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Abstract

The optical and electronic properties of semiconductor nanocrystal (NC) are governed by
the charge-carrier localization. One possibility to gain information about the charge-
carrier localization is through exciton–phonon coupling. In semiconductors, exciton–
phonon coupling plays a central role, as it limits the homogeneous emission line width and
the coherence of emitted photons, as well as relaxation processes. Therefore, a profound
understanding of exciton–phonon coupling is needed to improve the properties of NCs.
However, experimental results and sophisticated calculations of exciton–phonon coupling
show discrepancies. Hitherto, most research on exciton–phonon coupling was primarily
focused on ensemble measurements, and single-particle spectroscopy data is lacking. An-
other important aspect in NCs is the presence of surface charges because they can strongly
influence excitons, which limits the emission linewidth of NC and is presumed to affect
exciton–phonon coupling.
In this work, single-particle photoluminescence (PL) spectroscopy at cryogenic temper-

atures was used to measure the optical properties of semiconductor heteronanocrystals
with different charge-carrier localizations. It was investigated how the charge-carrier lo-
calization affects exciton–phonon coupling when the band alignment changes from type-II
to type-I. For this purpose, Zn1−xCdxSe/CdS dot-in-rod nanocrystals (DRs) with different
Cd fraction x and CdSe/CdS DRs were analyzed. Statistical single-particle spectroscopy
revealed that the relative intensities of the first-order longitudinal optical phonons reflect
the change in charge-carrier localization. A new model was developed to predict the
strength of exciton–phonon coupling. This model derives the strength of exciton–phonon
coupling from the difference of electron and hole localization, weighted by material and
particle-dependent coupling constants. Quantum mechanical calculations of the exciton
were carried out within the effective-mass approximation to support the data evalua-
tion. It was revealed that the derived coupling constants share similarities with Fröhlich
coupling constants, which are used in bulk. Moreover, the calculations allowed for the
estimation of the partially unknown Cd fractions x. Accounting for surface charges in
the calculations revealed that they strongly affect the exciton–phonon coupling. Further-
more, the results of this work strongly suggest that surface charges have a strong effect
on exciton–phonon coupling. Single-particle spectroscopy of CdSe/CdS quantum dots
showed that an increase in the shell thickness leads to a distinct increase in the exciton–
phonon coupling. By applying external electric fields, the charge-carrier localization in
DRs was manipulated during spectroscopy. Measurements of CdSe/CdS and ZnSe/CdS
DRs revealed that the magnitude of exciton–phonon coupling can be controlled by these
electric fields. Moreover, multiple new effects were found that are linked to surface charges.
These effects include blue-shifts of the emission in CdSe/CdS DRs, the memory effect of
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the previous electric field direction, directed spectral diffusion, and induced repeatable
spectral jumps.
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Kurzfassung

Die optischen und elektronischen Eigenschaften von Halbleiter-Nanokristallen NCs wer-
den durch die Ladungsträgerlokalisation bestimmt. Hierbei stellt die Exziton-Phonon-
Kopplung eine Möglichkeit dar, um Informationen über die Ladungsträgerlokalisation
zu erhalten. In Halbleitern spielt Exziton–Phonon-Kopplung eine zentrale Rolle, da sie
die homogene Linienbreite der Emission und die Kohärenz von emittierten Photonen,
sowie Relaxationsprozesse limitiert. Daher ist ein tiefgreifendes Verständnis über die
Exziton-Phonon-Kopplung notwendig, um diese Eigenschaften von NCs für Anwendungen
zu verbessern. Ein Problem besteht darin, dass bisherige experimentelle Ergebnisse und
theoretische Vorhersagen der Exziton–Phonon-Kopplung voneinander abweichen. Bisher
war zudem der Großteil der Forschung von Exziton–Phonon-Kopplung primär auf En-
semblemessungen fokussiert. Daher mangelt es an Daten, die mittels Einzelteilchenspek-
troskopie gemessen wurden. Ein weiterer wichtiger Aspekt in Nanokristallen, welcher die
Linienbreite der Emission und vermutlich die Exziton–Phonon-Kopplung beeinflusst, ist
die Wechselwirkung von Exzitonen mit Oberflächenladungen.
In dieser Arbeit wurde Einzelteilchenspektroskopie bei kryogenen Temperaturen durch-

geführt, um die optischen Eigenschaften von Halbleiter-NCs zu messen. Es wurde unter-
sucht wie die Ladungsträgerlokalisation die Exziton–Phonon-Kopplung beeinflusst, wenn
sich die Bandanordnung von Typ-II zu Typ-I ändert. Zu diesem Zweck wurden Kugel-
in-Stab-Nanokristalle (DRs) aus Zn1−xCdxSe/CdS mit verschiedenen Cd-Anteilen x un-
tersucht. Hierbei wurde über statistische Einzelteilchenspektroskopie festgestellt, dass
die relativen Intensitäten der longitudinalen optischen Phononen erster Ordnung die Än-
derungen der Ladungsträgerlokalisation widerspiegelten. Darüber hinaus wurde ein neues
Modell entwickelt, um die Stärke der Exziton–Phonon-Kopplung vorherzusagen. Dieses
Modell leitet die Stärke der Exziton–Phonon-Kopplung aus der Differenz der Lokalisation
von Elektron und Loch her, die mit material- und teilchen-spezifischen Kopplungskonstan-
ten gewichtet wurden. Zur Auswertung der experimentellen Daten wurden quantenmecha-
nische Berechnungen des Exzitons durchgeführt, wobei die effektive-Masse-Näherung ver-
wendet wurde. Dabei wurde aufgedeckt, dass diese Kopplungskonstanten Ähnlichkeiten
mit Fröhlich-Konstanten aufweisen, welche im makroskopischen Fall genutzt werden.
Zudem erlaubten die Berechnungen eine Einschätzung der zum Teil unbekannten Cd-
Anteile x. Des Weiteren enthüllten die Ergebnisse dieser Arbeit, dass Oberflächenladung-
en die Exziton–Phonon-Kopplung stark beeinflussen. Weitere Einzelteilchenmessungen
von CdSe/CdS Quantenpunkten zeigten, dass eine Zunahme der Schalendicke zu einem
deutlichen Anstieg der Exziton–Phonon-Kopplung führt. Die Ladungsträgerlokalisation
wurde ebenfalls durch externe elektrische Felder variiert. Hierbei enthüllten spektroskopis-
che Untersuchungen von CdSe/CdS- und Zn1−xCdxSe/CdS-DRs, dass die Stärke der
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Exziton–Phonon-Kopplung durch elektrischen Felder kontrolliert werden kann. Darüber
hinaus wurden mehrere neue Effekte entdeckt, welche mit Oberflächenladungen zusam-
menhängen. Diese Effekte beinhalten die Blauverschiebung der Emission von CdSe/CdS-
DRs, einen "Gedächtniseffekt" der CdSe/CdS-DRs aufgrund der vorherigen elektrischen
Feldrichtung, eine gerichtete spektrale Diffusion und induzierte wiederholbare spektrale
Sprünge.
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1. Introduction

In the past decades, nanocrystals (NCs) have emerged as a new material type. NCs
have spatial dimensions on the nanometer scale (1–100 nm), which is a billionth of a
meter. What makes NCs unique is that their properties can be controlled through their
size and shape, in contrast to macroscopic systems that keep their properties regardless
of morphological changes. This effect is a consequence of quantum confinement, which,
in the case of semiconductor NCs, increases the band gap energy with decreasing size.1

Semiconductor NCs can be used in a variety of different applications. Due to their tunable
band gap energy, they are interesting as light sources in light-emitting diodes2–4 or as
light harvesters in solar cells.5 Their large surface-to-volume ratio also makes them ideal
candidates for catalytic applications.6

All optical and electronic properties of semiconductor NCs are controlled by the charge-
carrier localization. The charge-carrier localization can only be roughly estimated by mea-
suring, for example, the excited-state lifetime or emission energy.7,8 Another potential way
to obtain information about charge-carrier localization is through the exciton–phonon cou-
pling. In general, exciton–phonon coupling describes the interplay between electronic and
vibrational states. Consequently, exciton–phonon coupling is a key aspect to consider as it
takes part in electronic relaxation processes, as well as in electronic and thermal transport
properties.9–11 Following the nature of exciton–phonon coupling, it controls properties like
the homogeneous emission linewidth and excited state lifetimes.12,13 However, theoretical
predictions and experimental results still deviate from each other, even when sophisticated
modeling is employed.14,15 This makes it clear that further research into exciton–phonon
coupling is needed.

Various methods are used to investigate exciton–phonon coupling, like Raman spec-
troscopy16–18, PL excitation spectroscopy19, and fluorescence line-narrowing spectroscopy20.
The drawback of, for example, Raman spectroscopy is that it yields results that are not
fully representative of the exciton–phonon coupling occurring during PL. Ensemble mea-
surements, in general, have the problem that they average out effects like the influence of
surface charges. Therefore, a preferred method to investigate the exciton–phonon coupling
in detail is the single-particle PL spectroscopy at cryogenic temperatures. These mea-
surements allow to resolve temporal changes in exciton–phonon coupling in single NCs,
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as well as to directly probe the lowest exciton states. If the exciton–phonon coupling is
more precisely measured and better understood, then more accurate information about
the charge-carrier localization can be derived from it. Moreover, surface charges have
been assumed to impact exciton–phonon coupling.12,21–25 Similar to exciton–phonon cou-
pling, surface charges also limit the emission linewidth and coherence of emitted photons.
Consequently, it is important to understand the influence of surface charges.
Another interesting part of NCs is that the charge-carrier localization can be controlled

by creating heterostructures. Heterostructured NCs have been synthesized in various
shapes and compositions, and unique optical properties arise from the different exci-
ton confinement in these structures.26 An interesting example for these are dot-in-rod
nanocrystals DRs, which are composed of a spherical core, also known as a quantum dot,
that is embedded in a rod-shaped shell. What makes DRs special is that they emit polar-
ized light27,28, making them suitable candidates for light-emitting diodes29 and lasers30.
Their anisotropy has also sparked interest in using them for catalytic water splitting for
hydrogen production, when combined with metal tips. More importantly for this work,
the geometry of DRs promotes charge-carrier delocalization, which increases exciton–
phonon coupling. Additionally, the charge-carrier localization in these structures can be
manipulated by external electric fields, allowing them to be used as optical switches.31

In this work, the charge-carrier localization in Zn1−xCdxSe/CdS DRs, CdSe/CdS DRs,
and CdSe/CdS quantum dots is investigated by single-particle PL spectroscopy at cryo-
genic temperatures. For this purpose, the charge-carrier localization was varied on one
hand by the composition and geometry of the NCs, and on the other hand by external
electric fields. To support the evaluation of the exciton–phonon coupling, quantum me-
chanical calculations of the exciton within the effective-mass approximation were carried
out.
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2. Theoretical Background

2.1. Properties of Semiconductor Nanocrystals

2.1.1. Electronic Structure

In solid states, many atoms are present to form molecular orbitals. These molecular or-
bitals can be constructed by the linear combination of atomic orbitals (LCAO), resulting
in bonding and antibonding states. If enough atoms are present, the molecular orbitals
form continuous energy bands. Important for the properties of a material are the highest
occupied and lowest unoccupied energy bands, similar to the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of a molecule. The
highest occupied band is called the valence band, and the lowest unoccupied band is
called the conduction band. In the case of insulators and semiconductors, an energy gap
is present between these two bands, as sketched in Figure 2.1a and b. The correspond-
ing Fermi level EF lies in the middle of the band gap. In metals, see Figure 2.1c, the
band gap is absent, and EF is located in the highest occupied band. As a consequence of
the partially filled band, metals are electrically conducting at T = 0 K, while insulators
and semiconductors are not. The band gap in semiconductors is sufficiently small com-
pared to insulators that external energy in the form of heat or light can excite electrons
from the valence to the conduction band without damaging the material, making them
conducting.32,33

An electron can be excited from the valence to the conduction band by light or thermal
energy. In this process, a positive charge is left behind in the valence band. This positive
charge is called a hole and behaves like a particle. In the first approximation, the electron
and hole can be described as free particles. The energy of the electron and hole is then
given by the parabolic dispersion relation

E(k) =
~2k2

2me/h

. (2.1.1)

In this equation, ~ is the reduced Planck constant, k is the wave vector of the particle,
and me/h is the mass of the electron or hole.34

3



2.1. Properties of Semiconductor Nanocrystals

Insulator

EF

Semiconductor

EF

Metal

EF

E

Conduction Band

Valence Band

a b c

Figure 2.1.: Band schemes of (a) an insulator, (b) a semiconductor, and (c) a metal. The grey
areas represent occupation of the bands with electrons, while the white areas in the bands are
empty electronic states. The dotted lines indicate the Fermi levels. Adapted from Gross.33

Inside a semiconductor, the electrons and holes occupy molecular orbitals that can have
an angular momentum. The interaction between the spin of the charge carrier and the
angular momentum of the molecular orbitals is known as spin–orbit coupling and results
in an energetic splitting of the energy bands. This work is centered around the II-VI
semiconductors ZnSe, CdSe, and CdS. In these II-VI semiconductors, the valence band is
built from p-orbitals and the conduction band from s-orbitals. If spin–orbit coupling is
accounted for, the valence band splits into three bands, while the conduction band remains
a single band. Figure 2.2 shows this four-band structure in the reciprocal space.32,35 These
energy bands show different curvatures. Evaluating and reordering the curvature of the
dispersion relation from Equation 2.1.1 to

1

me/h,eff

=
1

~2

d2E

dk2
(2.1.2)

shows that it is related to a reciprocal mass. This mass is called the effective mass and
can be used to describe the behavior of charge carriers in crystal lattices as quasi-free
particles. The conduction band with the lowest curvature arises from the heavy hole,
followed by the larger curvature of the light hole and split-off bands. The heavy hole
band correspond to the total angular moment J = 3/2 with the projection mJ = ±3/2,
the light hole band to J = 3/2 with mJ = ±1/2 and the split-off hole band to J = 1/2

with mJ = ±1/2.35,36

The electron and hole can form a bound state, via Coulomb interaction, known as an
exciton. Excitons resemble hydrogen atoms (or more specifically positronium atoms) as
both are two-particle systems that are bound by Coulomb interaction. A better under-
standing of the exciton can be gained by evaluating the so-called exciton-Bohr radius in
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2.1. Properties of Semiconductor Nanocrystals

