorption spectroscopy, the electron transfer from a photo-excited QD to Methyl
Viologen was studied. The duration of the electron transfer was estimated to be around
400 fs. Other processes such as biexcitons with a dynamic of 730fs could be observed.
The discussed issues in this thesis will help with the optimization of the structural and
optical properties of the NCs in order to use them for bioimaging, light source devices and

solar cells.
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Appendix

Photoluminescence Quantum Yield

Photoluminescence quantum yield (PLQY) is defined as the fraction of emitted photons
per absorbed photons by a material.[I8] Is can be estimated by the PL decay rate

krad

PLQY = — "red
krad + knonrad

(8.1)

, where k,..q is the radiative decay rate and k,onrqeq the nonradiative decay rate.

Additional Raman Spectroscopy Measurements Data

If the incident photon contains the same energy as the excitonic energy transition, the
scattered light becomes very strong. The enhancement of the Raman scattered light near
an electronic transition is also known as resonant Raman scattering. In case of core/shell
NCs the transition energy of the core defers from the shell. Changing the excitation

wavelength can lead to the enhancement of either the shell or core-related L.O frequency.
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Figure 8.1: Raman spectra of InP/Zng 9sCdg p25¢ QDs measured with different ex-
citation wavelengths. Changing the wavelength to 532nm leads to a
resolving the core-related band. Changing the excitation wavelength

towards the shell electronic transition enhances the shell-related LO
frequency.

(Reprinted (adapted) with permission from (Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, et al). Copyright (2018) American Chemical
Society.)

To resolve the different LO frequencies of different QDs, the excitation wavelength was
changed (Table [8.1).

Table 8.1: Raman spectroscoopy was performed with different excitation wave-

lengths (and accordingly different spectral resolutions) for different sam-

ples.
Sample Excitation wavelength (nm)  Resolution (cm™!)
InP 514 2.2
InP/ZnSe 0% Cd 458 4
InP/(Zn,Cd)Se 2.5% Cd 514 2.2
InP/(Zn,Cd)Se 5% Cd 514 2.2
InP/(Zn,Cd)Se 13% Cd 830
InP/(Zn,Cd)Se 21% Cd 532 4
InP/(Zn,Cd)Se 42% Cd 633 & 846 2.2
InP/(Zn,Cd)Se 70% Cd 830 P
InP/(Zn,Cd)Se 87% Cd 830 2
InP/(Zn,Cd)Se 98% Cd 830 p
InP/(Zn,Cd)Se 100% Cd 830 2
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Figure 8.2:

Raman shift (cm™)

Raman shift (cm™)

Raman specta of a) InP/Zno.ggcdo,OQSe, b) InP/Zno_95Cd0,g5Se, C)
IHP/ZHO.87Cd0.138e, d) InP/Zn0.7ng0.glse, e) InP/Zno.g()Cdo.mSe, f)
InP/ZnO.130d0.87Se, g) IDP/ZH0.0QCdO.ggse and h) InP/CdSe

(Reprinted (adapted) with permission from (Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum

Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, et al).

Society.)

Copyright (2018) American Chemical
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The shell-related LO of InP/Zng 53Cdp.42Se QDs with an different excitation wavelength
than the core-related LO. The core-related LO Phonon could be resolved under other
condition (an excitation wavelength of(846.163nm) and a longer longer integration time
of 30 min). Changing the experimental conditions can also lead to the ligand-related
organic vibrations, which are also Raman active, are also visible. The DFT calculations
of the organic ligand molecules (oleic acid and dodecanethiol) shows a vibration around
347cm™! for oleic acid. According to the DFT data the Raman bands around 340 cm™!
are in a frequency region without organic vibrations. This asymmetric band was fitted in

the same way as the common InP Raman bands with two Lorentzian functions.

f ©=214.6 cm™ Xc4=0-42 b ©=2341.3cm" Y Xc4=0-42
/ \\=+— (zn,Cd)Se shell LO i InP/(Zn,Cd)Se core Lo © = 3474 €M~~~ OLA(DFT)
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Figure 8.3: Raman spectra of InP/Zng 55Cdo.42Se QDs a) in the region of the shell-
related LO, measured with an excitation wavelength of 633nm. b)
In the core-related LO frequency region, measured with an excitation
wavelength of 846.163 nm, the dashed curve are DFT calculations of

oleic acid.