E

k

Electrons

Heavy Holes

Light Holes

Split-off Holes

J = 3/2
mJ = ±3/2

J = 3/2
mJ = ±1/2

J = 1/2
mJ = ±1/2

J = 1/2
mJ = ±1/2

Figure 2.2.: Simplified band diagram of the conduction and valence bands of a II-VI semicon-
ductor including the angular momentums of electron and hole J and their 1-D projections mJ .
Adapted from literature.35,36

analogy to the Bohr radius. The masses of the electron and the hole within a semiconduc-
tor are more similar to each other compared to the ones of the proton and the electron of
a hydrogen atom. Thus, for separating center-off-mass and relative motion, it is necessary
to introduce a reduced mass

mred,eff =
me,effmh,eff

me,eff +mh,eff

(2.1.3)

for the exciton.37 Additionally, the electron and hole charges are shielded inside the semi-
conductor by the crystal ions. Therefore, the relative dielectric constant of the semicon-
ductor εr needs to be accounted for. The exciton–Bohr radius can then be expressed
as

a0 =
4π~2εrε0
e2mred,eff

, (2.1.4)

where ε0 is the dielectric constant of the vacuum and e is the elementary charge.32,38 In
NCs, the movement of the exciton is confined, and the exciton–Bohr radius is commonly
used to categorize this confinement into three regimes.39

In the weak confinement a0 � RNC, the Coulomb binding energy is larger than the
confinement energy. As a consequence of the weak confinement, the center of mass of
the exciton is affected by the confinement, while the radius of the exciton stays nearly
the same. In the intermediate confinement regime, the radius of the NC lies in between
the electron–Bohr radius ae

0 and the hole–Bohr radius ae
0: ae

0 > RNC > ah
0. In this

case, the Coulomb and confinement energies are similar. Hence, only the electron states
are effectively quantized. In the third regime, the strong confinement ae/h

0 � RNC, the
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2.1. Properties of Semiconductor Nanocrystals

Coulomb energy is lower than the confinement energy. Consequently, the states of both
charge carriers are quantized.37 For comparison, the exciton-bohr radii of the materials
used in this work are: a0(ZnSe) = 4.5 nm, a0(CdSe) =5.4 nm, and a0(CdS) = 2.7 nm.39

In addition to the size of the NCs, their shape also influences the confinement effect.
Figure 2.3 illustrates the different degrees of confinement and the corresponding density
of states (DOS). The bulk case (3D material) is shown in Figure 2.3a, in which no
confinement is present. As the degree of confinement increases, in Figure 2.3b–d, the DOS
gets more discretized. Examples of nanostructures for these different dimensionalities are:
nanoplatelets (2D), nanowires/nanorods (1D), and quantum dots (0D).32,40

3D 2D 1D 0D

E

ρ3D

E

ρ2D

E

ρ1D

E

ρ0D

a b c d

ECB
EVB

Figure 2.3.: Comparison of semiconductors of different dimensionality with their respective
density of states ρ ranging from (a–d) 3D to 0D. Adapted from literature.32,40

For a complete description of the localization and energies of the exciton states in a
NC, the corresponding Schrödinger equation has to be solved. The time-independent
Schrödinger equation of an exciton within the effective-mass approximation is(

− ~2

2me,eff

∇2
e −

~2

2mh,eff

∇2
h −

e2

4πεrε0|re − rh|

)
Ψ = EΨ, (2.1.5)

in which re and rh are the electron and hole coordinates , Ψ the exciton wave function
and E the energy of the exciton. The first two terms in the brackets are the operators
for the kinetic energy of the electron and hole, respectively, while the third term is the
operator for the Coulomb binding energy of the electron and hole.37

Solving the Schrödinger equation for complex systems requires a lot of computational
resources, making approximations, numerical calculations, and, nowadays, also machine
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2.1. Properties of Semiconductor Nanocrystals

learning essential. Even with approximations, the computation time typically scales with
the number of electrons in the system to the power of 3–7.41

In 1986, Louis Brus formulated a simpler approach by constructing a semi-empirical
relationship of the exciton energy ENC and the radius RNC of a spherical NC:

ENC ' Eg +
~2π2

2R2
NC

(
1

me,eff

+
1

mh,eff

)
− 1.8e2

4πε0εrRNC

. (2.1.6)

In this equation, Eg is the bulk band gap of the semiconductor, and 1.8 is a factor to
account for the average distance between the electron and the hole in a spherical geometry.
From this equation, it becomes apparent that the confinement energy in spherical NCs
scales with 1/R2

NC, while the Coulomb energy scales with 1/RNC.42

2.1.2. Optical Properties of Nanocrystals

Blinking

One of the primary interests in NCs lies in their optical properties. Figure 2.4 shows the
PL intensity of an individual NC over time. The PL intensity fluctuates over time and
turns on and off. This phenomenon was first observed for individual NCs in 1996 and is
called blinking.43 A consequence of the blinking is that the amount of excitons that are
generated in a NC is smaller than the number of photons that are emitted. This ratio
is also known as the quantum yield.32 The commonly used model for the explanation of
blinking is illustrated in Figure 2.5. Starting point of the model is an uncharged NC in
an excited state, in which an exciton is present (Figure 2.5a). If the exciton recombines,
a photon is emitted. Hence, the NC is in an emissive state called the on-state. The
neutral NC can get charged locally if either the electron or the hole gets captured into a
so-called trap state. Multiple pathways for the trapping of a charge carrier are possible,
and the two of them are depicted in Figure 2.5b and c. In the first pathway (Figure 2.5b)

0 1 0 0 2 0 0 3 0 0

Int
en

sity
 (a

.u.
)

T i m e  ( s )
Figure 2.4.: Time trace of the PL measured from a single NC with an integration time of 20 ms.
The off states are shaded in grey.
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Neutral Nanocrystal Charging Process Charged Nanocrystal

a b c d

hν

Trap
State

hν

Figure 2.5.: Schematic overview of the steps leading to the blinking process starting from (a)
a neutral NC that emits light. After charging due to (b) direct tunneling or (c) thermo-ejection
the NC becomes (d) charged. In this charged state the dominant recombination process is the
non-radiative Auger recombination, thus no more light is emitted. Adapted from Efros.44

only one exciton is present. Here, one of the charge carriers could tunnel directly into a
trap state or could get thermally ejected into a trap state. Another possibility is Auger
auto-ionization, shown in Figure 2.5c, that can take place when a biexciton is formed. In
this case, the recombination of one exciton transfers the energy onto one charge carrier of
the other exciton, thereby supplying sufficient energy for ejecting the charge carrier into
a trap state. In Figure 2.5d, the NC is in a charged state, also called off-state. This is a
consequence of the now possible Auger recombination, in which the recombination energy
of the exciton is transferred to the third charge carrier in the form of kinetic energy. This
process significantly reduces PL as it is an order of magnitude faster and usually takes
place on a time scale of 10–100 ps.44 The off-states of NCs can span a wide range of
time scales from 100 µs to multiple hours.44,45 In order to accommodate for the different
time scales, different modifications have been proposed for the aforementioned model
that include, for example, the introduction of multiple different trap sites46 or fluctuating
energy barriers47.48

In order to fully understand the blinking process, the nature of trap states has to
be understood. Trap states are energy states that originate from vacancies in the crystal
lattice, impurity atoms, unsaturated bonds on the NC surface, ligands, or the surrounding
environment.44,49–51 For example, Veamatahau et al. have used PL spectroscopy and X-ray
photoelectron spectroscopy to show that sulfur vacancies on the surface of CdS quantum
dots act as deep trap states for electrons.52 Another important factor for the optical
properties of NC is their interaction with air. Mueller et al. found that for CdSe/ZnS
NCs, oxygen can neutralize charged NCs as an oxidation agent by taking up a single
electron, leading to an average PL increase by a factor of 2. If water is also present, it
broadens the LUMOs of the oxygen, thereby facilitating the oxidation process. This, in
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turn, means that the PL emission intensity of NCs in vacuum is decreased, which is the
case for all low-temperature measurements.53

Depending on the nature of the trap states, two different blinking types have been
identified by Galland et al. by investigation of single CdSe/CdS NCs inside a three-
electrode electrochemical cell. They named the blinking due to charging and discharging,
as described before in Figure 2.5, as A-type blinking. In A-type blinking, the PL intensity
increases and decreases together with the fluorescence lifetime. Furthermore, in A-type
blinking, the NC is either in a highly emissive on-state or a non-emissive off-state, and
no medium-intensity grey-states occur. The second blinking type they found was B-type
blinking, which originates from the charge fluctuation of electron trap states that capture
hot electrons before their relaxation. As a result, in B-type blinking, the PL intensity
changes more continuously and in smaller steps, enabling also emissive grey-states, as
opposed to A-type blinking. Additionally, the fluorescence lifetime changes are much
smaller in B-type blinking.54 Further investigations by Yuan et al. revealed that multiple
blinking types can occur in the same NC.55

Decay Dynamics

A better understanding of the exciton relaxation pathways can be gained by time-resolved
measurements. For this, decay curves of the PL can be measured by performing time-
correlated single photon counting (TCSPC). In TCSPC, the semiconductor is excited with
pulsed laser light, and the delay time between each laser pulse generation and detection
of a single emitted photon is recorded. The decay curve can then be constructed as a
histogram.39

When only a single recombination pathway for the exciton exists, the temporal decay
of its population N can be described by a single exponential function

N(t) = N(0)e−t/τfl , (2.1.7)

with the initial population N0 and fluorescence lifetime τfl. The population in this case
refers to the ensemble of the repeatedly probed excited state of a single NC. In NCs,
multiple recombination pathways of different excited states are often present, and in these
cases, multi-exponential functions

N(t) =
∑
i

N(0)e−t/τfl,i (2.1.8)
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are used.32,34 For an easier comparison of different systems the intensity-averaged lifetime

τave =

∑
iNiτ

2
fl,i∑

iNiτfl,i

(2.1.9)

can be derived.56

As described above, both radiative and non-radiative recombination pathways exist,
thus the fluorescence lifetime τfl that is measured in experiments includes both the radia-
tive decay rate krad and non-radiative decay rate knrad

τfl =
1

kfl

=
1

krad

+
1

knrad

. (2.1.10)

The radiative and non-radiative decay rates are connected to the quantum yield (QY) by
following relation:

QY =
krad

krad + knrad

. (2.1.11)

This means that the presence of non-radiative decay pathways in addition to radiative
ones, decreases the fluorescence lifetime and the QY.44

The radiative lifetime of the exciton depends on the overlap of the electron and hole
wave functions. This overlap, in turn, is determined by the shape and composition of
the semiconductor NCs. In particular, the degree of overlap in heterostructured semi-
conductor NCs can be controlled by choosing different materials that form different band
alignments. The most common types of band alignment are shown in Figure 2.6. In
the case of a type-I band alignment (Figure 2.6a), both the electron and hole have their
lowest potential energy in the same material. Hence, the electron and hole wave func-
tions have a large overlap, and the exciton has a short lifetime. This band alignment
can be used in a core/shell NC to isolate the exciton from trap states on the surface. A
quasi-type-II band alignment (Figure 2.6b) is present when the offset in one of the energy
bands is relatively small. As a result of this small energy barrier difference, one of the
charge carriers has the potential to delocalize (in this case, the electron) while the other
charge carrier cannot move as freely. Thus, the wave function overlap is lower than in
the type-I case. In the type-II band alignment case (Figure 2.6c), the electron and hole
have their lowest potential energy in different materials, thus their wave function overlap
is small, and this results in a long lifetime.32,36 This makes the type-II band alignment
particularly interesting for catalytic applications, in which the exciton recombination is
undesirable.57,58
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a b c

Type-I Quasi-Type-II Type-II

Conduction 
Band

Valence 
Band

E

Figure 2.6.: Different band alignments of semiconductor heterostructures with illustrations of
the electron and hole localizations. Adapted from literature.32

2.1.3. Influence of Low Temperatures on Optical Properties

Emission Energy, Linewidth and Lifetime

In semiconductors, the band gap energy Eg usually shifts to lower energies with increasing
temperature T . This is a consequence of two combined effects: the thermal expansion of
the crystal lattice on one hand, and the changes of the distribution of lattice vibrations on
the other hand.33 At low temperatures, the band gap changes quadratically and linearly
at higher temperatures. This behavior is commonly described with the empirical Varshni
relation

Eg = E0 −
αTT

2

T + βT

. (2.1.12)

In this equation, E0 is the band gap energy at T = 0 K, αT a fitting parameter, and βT

a second fit parameter related to the Debye temperature.37,59 Deviations of the Varshni
relation in NCs have been reported by Liu et al. for CdSe/CdS/ZnS quantum dots. They
attributed the anomalous red shift at low temperatures to the temperature-dependent
population of the exciton fine structure levels and the temperature-dependent exciton–
phonon coupling.60 (Both the exciton–phonon coupling and exciton fine structure will be
explained later on.)

A temperature increase of the NCs is furthermore accompanied by an increased full
width at half maximum (FWHM) Γ of the PL intensity spectrum that is commonly
described by the expression

Γ(T ) = Γinh + σT + ΓLO(eELO/kBT − 1)−1. (2.1.13)

In this equation, Γinh is the inhomogeneous FWHM of the NCs, σ is the exciton–acoustic-
phonon coupling coefficient, ΓLO is the exciton–longitudinal-optical-phonon coupling co-
efficient, ELO is the energy of the longitudinal-optical-phonon, and kB is the Boltzmann
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constant.61–63 Al Salman et al. found that for CdSe nanorods the FWHM Γ can also be
well described with the equation for exciton scattering by ionized impurities:

Γ(T ) = Γinh + σT + (eELO/kbT − 1)−1 + Γione−EA/kBT . (2.1.14)

In this equation, EA is presumed to be the energy of surface charge formation, and Γion

represents the linewidth due to ion-impurity scattering.63–65 However, Wen et al. found
that this additional term is not suitable for their spectroscopy data on CdSe/CdS DRs.65

A further optical property that is also temperature dependent is the fluorescence life-
time, which can be explained by taking a look at the energy levels of excitons. In addition
to spin–orbit coupling, the exciton energy levels depend on the NC shape, crystal lattice,
and exchange interaction of electron and hole. The exchange interaction is proportional
to the wave function overlap of the electron and hole, which is increased in NCs compared
to the bulk crystals.67–69 An overview of the band-edge states in spherical CdSe NCs is
illustrated in Figure 2.7 for the wurtzite and zinc blende crystal structures. The band-
edge states from the LUMOs and HOMOs form the single particle states of the electron
e0 and hole h0 / h1, respectively. Due to the lower symmetry of the wurtzite crystal
structure, the single particle hole states split up, which is also referred to as crystal-field
splitting. The e-h states can be constructed from the single particle states with a product
ansatz. This leads to two 4-fold degenerate states in the wurtzite crystal lattice and a
single 8-fold degenerate state in the zinc blende crystal lattice. The so-called exciton fine
structure emerges as the electron-hole exchange interaction further splits the e-h states.
Within the fine structure, the corresponding states are named based on their total angu-
lar momentum J , and whether their relative energy position is upper (U) or lower (L).66

The exciton states are categorized based on whether the exciton recombination from the
respective state is optically allowed or forbidden by selection rules, which is indicated in

E

Wurtzite Zinc Blende

a b

8x

e – h

3x

5x

FS

e0 (2x)

h0 (4x)

SP

0U

±1U
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±1L

±2

4x

4x

e – hFS

e0(2x)

h0 (2x)

h1(2x)

SP

1x
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2x
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Figure 2.7.: Schematic depiction of the fine-structure (FS), and single particle states (SP) in
(a) a wurtzite and (b) zinc blende crystal lattice. The solid lines indicate the bright states and
dashed lines the dark states. The scheme was adapted from Bui et al.66
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Figure 2.7 by solid lines for the allowed and dashed lines for the forbidden transitions.
If the transition of the state is allowed, it is called a bright state, and vice versa. If the
transition is forbidden, the state is called a dark state. The most important selection
rule is that the transition must be dipole-allowed ∆J = ±1.39,66,70 Bui et al. have shown
that for an accurate description of the exciton fine structure, atomistic calculations are
needed, instead of simpler calculations within the effective-mass approximation. For ex-
ample, they used atomic effective pseudopotentials together with screened configuration
interaction in their work.66

Focussing now on the emissive properties of the NC, the situation is as follows: after
its formation, the exciton is usually in a higher energy state and first relaxes to a band-
edge state, before its recombination can take place. This intraband relaxation takes place
on the picosecond scale, which is much faster than the radiative interband relaxation.
Hence, the lowest exciton states in the fine structure are particularly important.69 The
temperature or magnetic-field-dependent emission properties are usually modeled with a
three-state model as shown in Figure 2.8.13,67,70,71 These three states are the semiconductor
ground state |G〉 (no exciton), the lowest excitonic bright state |A〉 and lowest excitonic
dark state |F 〉, with the respective recombination rates of the bright state kA and dark
state kF. The non-radiative transition from the bright to the dark state is facilitated
by the zero-temperature spin-flip rate γ0. This process is reversible because of thermal
mixing via acoustic- phonon coupling defined by the relaxation rate γth. Additionally, this
thermal relaxation rate is related to the zero-temperature spin-flip rate γth = γ0NB, over
the Bose-Einstein phonon number NB = 1/[exp(∆EDB/kBT ) − 1]. A further important
variable is the energy difference between the dark and bright states, called the dark-bright
splitting energy ∆EDB, which is also highlighted in blue in Figure 2.7. The dark-bright
splitting energy originates from the exciton fine structure and thus depends on the crystal
structure and shape of the NCs, as explained above.13,70

Figure 2.8.: Three-state model for the decay dynamics of the exciton. Shown are the zero
exciton ground state |G >, the lowest exciton bright state |A > and dark state |F >, the
relaxation rate of the bright and dark states kA / kF, the zero-temperature spin-flip rate γ0 and
thermalization rate γth. Adapted from Labeau et al.70

13



2.1. Properties of Semiconductor Nanocrystals

In order to describe the experimentally observed decay behavior all transition rates
and the dark-bright splitting energy have to be combined. Thereby, the temperature-
dependent radiative decay rate of the short and long component can be derived13,72

kS,L =
1

2

{
kA + kF + γ0coth

(
∆EDB

2kBT

)
±

√
(kA − kF + γ0)2 + γ2

0sinh−2

(
∆EDB

2kBT

)}
.

(2.1.15)
Here, kS is the decay rate of the short component and kL of the long component, which
are related to the "+" and "−" sign before the root, respectively. In time-resolved PL
spectroscopy measurements, the dark state acts as a slow and the bright state as a fast
recombination channel. At low temperatures, when the thermal mixing rate is slow, the
emission follows a biexponential decay with the respective short and long components
from Equation 2.1.15. As a result, the average fluorescence lifetime increases compared
to room temperature. While at higher temperatures, the repopulation from the dark to
the bright state is high, and the decay appears as "monoexponential". This change from
bi- to monoexponential decay, for example, is visible for CdSe/ZnS NCs (r = 4 nm) at
around 7 K.13,69,72

Spectral Diffusion

In 1996, Blanton et al.73 and Empedocles et al.74 independently discovered spectral dif-
fusion for single NCs at low temperatures for the first time. Spectral diffusion describes
the temporal change of the emission energy. At room temperature, the spectral diffusion
first and foremost broadens the emission linewidth. As spectral diffusion only takes place
at the <100 meV scale, its investigation needs to be carried out at single NCs at low
temperature and with short integration times.74 Figure 2.9 shows an example for spectral
diffusion of the PL from a single DR at T ≈ 10 K. In this 2D color plot, each vertical
line corresponds to a spectrum. Two types of changes in the emission energy can be seen:
on one hand, distinct jumps and on the other hand, a slower, more continuous energy
shifting.

It is assumed that spectral diffusion is a result of the Stark effect from local charges.
These charges could arise from photoionization or trapping of charge carriers in the
surrounding.74 Empedocles et al. found that the magnitude of spectral diffusion depends
on excitation power. Furthermore, they observed that the emission linewidth increases the
further the excitation energy is away from the band gap. They attributed the linewidth
broadening to excess energy because the variation of the excitation energy and integra-
tion time had the same effect on the linewidth. As a mechanism, they proposed that
phonon emission during the exciton-relaxation process couples to the local environment,
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Figure 2.9.: Spectral time trace of the PL measured from a single NC at T ≈ 10 K with an
integration time of 2 s per spectrum.

thereby facilitating the movement of trapped charge carriers.75 In support of the con-
nection of spectral diffusion to photoionization, Neuhauser et al. found that sometimes
spectral jumps are preceded by a blinking event.76 It should also be noted that the charges
responsible for spectral diffusion are commonly described as surface charges.77–79 The na-
ture of these surface charges is still not fully understood. For example, Lohmann et al.
proposed that attachment and detachment of ligands forms surface charges.79. Vozznyy
proposed, based on ab initio calculations, that the mobility of the ligands might play an
important role in the movement of the surface charges.80

A deeper understanding of spectral diffusion is necessary, since it could play a key role
in the degradation of the optical properties of NCs, in addition to broadening the emis-
sion linewidth.74,81 A better understanding can be obtained by combining experimental
results with theoretical modeling. In the modeling of surface charges, it has been proven
suitable to approximate the surface charges as point charges that are placed on the NC
surface.77,79,82

2.1.4. Exciton–Phonon Coupling

Mechanisms of Exciton–Phonon Coupling

Similar to electronic states, vibrational states are also quantized. The corresponding quan-
tum of the vibration energy is known as a phonon. Within the harmonic approximation,
their energy

E = ~ω(v +
1

2
) (2.1.16)

depends on the energy state v = 0, 1, ..., and their fundamental frequency ω.33,35,38 Hith-
erto, for electronic transitions, the vibrational states were neglected, but during an elec-
tronic transition, the vibrational state can also change. The corresponding interaction
of excitons and phonons is called exciton–phonon coupling. Exciton–phonon coupling
can occur both in the absorption and emission process of a photon. The emission pro-
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cess is illustrated in Figure 2.10. After excitation of a semiconductor and formation of
an exciton, the exciton relaxes to the lowest vibronic state within the excited electronic
state. The bond order is reduced in this excited electronic state. Hence, the equilib-
rium distance is increased to larger values along the vibrational coordinate Q. The time
scale of the electron transition is much faster compared to the movement of the atom
cores, and because of this, the transitions can be approximated with vertical lines, also
known as the Franck-Condon principle. If no exciton–phonon coupling occurs, all energy
is emitted as a photon (0′ � 0), the resulting PL peak is called the zero-phonon line.
Instead, if exciton–phonon coupling takes place (0′ � 1 & 0′ � 2) the photon energy is
reduced by the respective energy of the phonon, resulting in the so-called phonon replica.
The energy steps of the phonon replica of different orders can then be approximated by
Equation 2.1.16.38,83,84 The magnitude of exciton–phonon coupling is commonly described
using the Huang–Rhys (HR) factor

S = ∆2/2, (2.1.17)

which depends on the displacement ∆ of the energy minima in the potential energies
between the ground and excited electronic states. In experiments, the HR factor can be
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0'-1: 1st  Phonon Line
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1
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1/
E

Electronic 
Excited State

Electronic
Ground State

0'-2: 2nd Phonon Line

0'-0: Zero-Phonon Line

Figure 2.10.: Schematic depiction of exciton–phonon coupling. The curves represent the po-
tential energies along the vibrational coordinate Q, while the horizontal lines are the respective
vibrational states. The vertical red arrows indicate the emission of photons, following the Franck-
Condon principle. These transitions correspond to the peaks in the PL spectrum on the bottom
right. Adapted from literature.38,83
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derived from the intensity progression of the phonon replica. In first approximation, the
intensities I within a spectrum can be defined as a sum of Dirac delta δ functions

I(~ω) ∝
∞∑
n=0

|〈n,Q′0|0, Q0|〉|2δ(~ω − ~ω0 − n~Ω). (2.1.18)

In this equation, Q′0 and Q0 are the equilibrium coordinates of the vibration in the elec-
tronic excited and ground state, respectively, ω0 and Ω are the frequencies of the zero-
phonon line and excited state, respectively. A Dirac delta function equals one at a single
point only and zero everywhere else. The intensities of the peaks depend on the respective
overlap integrals |〈n,Q′0|0, Q0|〉|2, also called Franck-Condon factors. They are connected
to the HR factor S as follows:19,83

|〈n,Q′0|0, Q0|〉|2 = e−SS
n

n!
. (2.1.19)

In PL spectroscopy and fluorescence line narrowing, the HR factor is derived from the
intensity ratio of the first-order phonon line to the zero-phonon line (ZPL),85,86, whereas
in Raman spectroscopy the intensity ratio of the second-order to the first-order phonon
is used.87

In general, phonon modes can be grouped into four different types that are illustrated in
Figure 2.11. In the case that the neighboring atoms move out of phase, the mode is called
optical (Figure 2.11a,b). If the atoms also oscillate parallel to the direction of the wave
propagation, the phonon mode is a longitudinal optical (LO) mode, whereas for orthogonal
oscillation, it is a transversal optical (TO) mode. When neighboring atoms oscillate
in phase, the phonon modes are called acoustic (Figure 2.11c,d). Accordingly, if the
atoms then also oscillate parallel or orthogonal to the direction of the wave propagation,
the modes are longitudinal acoustic (LA) or transversal acoustic (TA) phonon modes,
respectively.33

In principle, exciton–phonon coupling can arise from three different mechanisms.11 The
first possible mechanism is Fröhlich interaction, which originates from the Coulomb inter-
action between the charge-carrier density of the exciton and the polarization of the crystal
lattice. Hence, it is primarily important in polar semiconductors. The polarization of the
crystal lattice is, in turn, determined by an optical phonon.39,86,88

A suitable starting point for the physical description of the charge-carrier–lattice in-
teraction is a single charge carrier, e.g. an electron, within a polar crystal lattice, as
illustrated in Figure 2.12. In this crystal lattice, the cations get pulled towards the elec-
tron, while the anions get pushed away. The deflection of the cation and anion sub-lattices
are out-of-phase, thereby the Fröhlich interaction favors optical phonon modes.11,37,39 To-
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Longitudinal Acoustic (LA)

Figure 2.11.: Overview of the four different phonon types (a–d). Each blue and red circle
represents an anion and cation, respectively. The grey circles indicate the atom positions in the
absence of the phonon, while the arrows indicate the magnitude and direction of the movement.
Adapted from Gross and Kittel.33,35

e-

Figure 2.12.: Schematic illustration of a polaron formed by an electron in an ionic crystal.
Adapted from literature.35,89

gether, the charge carrier and its polarization cloud are called a polaron.37 Polarons can
be categorized into small (Holstein) and large (Fröhlich) polarons. The former are local-
ized on single ions, while the latter are larger than the lattice parameter and represent
a continuum.35,89 The strength of the long-range phonon coupling is commonly evalu-
ated with the dimensionless Fröhlich coupling constant α, also known as polaron coupling
constant:

αe,h =
e2

8πε0~ωLOr
e/h
p

(
1

ε∞
− 1

εs

)
. (2.1.20)
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In this equation ωLO is the frequency of the LO phonon mode, ε∞ and ε0 are the high-
and low frequency dielectric constants, and r

e/h
p is the weak-coupling polaron radius of

the electron or hole

re/h
p =

√
~

2me/hωLO

. (2.1.21)

This polaron radius describes how far the charge carrier diffuses during an atomic vibra-
tion, and is typically between 1–1.5 nm. In Equation 2.1.20 the first term describes the
potential energy of the polaron, and the difference in the high-frequency (ε∞) and static
dielectric constant (εs) accounts for the ionic polarization.37,39,89,90

The second mechanism for exciton–phonon coupling is deformation-potential interac-
tion. This interaction originates from the mutual interplay of the deformation of the
crystal lattice and the energy bands. Crystal-lattice deformation has two related path-
ways to arise. The first pathway involves changes in bond order that in turn vary the
bond lengths and angles. The second pathway is the reversed case of the first pathway, as
the deformation originates from a phonon deforming the crystal lattice, thereby changing
and shifting the energy bands. deformation-potential interaction is present in all semi-
conductors with a similar intensity, but is particularly important for non-polar crystals,
since Fröhlich coupling is absent in them. Thus, it is primarily responsible for coupling
to acoustic phonons.11,39,91–93

Another, third mechanism that facilitates exciton–phonon coupling is piezoelectric in-
teraction, which is analogous to the piezoelectric effect, in which the mechanical defor-
mation of a crystal lattice creates a macroscopic polarization. This piezoelectric effect
can occur in all crystals that do not possess an inversion symmetry. Furthermore, the
piezoelectric interaction is primarily relevant for acoustic phonon modes and is stronger
than the deformation-potential interaction.11,39

Calculation of Exciton–Phonon Coupling

A seminal work on the calculation of exciton–phonon coupling in NCs was carried out by
Nomura and Kobayashi. They were one of the first to calculate exciton–phonon coupling.
According to their work, the Huang–Rhys factor can be expressed as

S =
f 2

0

(2π)3E2
LO

∫
1

|k|2
|F(|Ψe|2 − |Ψh|2)|2d3k. (2.1.22)

Here, Ψe and Ψh are the electron and hole wave functions, F denotes the Fourier transform,
and

f0 =

√
2πe2ELO

(
1

ε∞
− 1

εs

)
(2.1.23)
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is the Fröhlich constant. From Equation 2.1.22, one can see that the Huang–Rhys factor
and thus the coupling intensity is proportional to the squared absolute difference of the
electron and hole wave functions.21,94,95

Accurate atomistic calculations of excitons and their phonon coupling are a computa-
tionally resource-intensive task. These calculations are still actively developed in recent
years. For example, by using unconstrained and constrained density functional theory
together with pseudopotentials, Han and Bester reproduced the phonon replica of CdSe
dots (r = 1.16 nm) to a high degree.96 Reproduction of phonon replicas in heterostruc-
tures is still challenging, as shown by Lin et al. in their recent work. They performed
atomistic calculations with pseudopotentials for CdSe dots (r = 1.5 nm) coated with
3 monolayers (MLs) CdS and modeled the intensity of the CdSe phonon accurately, but
the CdS phonon peak was missing, although it was measured in experiments.15