(Reprinted (adapted) with permission from (Strain Engineering in InP/(Zn,Cd)Se Core/Shell Quantum
Dots, Mona Rafipoor, Dorian Dupont, Hans Tornatzky, et al). Copyright (2018) American Chemical
Society.)

Additional Photoluminescence Spectroscopy Measurements
Data

The PL intensity of the single encapsulated QDs/QRs fluctuate during the experiment
time, while the PL intensity of the clustered QDs/QRs remain constant.
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Figure 8.4: Time evolution of PL Intensity for a) clustered and b) single encapsu-
lated QDs/QRs with medium polymer.

Reprinted (adapted) with permission from (Clustering of CdSe/CdS Quantum Dot/Quantum Rods into

Micelles Can Form Bright, Non-blinking, Stable, and Biocompatible Probes, Mona Rafipoor, Christian
Schmidtke, Christopher Wolter, et al). Copyright (2015) American Chemical Society.
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Figure 8.5: PL intensity traces for different excitation powers of a) medium polymer
clustered QDs/QRs and ¢) medium polymer single QDQR and b) and
d) the corresponding PL decays.

The extreme fast damping of the PL decay of the single encapsulated QDs/QRs by higher

excitation power, is a sing of generating defects. The PL intensity vanishes in this case.
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Figure 8.6: PL intensity traces for different excitation powers of a) small polymer
clustered QDs/QRs and c¢) small polymer single QDQR and b) and d)
the corresponding PL decays.
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Figure 8.7: Spectral integrated PL decays of single NCs for different excitation
powers. The data are normalized to the maximum intensity and the

mono-exponential and biexponential components are removed. The

onset, of the three exciton regime is at 20 pW.

Additional Transient Absorption Measurements Data
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Figure 8.8: The white light probe pulse probes the system after the excitation by
the pump beam.
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Figure 8.9: Increasing the excitation power leads to biexciton recombination. TA
dynamics of a) single, b)cluster 1, ¢) cluster 2, d) cluster 3 and e)

cluster 4.

The biexciton lifetime is instrument limited in the case of PL measurements. Thus from
the TA dynamics (single QDs/QRs), one can estimate an biexciton lifetime of 180 ps.[182]
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Figure 8.10: a) TA dynamic of CdSe excitonic bleach and the positive biexciton
bleach (also seen in Figure c at 497 nm). b) The TA dynamics in
(a) normalized, one can see that he two bleaches has the same dynamic

and the relaxation time is about 730 fs.

The CdSe excitonic bleach in Figure [6.2] has the same TA dynamic as the positive bleach
at 497 nm. The positve bleach can be refered to the generation of biexciton in the higher
energy levels (Figure [8.10).

Scattering Vector

The scattered vector Q = k — k' is the difference between the wavevector of the incident
beam k and the outgoing beam k’. In SAX measurements @ is estimated by the angle of
the scattered light 0.[183]

Q= 4; sin 0 (8.2)
The angle of the scattered light 8 depends on the wavelength A by Bragg’s law via

2d sin(6) = nA, (8.3)
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where n is an integer and d is the distance between layers of atoms in a crystal.[25] From
these two equations the center—to—center distance of the particles d can be estimated by

the SAX measurements.

d="" (8.4)
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Chemicals
Table 8.2: Chemicals

Substance GHS Hazard State- Precautionary
ments Statements

CdSe/CdS/ZnSe 02, 07, 08 225-304-315-336- 210-261-273-281-
361d-373-412 301-310-331

Cadmium(IT)acetat 07, 09 332-312-302-400- 273-302+352
410

Selen 06, 08 331-301-373-413 273-304-340

Toluol 02, 07, 08 225-361d-304- 210-301+310-
373-315-336- 331-302-+352
361d-373

Zink(IT)acetat 07, 09 302-400-410 262-273
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GHS01 Explosive

GHS02 Flammable

GHS03 Oxidising

GHS04 Gas Under Pressure

GHS05 Corrosive

GHS06 Acute Toxic

GHSO07 Harmful / Imtant / Skin
sensitiser

GHS08 Carcinogen / Germ cell
mutagen / Reproductive toxin

&

GHS09 Hazardous to the
aquatic environment

Figure 8.11: Pictogram Symbols

http://findbestessayshere.info/msds-safety-symbols
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