A less accurate, but less resource-intensive approach has been reported by Lin et al.
They calculated the exciton within the effective-mass approximation and derived the elec-
tric field of the exciton. This electric field was then introduced into force field calculations
to obtain the phonon-coupling modes and intensities.93,97

Studies of Exciton–Phonon Coupling in Nanocrystals

In NCs, the charge carriers are confined into a small space. Thus, they overlap more
with each other. Based on Equation 2.1.22, a weak exciton–LO-phonon coupling would
be expected. Alivisatos et al. for example, measured a 20 times weaker coupling strength
compared to the bulk case.98 Direct comparisons between experiments and calculations
have shown that the experimental coupling is much stronger than predicted. This ob-
servation could be related to the fact that the coupling intensities in NCs strongly vary
with the methods used for their investigation.14 One example of this is that Krauss et
al. have reported an experimental coupling intensity of four orders of magnitude larger
than predicted in the case of PbS NCs (r = 1.5 nm).22 One possible explanation for these
discrepancies could be that point defects and trapped charge carriers affect the coupling
and thereby alter the intrinsic coupling.12,21,22,99 In order to directly measure the intrin-
sic coupling, Krauss et al. applied spectroscopy on the femtosecond scale, which allowed
the investigation of NCs prior to charge trapping.99 These experiments confirmed very
low coupling intensities with S = 0.0123, compared to Raman spectroscopy with values
of S = 0.7.99 Cui et al. have reinforced the role of charge carrier trapping. By vary-
ing the shell material and thickness, and thus the probability of trapping, the linewidth
broadening, originating from exciton–phonon coupling, was reduced.12

Regarding the size dependence of the coupling intensity, Nomura et al. predicted, based
on their calculations, that the HR factor for spherical CdSe NCs has a minimum around

20



2.1. Properties of Semiconductor Nanocrystals

r = 7 nm, and increases towards smaller and larger radii.21 The increase for smaller
radii is in agreement with newer calculations by Han and Bester100 and experimental
reports.67,95 However, a negligible size dependence is sometimes reported for experimental
measurements.97,101 These variations in the size dependence could, for example, originate
from the influence of surface charges. The confinement in NCs also impacts the energy of
LO phonon modes, and results in small red shifts on a scale below 1 meV.102–104 This red
shift is a consequence of the negative LO-phonon dispersion relation away from k = 0.105

In order to investigate the state dependence of the exciton–phonon coupling Sagar et al.
performed pump-probe spectroscopy of CdSe quantum dots. They found that the coupling
of optical phonons strongly depends on the respective exciton state and that the strength
of exciton–phonon decreases as the corresponding exciton state becomes more energetic.23

Biadala et al. found that the lowest dark state (J = ±2) in spherical wurtzite CdSe/ZnS
dots exhibit a stronger exciton–phonon coupling than the next higher lying bright state
(J = ±1L).13 Gronenveld et al. have argued that the stronger exciton–phonon coupling
lies in the fact that the phonon coupling relaxes the selection rules for the dark-state via
symmetry breaking.19

Exciton–phonon coupling also plays a role in the relaxation process of hot excitons
from higher to lower states. Since the energy steps within the relaxation do not match
the phonon energies, the relaxation would have logically been limited by the phonon
coupling, known as the phonon bottleneck. Contrasting this, a phonon bottleneck has
not been observed experimentally under normal circumstances, as the relaxation takes
place in a sub-picosecond timeframe.106 The repopulation between the dark and bright
state is also governed by phonon coupling. For example, a weak phonon coupling leads
to a slow repopulation of the bright state at low temperatures. This slow repopulation
creates a phonon bottleneck for the exciton recombination, because the exciton lifetime
in the dark state is much longer than in the bright state. In case of spherical CdSe/ZnS
NCs, Biadala et al. have shown that at low temperatures, an acoustic phonon bottleneck is
likely present, because the zero-temperature spin-flip rate γ0 was only 0.87 ns-1.13 Likewise,
Achtstein et al. found that in CdSe nanoplatelets, an LO phonon bottleneck is present
between the s- and p-state exciton states, because the density of states of LO phonons
needed for the transition is reduced due to the strong transversal confinement.107

2.1.5. Influence of External Electric Fields on Optical Properties

Quantum-Confined Stark Effect

For the application of semiconductor NCs in optoelectronic devices, it is highly interesting
to control their properties externally, e.g., turning them on and off. This can be realized by
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subjecting NCs to an external electric field. In the presence of the electric field, the energy
bands get tilted, and hence the exciton gets separated. As a consequence, the absorption
and emission energies are lowered. In the case of atomic physics, this effect is known as the
Stark effect. Consequently, for NCs it is called quantum-confined Stark effect (QCSE). In
addition to the energy shift, the absorption peaks are broadened.37,83 Figure 2.13 shows
the cross section of a calculated exciton in a DR along the rod axis without an electric
field and with a parallel field of F = 476 kV/cm. This electric field is strong enough to
move the electron out of the core and thereby dissociate the exciton. A reduced overlap
in the presence of the electric field also means that the average fluorescence lifetime is
increased.

The energy shift of the exciton due to the presence of the electric field F can be described
by the Stark effect equation

∆E = µF +
1

2
αF 2, (2.1.24)

where µ and α are the projections of the excited-state dipole moment and polarizabil-
ity in the direction of the external electric field.108,109 In order to observe a pronounced
QCSE, strong electric fields on a scale of 100–500 kV/cm are needed, which are most
commonly realized between interdigitated electrodes (IDEs) with gaps in the <20 µm
range and applied voltages of several hundred volts.108,110–112 In 1984, Miller et al.113 were
the first that observed the QCSE in nanostructures, by investigating AlxGa1−xAs quan-
tum wells.113 The first measurements of the QCSE in colloidal (CdSe) NCs were carried
out by Empedocles et al. in 1997. By application of electric fields of up to 350 kV/cm,
they observed energy shifts up to 75 meV and a linewidth broadening up to two orders
of magnitude. Furthermore, they found that the excited-state dipole moment parallel to
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Figure 2.13.: Calculated energy potentials and electron/hole wave functions in a CdSe/CdS DR
NCs (a) without and (b) with an external electric field, along the rod axis. The core diameter
was 2.3 nm, the rod length 30 nm, and the rod diameter 5.0 nm.
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the electric field varied in time for single NC, and was also not uniform among different
NCs. This variation was explained by additional local electric fields of 100 kV/cm that
were attributed to surface charges, formed by photoionization. They also found that the
polarizability scales with the NC volume, and with it the excited state dipole moment,
following expectations.108 Rothenberg et al. have shown that the emission of CdSe quan-
tum rods with a length of 35 nm can be turned on and off by external electric fields.
The reason for this observation is that the anisotropy of the system offers enough volume
for the electron and hole to be strongly separated in the direction of the electric field,
compared to small dots. Moreover, they have shown that the applied electric fields of
350–400 kV/cm can be used to reversibly switch between neutral and charged exciton
states, as the electric field assists charge carriers to move in and out of trap states. The
energy shift between these two states was between 10–24 meV.110

Müller et al. performed measurements on CdSe/CdS DRs, with core radii of 2 nm, at a
temperature of 5 K. They observed QCSE energy shifts up to 45 meV for F = 375 kV/cm
and found that the QCSE increases with the aspect ratio of the DRs.31 The QCSE has
been investigated in several different NC geometries and compositions. Comparison of
the QCSE data of different compositions confirmed that type-II DRs have the strongest
response towards electric fields.111,114

Application of the Quantum-Confined Stark Effect

One of the possible applications for the QCSE is in color switchable light-emitting diodes.
For example, Wang et al. presented electroluminescence LEDs based on ZnS/CdS tetra-
pods, which allow for a color change from red to blue.115 Ossia et al. have demonstrated
a different approach based on two differently sized CdSe dots, each of which is embedded
into a CdS shell and fused, so that each nanoparticle includes one of each differently sized
CdSe NC. The color-switch range that they achieved was up to 50 nm.116

Furthermore, QCSE in NCs is also of great interest for voltage sensing in biological
systems.112,114,117–120 For example, the electric field strengths along the plasma membranes
in neurons are around 400 kV/cm, which is high enough for a good response of the QCSE
in NCs. Moreover, the synthetically accessible asymmetric geometries of NCs like DRs are
ideal for the application in biological membranes.121 Park et al. have shown that tailored
peptides can be used as ligands to promote the insertion and correct orientation into
lipid membranes. In particular, they inserted CdSe/CdS DRs into HEK293 cells, which
natively exhibit voltage oscillations (known as self-spiking), and successfully monitored
their voltage oscillations in the modulation of the PL intensity.122 Additionally, Ludwing
et al. were able to successfully measure the QCSE of type-II ZnSe/CdS DRs in living
neuron cells.123
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To optimize the applications mentioned above, the QCSE has to be understood in
detail. The QCSE also interacts with other effects in NCs. Only recently, Huang et al.
have measured the QCSE of the phonon energy for the first time.124 Conradt et al. have
shown that external electric fields increase spectral diffusion.125

2.2. Type-I and Type-II Dot-in-Rod Nanocrystals

Synthesis and Properties

Shell growth onto NCs was originally developed for type-I band alignments, which isolate
the exciton from trap states localized on the NC surface and its surrounding.126 Aside
from symmetric shells in NC syntheses, anisotropic shells are accessible, which enable
unique optical properties. One example of these systems are CdSe/CdS DRs that were
first synthesized by Talapin et al. in 2003. Their synthesis is based on the seeded hot-
injection of spherical CdSe NCs on which an anisotropic wurtzite CdS shell is grown.
The anisotropic growth is a result of two aspects. First, the lattice mismatch is largest
along the c axis [001], thus favoring the growth over the [100] direction. Second, the
Cd2+ ions on the (001̄) have three dangling bonds compared to only one for the other
facets, making the (001̄) facet more reactive. The growth along the c axis is additionally
enhanced by using an excess sulfur precursor and ligands that promote the anisotropic
shell growth for this direction, like hexadecylamine, by preferential binding.27 Due to the
faster growth along the [001̄] direction, the CdSe core is usually found between 1/3 to
1/4 of the rod length.127 The simulated valence band offset between CdSe and CdS is
reported between 0.42 eV128 and −0.64 eV129,130, while the values for the conduction band
offset of −0.25 eV131, 0.27 eV126,132, 0.32 eV133, and 0.33 eV134 have been predicted. For
experimental descriptions, band alignment values in the range of 0.1–0.3 are most com-
monly applied, which means that the band alignment lies in the borderline range between
a type-I and quasi-type-II.7,27,135–137 For example, Steiner et al. derived a conduction band
offset of 0.3 eV from their scanning tunneling microscopy measurements.138 By measuring
transient emission spectroscopy, Stitt et al. observed that CdSe/CdS DRs exhibit type-I
behavior for CdSe cores with diameters larger than 2.8 nm, and quasi type-II behavior
for cores smaller than 2.8 nm.139 Eshet et al. also reaffirmed this dependence on the core
size by atomistic calculations. The band energies can also shift as a result of lattice strain
between the core and shell material.140 Lohmann et al. simulated this strain effect and
found that it only shifts the conduction band offset ∼50 meV.141 As a consequence of
the electron delocalization into the CdSe shell, the average lifetime changes with the rod
length. For comparison, the average lifetime of short DRs (l = 15 nm) is ∼20 ns and for
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long DRs (l = 100 nm) ∼100 ns, in the case of a core diameter of 3.6 nm, rod width of
∼5 nm, and excitation with laser light at 440 nm.142

By embedding ZnSe dots instead of CdSe dots into a CdS rod, a type-II band alignment
can be obtained for the DRs, as Dorfs et al. first reported. The intrinsic separation of
electron and hole due to the type-II band alignment reduces the overlap and thereby
prolongs the lifetime. For example, in short ZnSe/CdS DRs, the lifetime is around 105 ns
long, which is much higher compared to similar-sized CdSe/CdS DRs with a lifetime of
13 ns. As a result of the band alignment and Coulomb interaction, the lowest exciton
states are localized at the ZnSe/CdS interface, and the primary emission pathway belongs
to the spatially indirect transition of the exciton.143

Cation Exchange

Cation exchange is a reaction in which the cations of a crystal lattice are exchanged. The
anion lattice is more stable and is usually conserved during cation exchange.144 Although
it is not uncommon that defects form during cation exchange.145,146 Cation exchange in
NCs is more rapid than in the bulk case, because of the much higher surface to volume
ratio and faster diffusion, due to a lowered reaction barrier. Furthermore, the pathway
of cation exchange allows to reach material compositions for NCs that are otherwise not
accessible via the hot-injection or other methods.147 Cation exchange is controlled by the
thermodynamic stability of the reactants and products, on one hand, and the overall
kinetics, on the other. The thermodynamic part includes the dissociation of the old
cation–anion bond, the desolvation of the new cation, the association of the new cation
with the anion, and the solvation of the old cation. Activation barriers of each reaction
step, the reaction temperature, and the concentrations of the reactants govern the kinetics
of the reaction. Overall, the cation exchange reaction is usually driven by using high excess
concentrations of the new cations, temperature, and favorable solvation of the old cation.
The latter can be predicted by the hard and soft acids and bases (HSAB) principle148

for Lewis acids and bases, which states that bindings are forming preferentially between
the reaction partners of similar hardness. Here, hardness is related to the polarizability
of the reactants. In this case, the lower the polarizability of the Lewis acid or base, the
higher is their corresponding hardness. In other words, small ions with high charges are
considered as hard, whereas large ions with lower charges are considered soft.147,149

The most important cation exchange for this work is the exchange of Zn2+ to Cd2+ in
ZnSe NCs, which Gronenveld et al. have investigated in great detail. ZnSe and CdSe are
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fully miscible. Thus, the exchange proceeds through the formation of Zn1−xCdxSe. The
cation exchange reaction can be written as

xCd(Oleate)2(sol) + [ZnSeNC] −→ xZn(Oleate)2(sol) + [(Zn1−xCdx)Se]NC. (2.2.1)

In this example, both the Zn2+ and Cd2+ are solved in oleate. They found that this reac-
tion is primarily driven by the stronger bond energy of Cd–Se of 310 kJ/mol150, compared
to Zn–Se with Zn–Se 136 kJ/mol150 In their model, the cation exchange primarily takes
place at the NC surface, followed by a slow solid-state diffusion of the Cd2+ ions inwards
and Zn2+ ions outwards. This diffusion process is facilitated by Frenkel pairs. Frenkel
pairs are defects in which an ion moves from a regular lattice position into an interstitial
position, leaving behind a vacancy. The concentration of Frenkel pairs increases with
temperature, thereby controlling the final product of the cation exchange process. Groen-
eveld et al. observed that ZnSe/CdS core/shell particles are developed at 150 °C, gradient
Zn1−xCdxSe alloys emerge between 200–240 °C, and homogeneous alloys are formed above
240 °C.151

Emission Polarization

One key aspect that makes the DRs interesting for applications is that they emit light
linearly polarized along the rod axis.27 The degree of polarization (DOP) is commonly
defined as

DOP =
I‖ − I⊥
I‖ + I⊥

, (2.2.2)

where I‖ and I⊥ are the parallel and orthogonal intensity components, respectively. In
case of single CdSe/CdS DRs, the DOP can reach up to 0.7527. There are two contribu-
tions to the origin of polarized emission in DRs. The first is the dielectric screening of
the anisotropic particle shape, favoring electric fields parallel to the c-axis, which alone
would lead to a monotonic increase of the DOP with the aspect ratio. This contradicts
experimental results that have shown a non-monotonic increase.152–154 The second con-
tribution is the polarization of the different band-edge exciton states. By performing
calculations within the effective-mass approximation, Vezolli et al.153 and Planelles et
al.154 have shown how the ordering and splitting energies of the band-edge exciton states
change with the shape. They concluded that the DOP increases with the core size, core
aspect ratio, and rod length, while it decreases with the rod diameter.153,154 Zhang et al.
conducted experiments where they measured the DOP of single DRs that were covered
with n-doped indium tin oxide NCs. This allowed them to investigate the influence of
surface charges and show that the distribution of the DOPs increases in the presence of
surface charges, because the band-edge fine structure is changed.155
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Application of Dot-in-Rod Nanocrystals

The type-II band alignment in ZnSe/CdS DR is beneficial for catalytic applications, like
water splitting, where the excited electrons are used for the hydrogen evolution reac-
tion. These catalytic application usually involves a metal NC as a cocatalyst that can
be grown selectively on the (001̄) facets of the DRs.57,58 As discussed in Chapter 2.1.5,
their strong response to the QCSE makes them also interesting for optical switches and
biosensors.121,156

CdSe/CdS DRs in combinations with metal cocatalysts have also successfully been used
for hydrogen production by multiple groups.157–160 Further applications of CdSe/CdS DRs
are as gain media in lasers161–164, or as light sources in light-emitting diodes.29 Moreover,
Biadala et al. proposed that the properties of CdSe/CdS DRs are particularly interesting
for the generation of polarized entangled photon pairs.68

2.3. Giant-Shell CdSe/CdS Quantum Dots

Growing thick shells of CdS onto CdSe NCs can greatly increase the QY close to unity,
because the probability of the electron or hole getting trapped on the surface is reduced,
as they preferentially are localized in the CdSe core region.165 In case of 15–19 MLs,
these particles are called giant-shell quantum dots.166 In order to grow these particles, the
conventional hot injection method cannot be used directly. Instead, they are commonly
synthesized by the successive ionic layer adsorption and reaction (SILAR) method167,
in which the different ion layers are added one by one. Alternatively, the hot injection
method can be combined with a successive drop-wise addition of the precursors over a long
time period to synthesize giant-shell quantum dots.168 If an alloyed layer of CdSexS1−x

is introduced between CdSe core and CdS shell, the Auger combination can be reduced,
which further improves the QY.169,170 Alloyed CdSe/CdS quantum dots have a low optical
gain threshold threshold, which makes them suitable as gain media in lasers.171 The
reduction of Auger recombination had previously been proposed based on theoretical
calculations by Cragg and Efros.172
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3. Experimental Methods

3.1. Confocal Laser Scanning Microscopy

The spatial resolution in optical microscopy is determined by the fundamental diffraction
limit of light. In an ideal situation, the diffraction pattern from a single point light source
created by a lens and circular aperture takes the shape of an Airy pattern. The Airy
pattern is composed of a spherical center, known as the Airy disc, followed by a pattern
of rings. In optical microscopy, the Rayleigh criterion is the common description for the
resolution. It states that the resolution is equal to the distance of the intensity maxima
from two point light sources when the maximum of one lies within the first minimum of
the other. In conventional wide-field microscopy the sample is illuminated in its entirety
and recorded as a whole. In this case, the lateral resolution Rlateral is equal to the Abbe
limit

Rlateral =
0.61λ

NA
, (3.1.1)

where λ is the wavelength of the detected light, and NA the numerical aperture of the
objective lens. The numerical aperture is a measure of how much light is captured by the
objective and is given by

NA = nr sin(α1/2), (3.1.2)

where nr is the refractive index of the surrounding medium and α1/2 is half of the opening
angle.173

A high spatial resolution and low signal-to-noise ratio are needed for the measurements
of single NCs. For these reasons, confocal laser scanning microscopy is commonly applied.
Figure 3.1 shows the principle of a confocal microscope. Initially, the laser light is guided
onto a beamsplitter, then reflected towards the objective lens and focused onto the sample.
Subsequently, the fluorescence and scattered laser light then pass through the objective
lens and the beamsplitter. The laser light is filtered out by a longpass filter, and the
fluorescence light is focused onto the detector with the pinhole lens. The pinhole blocks
all light that does not come from the focus spot on the sample. Often, the detector
itself acts as a pinhole, which, for example, is the case when an avalanche photodiode is
used that has an active detector area size on the µm scale. A 2D image is generated by
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Figure 3.1.: Schematic of a confocal microscopy setup. The laser light is focused on the sample
surface where a fluorophor is located. The fluorophor emits light, which is then detected behind
a pinhole, which blocks any light from light sources out of focus. Adapter from literature.174

either moving the sample with a piezo-scanner or the laser light with a mirror scanner. By
selective excitation and measurement only from the focus spot, both the spatial resolution
and signal-to-noise ratio are improved. The lateral resolution that can be achieved using
confocal microscopy is175

Rlateral,conf =
0.4λ

NA
. (3.1.3)

3.2. Atomic Force Microscopy

Atomic force microscopy (AFM) enables precise topology measurements on the nanometer
scale. It is based on the measurement of the force between a tip and a sample in close
proximity. This interaction is often approximated by the Lennard-Jones potential ULJ,
which is conceived for the interaction of two neutral atoms as

ULJ = 4U0

[(
Ra

r

)12

−
(
Ra

r

)6
]
, (3.2.1)

which depends on the depth of the potential well U0, the position where the potential
reaches zero Ra, and the distance between the two atoms r. The first term describes
the repulsive interaction, and the second term describes the attractive van der Waals
interaction. Consequently, the resulting force can be calculated from the first derivative
F = −∂ULJ

∂r
.176

Figure 3.2 illustrates the setup of an atomic force microscope. The tip is localized on a
cantilever that functions as a spring. These tips are created by etching of the cantilever
material, which is typically produced from silicon or silicon nitride. By applying Hooke’s
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Figure 3.2.: Schematic depiction of an atomic force microscope that uses deflection of laser light
from the back of the cantilever for the detection of its deformation. Adapted from literature.177

law, the tip-sample force can be approximated to the deflection of the cantilever. In
this example, the deflection is measured by a laser beam directed at the back side of the
cantilever, reflected from there, and then detected by a quadrant photodiode. In order to
measure 2D scans, either the sample or the cantilever is moved line by line over the sample.
For these 2D scans, the lateral resolution is limited by the tip sizes and lies typically in the
range of 5–10 nm. For the vertical direction a resolution of < 1 nm is possible, enabling
even atomic resolution in some situations.177 The available operation modes in AFM are
the contact, intermittent contact and non-contact mode. In the contact mode, the tip
is in direct contact with the sample, resulting in heavy wear of the sample and tip. For
the intermittent and non-contact mode, the cantilever oscillates up and down. In case of
the intermittent mode, the oscillation amplitude is large and the tip touches the sample
periodically, thereby reducing the wear. The lowest wear is offered by the non-contact
mode at the expense of a lower sensitivity.176

3.3. Calculation of Excitons in Nanocrystals

The Finite Element Method

The Schrödinger and Poisson equations that have to be solved for the calculations of
excitons in NCs are partial differential equations (PDEs) that in the majority of cases
cannot be solved analytically, because of their complexity. Thus, these equations are
solved numerically by using the finite-element method (FEM), which can be applied to
any kind of PDE. The FEM has its origin in the field of engineering, where it is used for
calculations on complex geometries. The FEM is based on the discretization of continuous
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functions by a finite number of elements N distributed as nodes in a mesh. In the FEM,
the approximated function

u =
N∑
i=0

ciχi (3.3.1)

is constructed as a linear combination of coefficients ci and so-called shape functions χi,
which are polynomial functions. The most important property of the shape functions is
that their value is exactly one at a single node point, while being zero at all other node
points. In Equation 3.3.1, there are N + 1 unknowns, which means that N + 1 PDEs are
needed so that the system is not underdetermined. In order to create a linear system of
equations with N + 1 equations, a set of N + 1 test functions is introduced. The resulting
linear system of equations that has to be solved then takes the form

Au = f , (3.3.2)

where A is the operator matrix, u the unknown vector that is solved for and f is a known
vector.

FEM calculations are always optimized by distributing the mesh elements not homo-
geneously in space but inhomogeneously, based on prior physical knowledge about the
system. For example, in the case of a NC in vacuum, the mesh density far away from the
NC can be reduced as the wave function is close to zero. Thus, an accurate approximation
in this region can be achieved with fewer mesh points. In 3D, the mesh points are most
commonly arranged by tetrahedra.178,179

Self-Consistent Coulomb Interaction

The Coulomb binding energy of an exciton can be calculated by iteratively solving the
Schrödinger and Poisson equations in an alternating way, as Panfil et al. described in
their reports.82,129,180 For the Schrödinger equations, the effective-mass approximation
was always used. In order to find a physically plausible and unique solution, boundary
conditions have to be accounted for. For both, the the Schrödinger and Poisson equa-
tions, the Dirichlet boundary condition was applied to set the wave functions and electric
potentials to zero 15 nm away from the NC surface. Furthermore, the Ben-Daniel-Duke
boundary condition81,129,181

Ψj = Ψj+1 (3.3.3a)
1

mj

∇Ψj =
1

mj+1

∇Ψj+1 (3.3.3b)
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has to be considered to ensure the continuity of the solution. In this equation, mj / mj+1

are the effective masses and Ψj / Ψj+1 the wave functions of two adjacent domains. In
order to account for the Ben-Daniel-Duke boundary condition, the Neumann boundary
condition

− n

(
− ~2

2me,eff

∇Ψ

)
= 0, (3.3.4)

was applied to all inner boundaries. Here, n is the normal vector on the boundary of two
domains.

The results of the different calculation steps are visualized in Figure 3.3 using the
example of a CdSe NC (r = 3 nm) in vacuum. In the first step of the iterative calculation
the single-particle Schrödinger equations of electron and hole(

− ~2

2me/h,eff

∇2 + Vcb/vb

)
Ψe/h = Ee/hΨe/h, (3.3.5)

were solved, respectively. For the potential energy landscapes the corresponding bulk
values of the conduction and valence band Vcb/vb were used. Thereby, the initial wave
functions Ψe/h and energies Ee/h of electron and hole were obtained, respectively. In
the second step, the corresponding probability densities of the electron and hole |Ψh|2

(Figure 3.3a) were then used to derive the electric potentials φe/h (Figure 3.3b) by using
the Poisson equation

−∇(ε0εr∇φe/h) = qe/h|Ψe/h|2, (3.3.6)

with the respective charge of electron and hole qe/h. As a consequence of the dielectric
mismatch of the NC and its surrounding, the self-polarization of each charge carrier has
to be taken into account. Following the approach by Park et al.111, the potentials of
the self-polarizations φe/h,sp (Figure 3.3c) were approximated by the difference of the
electric potentials of the charge carrier in an inhomogeneous and homogeneous dielectric
environment

φe/h,sp = φe/h − φe/h,homo. (3.3.7)

The homogeneous dielectric potential φe/h,homo was calculated using Poisson’s equation:

−∇(ε0εr,homo∇φe/h,homo) = qe/h|Ψe/h|2, (3.3.8)

where εr,homo is the dielectric constant of the NC core. In case of the homogeneous
environment no self-polarization is present, while it is present in the inhomogeneous case.
Thus, after calculating the difference only the potential of the self-polarization remains.
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a b
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Figure 3.3.: Cross-sections of the probability densities and electric potentials of the electron
and hole during different steps of the iterative Schrödinger-Poisson calculations of a CdSe NC
(r = 3 nm) in vacuum.

These self-potentials and the electric potentials of the opposite charge carrier were then
introduced into the Hamiltonian and the Schrödinger equations of the electron(
− ~2

2me/h,eff

∇2 + Vcb/vb + qh/eφh/e + qe/hφe/h,sp

)
Ψe/h,φh/e,φe/h,sp

=

Ee/h,φh/e,φe/h,sp
Ψe/h,φh/e,φe/h,sp

. (3.3.9)

Once these equations are solved, they yield the wave functions Ψe/h,φh/e,φe/h,sp
(Figure 3.3d)

and eigenvalues Ee/h,φh/e,φe/h,sp
. The Schrödinger and Poisson equations were then solved

in turns until the energies of the eigenvalues converged. In order to avoid the inclusion
of the Coulomb interaction twice, the Coulomb interaction of the electron and hole were
averaged. The total energy of the exciton can then be described as

Eexc = Ee,φe,sp + Eh,φh,sp
−
Ee,φe,sp − Ee,φh,φe,sp + (Eh,φh,sp

− Eh,φe,φh,sp
)

2
, (3.3.10)

where Ee,φe,sp and Eh,φh,sp
are the eigenvalues of the electron and hole, including their

self-polarization. Additionally, Ee,φh,φe,sp and Eh,φe,φh,sp
are the eigenvalues that include

both the self-polarization and Coulomb interaction.

For any calculations that included surface charges, point charges were added to the
surface of the NCs. Furthermore, for the calculations of external electric fields, the Poisson
equation was solved with adjusted Dirichlet boundary conditions according to the electric
field. The corresponding potentials were then included in the Hamiltonians.
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Calculation Parameters for Alloys

Most properties of alloys can be interpolated linearly based on the properties of the binary
materials, following Vegard’s law. The band gap energy is an exception from this and can
be better described by quadratic interpolation. For a ternary alloy AxB1−xC, the band
gap energy can be calculated as

EABC(x) = xEAC + (1− x)EBC + x(1− x)CAB, (3.3.11)

where EAC and EAC are the band gap energies of the binary materials, and CAB is the
bowing parameter for this specific alloy. In a similar way, the band gap energy of a
quaternary alloy AxB1−xCyD1−y can be constructed from the ternary band gaps via

EABCD(x, y) =

x(1− x)[yEABC(x) + (1− y)EABD(x)] + y(1− y)[xEACD(y) + (1− x)EBCD(y)]

x(1− x) + y(1− y)
, (3.3.12)

where EABC, EABD, EACD and EBCD are the band gaps of the ternary alloys.182

3.4. Optical and Electron-Beam Lithography

Strong electric fields are required for the investigation of the QCSE, for which microstruc-
tured electrodes are needed. In this work, the IDEs were prepared by photolithography,
also known as optical lithography. The process steps for photolithography are illustrated
in Figure 3.4. At first, the Si/SiO2 wafers are coated with a photoresist via spin-coating,
which creates homogeneous films with adjustable thickness on a micrometer scale. In
this work, a double-layer lift-off process is used. Therefore, in a first step, the sub-
strate is coated with a lift-off resist followed by the regular photoresist. Each resist is
soft-backed on a hot-plate in order to remove residual solvent, which improves the ad-
hesion, reduces dark erosion during development, and prevents mixing of the different
photoresist layers. Photoresists can be grouped into positive and negative resists. In this
work, positive resists are used. These positive resists increase their solubility through
illumination, while the negative resists reduce their solubility. Positive photoresists are
commonly based on novolaks (a polymer made from phenol and formaldehyde) combined
with diazonaphthoquinone-sulfonates as a photoactive compound. When this photoresist
is exposed to UV light, diazonaphthoquinone-sulfonate splits off elemental nitrogen and
forms a ketene. Then, the ketene reacts with water to form a carboxylic acid. This leads
to an increase in the solubility by three to four orders of magnitude compared to pure
novolak. The water in the photoresist originates from ambient air and thus depends on
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Figure 3.4.: Overview of the processing steps in photolithography based on the lift-off technique.
In this case, positive photoresists are depicted, which have an increased solubility after the
exposure to UV light.

the humidity and time between the baking and exposure steps. In the third step, the
photoresists are exposed to UV light in the wavelength range of 320–440 nm, depending
on the side chains of the specific photoactive compound. For this purpose, the substrate is
either illuminated globally behind a physical photomask to create the desired illumination
pattern. Alternatively, a maskless microwriter can be used to write the pattern directly
onto the substrate step by step, eliminating the need for a physical photomask. After the
exposure, the lithography pattern is developed by immersion of the substrate in an aque-
ous alkaline solution, which, in the case of a positive photoresist, dissolves the exposed
pattern. Due to the higher development rate of the lift-off resist, a so-called undercut is
formed, which eases the later lift-off. Following this, a metal film is deposited by physical
vapor deposition. In order to evaporate the metals, they are heated in tungsten boats in
the vacuum of 10−7–10−8 mbar. In the last step, the lift-off, the substrate is immersed
in an organic solvent like N-Methyl-2-pyrrolidon, or alternatively in an alkaline solution,
thereby dissolving any unexposed resist.183

In addition to photolithography, electron-beam lithography was performed for the in-
vestigation of poly(methylmethacrylat) (PMMA) films that were used as a matrix for the
deposition of DRs between the IDEs. The resolution that is possible in electron-beam
lithography is below 10 nm.184 Analogous to photolithography, the processing steps in-
clude the following: first, the photoresist is spin-coated and soft-baked. Then it is exposed
and finally developed. In this case, PMMA directly acts as the "photoactive" compound.
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4. Experimental Details

4.1. Chemicals

Acetone (≥ 99.5 %, Th. Geyer / 99.8 %, VWR Chemicals /≥ 99.8 %, Fisher Scien-
tific), AR 600-56 developer (Allresist), n-hexane (99.7 % / 99 %, VWR Chemicals),
LOR-5A Lift-Off Resist (Kayaku Advanced Materials), MICROPOSIT MF-319 developer
(DuPont), MICROPOSIT Remover 1165 (DuPont), MICROPOSIT S1805 positive photo
resist (DuPont), Poly(methyl methacrylate) (MW = 35 k, Fisher Scientific), 2-Propanol
(99.7 %, VWR Chemicals), toluene (>99.5 %, VWR Chemicals / 99.85 %, Acros Organ-
ics). All chemicals were used without further purification.

4.2. Optical Spectroscopy

4.2.1. Confocal Microscope Setup

All optical spectroscopy measurements were carried out on a home-built confocal laser
scanning microscope setup. Figure 4.1 shows a schematic overview of this setup. For
the majority of measurements, a 446 nm PiL044Xm laser diode (Advanced Laser Diode
Systems) in combination with an EIG2000DX (Advanced Laser Diode Systems) laser
driver was used. For the excitation of the CdSe cores in Chapter 6.3, a 510 nm LDH-
P-C-510 (Picoquant) laser diode with a PDL 800-D (Picoquant) laser driver was used.
In both cases, the beam profile of the laser diodes was spatially filtered by focusing the
light onto a pinhole with a diameter of 20 µm. The 446 nm laser was filtered by using
a 450 nm short-pass filter, and the 510 nm laser was filtered with a 514 nm short-pass
filter. If needed, the polarization of the laser light was rotated with a λ/2-waveplate.
The laser intensity was fine-tuned with neutral density filters. The laser light is then
guided through an 8:92 (reflection:transmission) beamsplitter, and the transmitted laser
light reaches a Model 1918-C (Newport) power meter for online detection. The reflected
part of the laser light then passes a galvanometer mirror scanner that, in combination
with the installed telecentric lens system, enables the 2D scanning of the sample surface.
For both measurements in and outside of the cryostat, the laser light was focused onto
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Figure 4.1.: Schematic depiction of the confocal laser scanning microscope. The laser light is
color coded in blue (446 nm) and green (510 nm), while the PL light from the sample is shown
in orange. The abbreviation PM stands for powermeter, and the abbreviation TCSPC stands
for time-correlated single photon counting.

the sample with an LMPLFLN 100x microscope objective (Olympus), which has an NA
of 0.8. The ensemble spectroscopy data shown in Chapter 6.1.1 was measured by using
a lens (f = 100 mm) instead of the microscope objective. A customized attoDRY 700
(Attocube) closed-cycle He-cryostat allows to cool the samples down to T ≈ 10 K. The
scattered laser light and the PL light coming from the sample surface pass through the
microscope objective and the first beam splitter, before reaching the second beam splitter
(25:75). The light reflected by the beamsplitter is directed onto a CCD chip, which is
used to evaluate the laser beam profile and check if the sample is in the focus of the
objective. Depending on the laser source either a 488 nm or 532 nm long-pass filter
is used to remove the laser light from the transmitted light. The remaining PL light
then arrives at a mirror that either directs the light towards an PDM Series free space
avalanche photodiode (APD) (Micro Photon Devices, 50 µm active sensing area, timing c)
or, when flipped, lets the light pass towards the Acton SP-2-500i spectrograph (Princeton
Instruments). Inside the spectrograph either a 300 grooves/mm (blaze = 500 nm) or a
150 grooves/mm (blaze = 800 nm) grating was used for single particle measurements, while
for ensemble measurements, a 50 grooves/mm (blaze = 600 nm) grating was used. The
spectrally separated light was then measured with a PIXIS 400B (Princeton Instruments)
charge-coupled device (CCD). The APD and laser diodes (only one at a time) were
connected to a PicoHarp300 (PicoQuant) TCSPC device, enabling the measurement of
decay curves. Additionally, the setup included a Goldbox II (ADwin) real-time computer
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that was used to control the movement of the mirror scanner, as well as send trigger
signals to multiple devices.

4.2.2. Spectroscopy in External Electric Fields

The cryostat provides electrical connections from the outside to the sample stage. In
order to generate high voltages up to 200 V, which are needed for strong electric fields,
a Series 2400 (Keithley) source measure unit was installed. For the hardware-software
communication, the RS232 interface of the source measure unit (SMU) was addressed via
MATLAB. The synchronization of all devices was implemented via MATLAB.
For the measurement of spectral time traces, with electric field sweeps, the MATLAB

interface of the spectrograph software Lightfield was addressed. This way, the command
starting the spectrum acquisition could be directly given following the RS232 command
for the voltage change.
The PicoHarp300 (PicoQuant) was used to measure not only decay curves but time-

tagged time-resolved data. To synchronize this data with the electric field sweep, a trigger
signal was sent from the Goldbox II (ADwin) to the PicoHarp300 system for each voltage
change of the SMU. The command for the trigger signal of the Goldbox II (ADwin) was
also initiated via MATLAB.
For the measurement of the NC orientation, a λ/2-waveplate, mounted in a PRM1-Z8

motorized rotator (Thorlabs), was used in combination with a Wollaston prism positioned
before the spectrograph. The motorized rotator was powered by a Kinesis Cube KDC101
(Thorlabs). Due to the low photostability of the NCs, this measurement was kept as short
as possible. Thus, to save time, a spectra series was started in parallel to the continuous
movement of the motorized λ/2-waveplate. If instead the angle of the λ/2-waveplate had
been changed in set intervals for the spectra series, the measurement time would have
been doubled.

4.2.3. Sample Synthesis

Dot-in-Rod Nanocrystals Analyzed in Chapter 6.1

The three Zn1−xCdxSe/CdS DR samples (DR-1–3) were synthesized by Jannik Rebmann185

based syntheses approaches by Cozzoli et al.186 and Dorfs et al.143. All three samples were
synthesized from the same batch of ZnSe NCs. The degree of Cd within the Zn1−xCdxSe
core was adjusted for each of the three samples by in situ cation exchange. This was
achieved by the separate hot injections of the ZnSe NCs dispersion and S-precursor solu-
tion into a Cd-precursor solution at 320 °C. In the case of the DR-1 synthesis, both the
ZnSe NCs and S-precursor were injected together (∆t = 0 s). For the other two samples
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DR-2 and DR-3, the injection of the S-precursor was delayed in relation to the injection
of the ZnSe NCs dispersion by ∆t = 10 s and ∆t = 60 s, respectively.
The CdSe/CdS NCs of sample DR-4 were synthesized by Jannik Rebmann according to

the synthesis approach by Carbone et al.127 Instead of CdSe NCs with an initial wurtzite
crystal structure, CdSe NCs that initially had a zinc blende crystal structure were used
for sample DR-4. These zinc blende CdSe NCs were synthesized based on the approach
of Huang et al.187

CdSe/CdS Giant-Shell Dots Analyzed in Chapter 6.2

The CdSe/CdS giant-shell dots were synthesized by Sonja Zeller following the procedure
reported by Chen et al.167

Dot-in-Rod Nanocrystals Analyzed in Chapter 6.3

The DRs that were investigated in external electric fields, were synthesized by Mareike
Dittmar. The synthesis protocol of Carbone et al.127 was used for the CdSe/CdS DRs,
while the synthesis protocols by Cozolli et al.186 and Dorfs et al.143 were applied for the
synthesis of the ZnSe/CdS DRs.

4.2.4. Sample Preparation

The ensemble and single particle spectra of Chapter 6.1 and Chapter 6.2 were measured on
Si wafer pieces with a 300 nm thermal SiO2 (Si-Tech, 500–550 µm thickness, <100>, N/As,
0.001–0.005 Ωcm). In order to avoid short circuits, a Si wafers with a thicker thermal
oxide of 2000 nm (MicroChemicals, prime grade, 500–550 µm thickness, <100>,P/B,
1–10 Ωcm) were used for all electrically contacted samples in Chapter 6.3. (For more
details, see Chapter 4.3) The wafers were first partially scribed with a diamond scriber,
and then cleaved into 5x5 mm pieces. Afterwards, they were cleaned in an ultrasonic bath
successively with acetone, 2-propanol, and deionized water, each time for 20–30 min and
then dried under nitrogen flow.
The samples were diluted using either n-hexane (Chapter 6.1 and 6.2) or toluene (Chap-

ter 6.3, more information in Chapter 4.3.2). For single particle measurement, dilution
series were prepared, in order to find suitable concentrations in which the NCs are well
separated and show homogenous PL intensities. The typical orders of magnitude of the
dilutions were 1:100 for ensembles and 1:105 for single particles. Following the dilution,
the samples were homogenized using a vortex mixer for 30–60 s and then exposed to
ultrasonics for 5–30 s. Aliquots from the samples of 10 µL were then dropped onto the
samples and spin-coated at 5000 rpm for 15 s.
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4.3. Production of Interdigitated Electrode Substrates

4.3.1. Optical Lithography Procedure

As a first step for the optical lithography, the above mentioned wafers were cleaved into
2.2x2x2 cm pieces, so that from each wafer piece multiple smaller devices can be obtained
later on. In order to improve the reproducibility of the resist coating, the wafer pieces were
first dehydrated on a hotplate at 200 °C for 5 min. Afterwards, the LOR-5A lift-off resist
(Kayaku Advanced Materials) was spin-coated on the wafer pieces at 3000 rpm for 60 s,
followed by a prebake at 180 °C for 5 min. After that, the positive resist MICROPOSIT
S1805 (DuPont) was spin-coated on the wafer pieces at 4000 rpm for 60 s. Subsequently,
a softbake was carried out at 120 °C for 1 min.
The electrode structures were then written on the substrates using a MicroWriter ML3

(Durham Magneto Optics). For this step, the digital lithography mask was designed in
the software KLayout. The lithography was carried out with an excitation wavelength of
385 nm and an illumination dose of 50 mJ/cm2. Additionally, the options for offset and
rotation adjustment were activated, and the auto focus was turned on. Different settings
were used for each part of the photo mask:

• Electrode pads and characters: normal quality / 1 µm resolution.

• Markers for orientation: normal quality / 0.6 µm resolution.

• IDEs: super quality / 0.6 µm resolution.

After the exposition, the substrate was immersed and gently swivelled in the developer
MICROPOSIT MF-319 (DuPont) for 95–120 s. The development was stopped by im-
mersion in deionized water and dried under nitrogen. By using a light microscope, the
development time was controlled to verify that a sufficient undercut has formed.
In the next step, the substrates were cleaned in a PDC-002 (Harrick Plasma) plasma

cleaner for 30 s at low power (∼7.2 W), to ensure better adhesion for the metal deposition.
The physical vapor deposition (PVD) was carried out in a Classic 250 (Pfeiffer) high
vacuum coating system. Ti and Au were loaded into tungsten boats, and the vacuum was
lowered to 10-7 mbar. The PVD was started with a 10 nm Ti layer, followed by a 50 nm
Au layer.
For the lift-off process, the substrates were immersed and slowly stirred in MICROP-

OSIT Remover 1165 (DuPont) for 2–3 h. Following this, the substrates were successively
cleaned in an ultrasonic bath each time for 30 s using acetone, 2-propanol, and deionized
water, and then dried under nitrogen flow.
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4.3.2. Device Preparation

The lithographically produced substrates were partially scribed with a diamond scriber
and cleaved into 4x4 mm pieces. Any dust particles were then blown away with nitrogen.
Instead of spin coating the NCs from pure solvent a PMMA solution was used, in order to
fixate the NCs in a PMMA matrix between the IDEs. For this purpose, 1.25 wt% PMMA
(average molecular weight = 35,000) was dissolved in toluene overnight, while stirring.
Then, the solution was filtered by Rotilabo PTFE syringe filters (Carl Roth) with a
pore diameter of 0.45 µm. In the next step, the NC stock solution was diluted with the
PMMA-toluene solution and spin coated onto a substrate at 4000 rpm for 60 s. The same
procedure was also used for experiments on the variation of the PMMA film height using
different concentrations of 1.00 and 1.50 wt%, without any NCs. In preparation for wire
bonding, the Au contact pads of the substrate were freed from the PMMA matrix by
using cotton swabs soaked in acetone. Following this, the substrate was glued on a chip
carrier using an electrically conductive adhesive based on silver. A schematic illustration
of the chip carrier is shown in Figure 4.2. The chip carrier (Beta LAYOUT) was designed
by Jan Flügge. This printed circuit board has a thickness of 1.6 mm and a hole with a
diameter of 5.5 mm. Into the hole, a circular copper plate was embedded to improve the
heat conductivity to the samples that are glued onto it.

The IDEs were bonded to the chip carrier with gold wires (d = 50 µm) at 100 °C by
using an HB05 (TPT) wire bonder. For the first and second bonds the following settings
were used: ball bonding, 40/200 ultrasonic power, 200/200 time, 25/30 force, tail 400 µm,
and 20 µm feed.

After the bonding process, the electrical stability was tested with a Semiconductor
Characterization System 4200-SCS (Keithley) by measuring I -V -curves in the range of
0–200 V, a compliance of 1 mA, and a measurement range of 1 mA. Figure 4.3 shows the
electrical current measured through the chip carrier with a contacted sample (Figure 4.3a)
and without (Figure 4.3b).

Figure 4.2.: Chip carrier for contacting the samples electrically. Designed by Jan Flügge.
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Figure 4.3.: Comparison of I -V -curves measured from the chip carrier (a) with and (b) without
a bonded sample.

4.3.3. Atomic Force Microscopy Measurements

The AFM measurements were carried out on a Nanowizard II (JPK) in intermittent
contact mode using PPP-NCHR silicone tips (Nanosensors). Then, the raw data was
processed in the software Gwyddion. Within Gwyddion, row alignment, horizontal scar
correction, and data leveling were applied.

4.3.4. E-beam Lithography

Before starting the lithography, the substrates with their PMMA films were baked on a
hotplate at 120 °C for 120 s. For illumination, a Quanta 3D FEG (FEI) scanning electron
microscope (SEM) was used. During the lithography step, the electron beam was always
moved in a straight line towards the desired spot between the IDEs, in order to allow
for later assignment of unwanted exposition. For the lithography writing, the selected
position was imaged at 10 kV with a scan time of 20 µs. Afterwards, the substrates
were immersed in the AR600-56 (Allresist) developer and gently swivelled. Finally, the
development was stopped by immersion into 2-propanol.

4.4. Quantum Mechanical Calculations using

COMSOL Multiphysics

The quantum mechanical and electrostatic equations were solved numerically using the
software Comsol Multiphysics 5.4. For larger parameter sweeps the default Java heap size
was allocation was increased to 5 gigabyte.
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Meshing

Figure 4.4a shows the generated mesh for the averaged DR geometry, while Figure 4.4b
and Figure 4.4c show magnifications of the DR and its core, respectively. Multiple domains
were built in order to optimize the calculation time. The resolution was set to extra fine
for every domain except the outer box, which was set to extra coarse. For example, the
mesh in Figure 4.4a consists of 123804 tetrahedra, 7220 triangles, 619 edge elements, and
43 vertex elements.

a b

c

Figure 4.4.: Mesh generated in Comsol for (a) the full calculation space, (b) the DR and (c)
its core.

Schrödinger–Poisson Calculation Sequence

In the framework of the FEM all physical equations were approximated with quadratic
shape functions. For the self-consistent calculation of the Schrödinger–Poisson equations,
three different calculation sequences have been used. Figure 4.5 shows the first two calcu-
lation sequences that are identical apart from the implementation of the self-polarization.
The Schrödinger and Poisson equations were calculated iteratively (I) the electron and
(II) the hole, until the eigenvalues converge after i iterations. The Coulomb interaction
was calculated from the wave function of the counter-particle that included the self-
polarization and Coulomb interaction. After the convergence (III), the eigenvalues were
calculated again with the self-polarization of the latest iteration and the absence of the
Coulomb interaction. These eigenvalues were then used to evaluate the energy of the
exciton in a way that includes the Coulomb interaction only once.
For anisotropic heterostructures, the convergence of sequence 1 was improved by cal-

culating the self-polarization as a superposition of the two previous iterations.

Figure 4.6 shows calculation sequence 3, which further improved the calculation con-
vergence. Instead of solving the Poisson equations based on the Schrödinger equations
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Figure 4.5.: Schrödinger-Poisson calculation sequences 1 and its modification for sequence 2.
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Figure 4.6.: Schrödinger-Poisson calculation sequence 3 that was used for anisotropic het-
erostructures.
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that include both the self-polarization and Coulomb interaction, the self-polarization was
neglected for these intermediate steps.

Parameters

The calculation parameters that were used are summarized in Table 4.1. In case of the
alloys, the effective masses and dielectric constants were always interpolated linearly with
the Cd fraction. For calculations of homostructures, the band gap was calculated quadrat-
ically under consideration of the bowing parameter b = 0.387 eV182 from Zn1−xCdxSe.
While in the case of heterostructures, the valence band offset was interpolated linearly,
and the conduction band offset was calculated from the sum of the valence band offset
and quadratically interpolated band gap energy.

Table 4.1.: Calculation parameters for the effective masses me/h,eff , dielectric constants ε0/∞,
band gaps Eg at 10 K, potential of the electron Ve, potential of the hole Vh. Direction-dependent
properties are defined orthogonal ⊥ and parallel ‖ with respect to the crystallographic c-axis.

CdS⊥/‖ ZnSe CdSe Vacuum Ref.
me,eff(me) 0.150 / 0.152 0.137 0.119 1.00 188

mh,eff(me) 0.40 / 1.82 0.52 0.33 1.00 188

εs(ε0) 10.2 / 9.0 8.9 9.6 1.0 188

ε∞(ε0) 5.4 / 5.3 5.9 6.2 1.0 188

Eg(eV) 2.45 2.81 1.77 - 188

Ve(eV) 0.26 0.97 0.00 - 128

Vh(eV) −0.42 −0.07 0.00 - 128

The bulk Fröhlich coupling constants that are listed in Table 4.2 were calculated accord-
ing to Equation 2.1.20, using the bulk phonon energies CdSe = 26 meV, ZnSe = 31 meV,
and CdS = 38 meV.130

Table 4.2.: Fröhlich coupling constants of electron αe and hole αh calculated with Equa-
tion 2.1.20.

CdS ZnSe CdSe
αe 0.62 0.48 0.45
αh 1.49 0.86 0.75
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5. Motivation and Goals

Measuring exciton–phonon coupling by single-particle spectroscopy is challenging, due to
the low PL intensity of the phonon replica, as well as temporal fluctuations of the emission
energy and photodarkening. As a consequence, no statistical data on exciton–phonon
coupling exists for single-particle spectroscopy of heteronanocrystals. Since experimental
results and theoretical calculations still deviate from each other, more experimental data is
needed.14,15 Therefore, single-particle PL spectroscopy is used in this work to improve the
understanding of exciton–phonon coupling. Newly developed Zn1−xCdxSe/CdS DRs open
up the possibility to vary the band alignment by controlling the Cd fraction x, and with it
the charge-carrier localization and exciton–phonon coupling. The advantage of this sample
system is that it allows to keep the geometry and synthesis conditions constant, which
is important because geometrical changes or surface passivation can also affect exciton–
phonon coupling. The determination of the Cd fraction x in these structures is difficult,
due to the small volume fraction of the core of only a few percent. Therefore, evaluation of
exciton–phonon coupling could be used to evaluate the charge-carrier localization and with
it the Cd fraction x. The benefit of the DR structure is that it promotes the delocalization
of the charge carriers, thereby increasing exciton–phonon coupling.
Atomistic calculations of exciton–phonon coupling are demanding. Because of this, it

is desirable to develop a simplified model that can be used to estimate exciton–phonon
coupling. For this purpose, quantum mechanical calculations within the effective-mass
approximation are used to model the NCs.
DRs are of interest for various applications ranging from catalysis, light-emitting diodes,

optical switches, to electric field sensors. In order to use DRs as optical switches or
electric field sensors, their response to electric fields has to be understood. Consequently,
single-particle PL spectroscopy at cryogenic temperatures is performed of DRs under
the influence of externally controlled electric fields. These measurements will be used
to characterize how optical properties, such as exciton–phonon coupling and spectral
diffusion respond to external electric fields.
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6. Results and Discussion

In the first section of this work, the correlation between charge-carrier localization and
exciton–phonon coupling in individual NCs is investigated. For Zn1−xCdxSe/CdS DRs
with different Cd fractions x, results from ensemble spectroscopy and single-particle spec-
troscopy are presented. The Cd fraction x of the first sample (DR-1) is predicted by
quantum mechanical calculations within the effective-mass approximation. Afterwards,
calculations of the electron and hole localizations are combined with a newly developed
model for the prediction of exciton–phonon coupling. With these calculations different
influences are evaluated, like the sample geometry, or the influence of surface charges. In
the second section, the exciton–phonon coupling is again measured by single-particle spec-
troscopy, this time of spherical CdSe/CdS and CdSe/CdSeyS1−y/CdS NCs. Furthermore,
the temperature dependence of CdSe/CdS was analyzed, allowing them to be used as
temperature probes. For the third section, the single-particle spectroscopy was combined
with strong external electric fields, that allow to manipulate the charge-carrier localiza-
tion during the measurement. Both, CdSe/CdS and Zn1−xCdxSe/CdS DRs were analyzed
under influence of the electric fields.

6.1. Exciton–Phonon Coupling in ZnCdSe/CdS

Dot-in-Rod Nanocrystals

6.1.1. Ensemble Spectroscopy

In order to investigate the correlation between exciton–phonon coupling and charge-carrier
localization, either the geometry or the material composition of the NCs has to be varied.
The best comparison between different samples can be achieved by keeping the geometry
of the NCs constant while only changing the material composition so that other influences,
like the size of the surface area or distance between the exciton and NC surface, remain
unchanged between the samples.
A continuous change in the material composition can be achieved by cation exchange.

Hence, Zn1−xCdxSe/CdS DRs were chosen as a novel model system. Here, the charge-
carrier localization can be controlled by adjusting the Cd fraction in the core x, which
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in turn changes the band alignment continuously from type-II (ZnSe/CdS) to type-I
(CdSe/CdS). Furthermore, DRs exhibit stronger exciton–phonon coupling than spheri-
cal NCs due to the stronger polarization of the exciton and reduced overlap. A set of four
Zn1−xCdxSe/CdS DRs samples, DR-1–4, with increasing Cd fraction x was provided by
Jannik Rebmann. The first three samples, DR-1–4, were synthesized from the same batch
of spherical ZnSe NCs with an average diameter of d = 3.16 nm. The cation exchange
from Zn2+ to Cd2+ was carried out via in situ cation exchange prior to the anisotropic
CdS shell growth. For sample DR-1, the ZnSe NCs were injected simultaneously with the
S-precursor into a solution of the Cd-precursor at 320 °C, while for DR-2 and DR-3, the
injection of the S-precursor was delayed by 10 s and 60 s, respectively. As a reference
sample for a Cd fraction of x = 1, CdSe/CdS DRs were synthesized from CdSe NCs with
a diameter of d = 3.18 nm, leading to sample DR-4. To increase the similarity of sample
DR-4 and the other samples, CdSe NCs with an initial zinc blende crystal structure were
used, which is uncommon for the synthesis of DRs. Although it should be noted that the
synthesis conditions here promote a phase transformation from zinc blende to wurtzite.187

(For further details on the synthesis, see Chapter 4.2.3.)

The band potentials and probability densities of the electron and hole that are possible
in the Zn1−xCdxSe/CdS DRs with an increasing Cd fraction x were calculated within
the effective-mass approximation and are shown in Figure 6.1a–c as cross sections along
the DR axis. As a consequence of the band alignment and Coulomb interaction, the
exciton is primarily localized inside and around the Zn1−xCdxSe core. An increase of
the Cd fraction x primarily reduces the conduction band offset, while the valence band
offset is affected to a smaller degree. Therefore, the hole keeps its localization in the core
while the electron steadily increases its localization in the core, resulting in a growing
electron–hole wave function overlap. Additionally, the band gap energy and, with it,
the exciton energy are decreasing. In Figure 6.1d, a representative transmission electron
microscopy (TEM) image of sample DR-1 is shown. Here, it can be seen that the DRs
do not have a symmetric rod shape but have a thickened side. This thickened side is
already known to form around the position of the ZnSe core in ZnSe/CdS DRs.143,189

The thickened side is also visible in the TEM data of the other samples DR-2–3, and
also in DR-4, where it is unusual and likely arises due to the use of CdSe cores with an
initial zinc blende phase. In the quantum mechanical calculations, the rod shape was
adjusted by using a truncated cone, as illustrated in Figure 6.1e. The average geometries,
together with their standard deviations of sample DR-1–4, are listed in Table A.1 (see
Appendix A.1). The geometries of all four samples are similar to one another and also
overlap in their standard deviations, as needed for the following investigation.
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Figure 6.1.: (a–c) Cross sections of the calculated electron (blue) and hole (red) probability
densities and their respective band potentials (black), including their Coulomb interaction, along
the DR axis. (d) TEM image of the Zn1−xCdxSe/CdS DRs of sample DR-1. (e) 2D Sketch of
the DR shape used in the quantum mechanical calculations. Adapted from Johst et al.185

Ensemble PL spectra of the samples were measured in vacuum at T = 295 K and
T = 10 Ka, which are depicted in Figure 6.2a and b, respectively. In addition to the main
PL peak, a second broader peak with lower energy and intensity arises around 1.75 eV at
T = 10 K. The intensity of this side peak shows no clear trend within the sample series.
The center wavelengths of the main PL peaks are listed in Table 6.1. In both temperature
cases, the emission energy red-shifts within the sample series by about 100 meV, which is
in agreement with an increasing Cd fraction x and lowered band gap energy. The position
and FWHM of the secondary peak suggest that the peak originates from recombination of
trapped charge carriers.65,190 Figures 6.2c and d show the corresponding PL decay curves
of the samples at T = 295 K and T = 10 K. It can be seen that the fluorescence lifetime
decreases in the samples series, which is to be expected for an increasing electron–hole
wave function overlap, as the band alignment changes from type-II to type-I with an
increasing Cd fraction x. The curves were fitted using biexponential functions, and the
fit results are compiled in Table 6.1.

In general, both the short and long components of the fluorescence lifetimes are de-
creasing along the sample series. The only small deviation of this trend lies between the
short component of sample DR-3 and DR-4 at T = 295 K. If the temperature cases are

aThe cryostat temperature of T = 10 K is an approximation of the exact sample temperature, which
was obtained by the separate measurement of a temperature probe soldered on the sample holder.
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Figure 6.2.: (a,b) Ensemble PL spectra, and (c,d) ensemble PL decay curves of
Zn1−xCdxSe/CdS DRs both measured in vacuum at T = 295 K and T = 10 K, respectively.
Adapted from Johst et al.185

Table 6.1.: Fitting results of the spectral and time-resolved ensemble measurements at T =
295 K and T = 10 K: center of the photoluminescence energy EPL, weight and lifetime of the
short A1 / τ1 and long component A2 / τ2 and the intensity-averaged lifetime τaverage.

Temperature Sample Core EPL (eV) A1 τ1 (ns) A2 τ2 (ns) τaverage(ns)

295 K

DR-1 ZnCdSe 2.060 0.41 68 0.58 210 184

DR-2 ZnCdSe 2.036 0.44 53 0.51 184 158

DR-3 ZnCdSe 1.998 0.51 14 0.41 76 65

DR-4 CdSe 1.962 0.83 18 0.14 56 31

10 K

DR-1 ZnCdSe 2.120 0.50 18 0.42 198 172

DR-2 ZnCdSe 2.094 0.48 14 0.40 140 126

DR-3 ZnCdSe 2.051 0.53 8 0.35 77 67

DR-4 CdSe 2.031 0.59 2 0.32 37 34
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compared to each other, it is apparent that the average fluorescence lifetime at T = 10 K
is shorter for DR-1 and DR-2, while it is slightly longer for DR-3 and DR-4.
In the commonly used three-state model13,67,70,71, one might expect the fluorescence

lifetime to increase with decreasing temperature. This is only the case for sample DR-3
and DR-4, and not for samples DR-1 and DR-2, which might be due to the fact that the
complex underlying exciton-fine structure, in the case of alloying, cannot be approximated
by the application of the simple three-state model. The deviation of the decreasing short
component of the fluorescence lifetime between DR-3 and DR-4 could arise, for example,
from a slight variation in the measured ensembles or likewise differences in the exciton-fine
structure.

6.1.2. Simulation of Excitons in ZnCdSe dots

If the ZnSe NCs and S-precursor are injected simultaneously in the synthesis of the CdS
shell in sample DR-1, an in situ cation exchange can occur. It is, therefore, essential to find
the corresponding Cd fraction x of the unaltered synthesis. For the determination of the
Cd fraction x quantum mechanical calculations, within the effective-mass approximation,
of excitons in a spherical Zn1−xCdxSe NC (d = 3.16 nm) were carried out. Figure 6.3a
shows the calculated change of the exciton energy with increasing Cd fraction x for a
homogeneous alloy and core/shell structure. In both cases, the homogeneous alloy and
the core/shell formation, the exciton energy decreases nonlinearly. The horizontal lines
indicate the temporal change of the emission energy of a cation exchange series191, which
was synthesized with the same conditions as the DRs but without the S-precursor.
In the synthesis of the CdS shell, the shell formation starts around 30–60 s and thereby

inhibits the cation exchange. If the cation exchange would produce a core/shell structure,
a much higher Cd fraction of x = 0.8 would be present in the core after the shell growth,
compared to the formation of a homogeneous alloy, where x would be around 0.5. It has
been reported that in Zn1−xCdxSe NC, a homogeneous alloy forms above 240 °C.151,192 The
in situ cation exchange for sample DR-1-3 takes place at 320 °C. Thus, a homogeneous
alloy should be assumed. The Cd fraction x = 0.5 is also consistent with inductively
coupled plasma mass spectrometry.191 Figure 6.3b shows the squared electron-hole overlap
integral for different Cd fractions x. While the overlap increases steadily in the case of
a homogeneous alloy, the overlap in the case of a core/shell structure would decrease
first before increasing again. In spectroscopy measurements, the lifetime continuously
increases in the first 120 s191, which also suggests that a homogeneous alloy is present.
The spectroscopy data in Figure 6.2 point towards an increase of the Cd fraction x fa-

cilitated by the delayed injection of the S-precursor during the synthesis. As an additional
confirmation of the increase in the Cd fraction of the core, Lars Klemeyer and Jagadesh
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Figure 6.3.: Comparison of the calculated (a) exciton energy shift and (b) squared electron–hole
wave function overlap of Zn1−xCdxSe, with a diameter of d = 3.16 nm for different Cd fractions
x. The horizontal lines indicate the experimental emission energies191 during cation exchange
at different reaction times. These experimental values were obtained from cation exchange of
Zn1−xCdxSe NCs using the same conditions as for the DR synthesis, but without the addition
of the S-precursor. Adapted from Rebmann et al.191

Jagadesh Kopula Kesavan from the Koziej group performed extended X-ray absorption
fine structure (EXAFS) spectroscopy on Zn1−xCdxSe/CdS DRs, which were synthesized
using the same conditions with a slightly smaller ZnSe NCs diameter of 2.86 nm. They
found Cd fractions of x = 0.63, 0.73, and 0.77 for the respective delay times of ∆t = 0 s,
∆t = 10 s, ∆t = 60 s.185 As a consequence of the smaller diameter and larger specific
surface area, the cation exchange values determined by EXAFS spectroscopy represent
upper boundaries for DR-1–3. The predicted Cd fractions of the EXAFS spectroscopy
are also consistent with the evaluated Cd fraction of 0.5 for sample DR-1.

6.1.3. Single-Particle Spectroscopy

In this work, the exciton–phonon coupling is measured by PL spectroscopy of individual
NCs. This method allows for direct analysis of the lowest exciton state, which is localized
in the region of the Zn1−xCdxSe/CdS interface (see Figure 6.1a–c). Other methods, like
Raman spectroscopy, would be less suitable because the core volume makes up only around
3.4 % of the total DR volume. Hence, the signals of the CdS shell would overshadow the
signals of the core area. Furthermore, the measurement of individual NCs allows for
statistical investigation of the DRs and their exciton–phonon coupling behavior.

Resolving exciton–phonon coupling in PL spectroscopy requires a sufficiently small
FWHM. The measurement of individual NCs reduces the FWHM of the PL by avoiding
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the inhomogeneous broadening present in the ensemble. The FWHM is further decreased
by cooling the samples to T = 10 K, which reduces spectral diffusion and coupling to
acoustic phonons.81 Furthermore, the spectra were recorded with short integration times of
only a few seconds, which further reduces the contribution of spectral diffusion. Figure 6.4
depicts a comparison of the temporal evolution of the PL of one individual DR from each
of the four samples DR-1-4 at T = 10 K. Multiple peaks are visible in the single spectra;
the peak with the largest energy and highest intensity is the ZPL. The red-shifted peaks
are phonon replicas that originate from exciton–phonon coupling. The phonon replicas
are repeated for higher orders, with decreasing intensities. The ZPL, together with the
phonon replica, undergoes simultaneous spectral jumps of around 10–20 meV and jittering
on a scale <7 meV, known as spectral diffusion. Spectral diffusion originates from the
formation and movement of surface charges.74,193,194 This simultaneous change of the ZPL
and phonon replicas indicates the presence of individual DRs. The emission intensity
exhibits grey states, as well as concrete off states, for example, between 82–92 s in panel c.
The grey states originate from B-type blinking, while the off states are a result of A-type-
blinking.54 By tendency, the spectral diffusion becomes less pronounced with an increase
of the Cd fraction x. This is a result of the increasing localization of the electron in the
core for the transition from a type-II to a type-I band alignment. However, there are

Figure 6.4.: Examples of spectral time traces, one from each of the four samples, measured
from individual Zn1−xCdxSe/CdS DRs at T = 10 K with integration times of 2 s per spectrum.
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exceptions to this trend, and spectral time traces with less strong spectral diffusion can
be found in samples with a high Cd fraction x and vice versa.

Collecting statistical data from individual DRs is a difficult task because of the low PL
intensity and pronounced photodarkening, which results in the fact that the PL of the
DRs usually turns off after around 200 s. In order to increase the signal-to-noise ratio,
spectra series with short integration times were measured from the individual DRs and
then averaged. An example of this process is illustrated in Figure 6.5. From a spectral
time trace like that shown in Figure 6.5a, a single ZPL energy was chosen. All spectra
from the time trace that share a similar ZPL energy of ∆E ≈ 2 meV (equals λ =1 nm)
were then averaged. In this case the chosen ZPL energy was EZPL = 2.168 eV. The ZPL
energy was chosen based on the signal-to-noise ratio and on how well the phonon lines
are separated. For this example, the averaged spectrum is shown in Figure 6.5b. The
peak with the highest intensity is the ZPL, which is slightly broadened towards the lower
energy side due to coupling to acoustic phonons. Red-shifted from the ZPL by around
28 meV and 38 meV, respectively, two first-order LO-phonon replicas are visible. Around

Figure 6.5.: (a) Spectral time trace of the PL from an individual Zn1−xCdxSe/CdS DR of
sample DR-2 measured at T = 10 K. (b) Averaged spectrum of spectra with a similar ZPL
energy. The colored horizontal lines indicate the bulk values130 of the phonon energies from the
binary materials. Adapted from Johst et al.185
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70 meV, the second-order phonon replicas appear, which are less well defined, due to their
lower intensity. For the classification of these peaks, the bulk LO-phonon energies130 of
CdSe, ZnSe, CdS, and ZnS are marked by vertical lines. By comparison, the first peak of
the first-order phonon lines lies in between the bulk phonon energies of CdSe and ZnSe,
and, thus, will be referred to as a Se-type phonon replica in the following. The second
peak coincides well with the bulk phonon energy of CdS and will be referred to as an
S-type phonon replica.

Figure 6.6 shows one representative averaged spectrum of a single DR from each sample.
For a better comparison, the spectra are normalized to their respective ZPL intensity. The
total intensity of the LO-phonon coupling decreases with the increasing Cd fraction x and
the associated transition from type-II to type-I band alignment. It can be clearly seen that
the intensity ratio of the S- to Se-type phonons of first-order decreases continuously along
the sample series. In the case of the second-order phonon replica, the individual peaks
are less clearly distinguishable from each other due to the lower signal intensity. However,
the underlying second-order S- and Se-type phonon replica ratio seems to follow a similar
trend as the first-order replicas. In panel b of Figure 6.6, three second-order peaks are
visible. If the energies of the first-order LO-phonons are used under the assumption of a
harmonic oscillator, the three peaks can be assigned. The dotted vertical lines indicate
this assignment, and the outer peaks are the second-order replicas of the Se-type (red)
and S-type (blue), while the center peak matches the combined phonon oscillation of the
first-order Se- and S-type replicas (violet). The second-order peaks are shifted to lower
energies compared to the description of a harmonic oscillator, following expectations. For
further discussion, only the individual first-order S- and Se-type phonons are considered
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Figure 6.6.: Representative averaged PL spectra from single DRs at T = 10 K of each sample
(a–d). The spectra are normalized to their respective ZPL intensity. The first-order LO-phonons
were fitted by Lorentzian functions. The vertical dotted lines in panel b indicate the theoretical
energy positions of the second-order phonon replica of Se(red), S(blue), and combined first-order
Se+S(violet), extrapolated from the first-order S- and Se-type phonons. Adapted from Johst et
al.185

59



6.1. Exciton–Phonon Coupling in ZnCdSe/CdS Dot-in-Rod Nanocrystals

because the higher order and combined oscillation modes have a lower signal-to-noise
ratio, include anisotropic effects, and are convoluted due to the energetic proximity of
three phonon peaks.

In order to obtain statistical data for the sample series, the averaging process for specific
ZPLs described above was repeated on circa 100 individual DRs per sample. These 100
DRs were selected from a greater number of DRs based on their initial photostability
and PL intensity. From the resulting spectra, 40–70 % provided a sufficient signal-to-
noise ratio needed for accurate fitting of the LO-phonon replica and ZPL with Lorentzian
functions. The results of the statistical evaluation of the ZPL energy and LO-phonon
energies of the Se- and S-type phonons are listed in Table 6.2. Here, the average ZPL of
the individual DRs shifts by around 100 meV across the sample series, which is in good
agreement with the ensemble data from Table 6.1. In direct comparison, the average ZPL
energies of the individual DRs are all higher than the ensemble PL energies, which is to
be expected because the ensemble PL includes phonon coupling. The standard deviations
of the average ZPL energies are higher for the samples DR-1–3 than for DR-4, which
could arise from the fact that the cation exchange degree among the individual DRs can
vary, thereby introducing inhomogeneity. The Se-type phonon energies exhibit no clear
trend, albeit the energy of the Se-type phonon is lowest for DR-4, as expected. Overall,
the Se-type phonon energies lie in between the bulk values of ZnSe (ESe = 31 meV130)
and CdSe (ESe = 26 meV130), which is consistent for a starting Cd fraction x of 0.5 in
sample DR-1. In theory, a continuous shift of the energy would have been expected,195

which might be too small to be resolvable here.

Table 6.2.: Average values and standard deviations of the ZPL energy EZPL, first-order Se-type
phonon ELO1(Se), and S-type phonon ELO1(S) evaluated from the statistical data of single-particle
PL spectroscopy of the samples DR-1–4 at T = 10 K.

DR-1 DR-2 DR-3 DR-4
EZPL (eV) 2.180 ± 0.052 2.154 ± 0.051 2.111 ± 0.051 2.082 ± 0.030

ELO1(Se) (meV) 28 ± 0.7 28 ± 0.5 28 ± 0.7 27 ± 0.4

ELO1(S)(meV) 36 ± 0.4 38 ± 0.3 37 ± 0.7 36 ± 0.6

Likewise, the S-type phonon energy also shows no apparent trend, which is in line with
expectations, as the CdS lattice should be nearly unchanged in the sample series. Both
the S- and Se-type phonon modes can be red-shifted as a result of phonon confinement,
although this effect is negligible due to its small magnitude.102–104 Unlike the phonon
energies, the relative intensities of the phonon replica can be linked to the Cd fraction x,
as hinted before in Figure 6.6.
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An overview of the statistical investigation of the different phonon coupling intensity
ratios is given in Figure 6.7 by box plots. The corresponding average values and standard
deviations are summarized in Table 6.3. In general, the scattering of the coupling inten-
sities varies and is lowest in sample DR-4. The intensity ratios that were analyzed are:
(IS +ISe)/IZPL, IS/IZPL, ISe/IZPL, and IS/ISe. The total coupling intensity (IS +ISe)/IZPL,
depicted in Figure 6.3a, decreases across the sample series with the transition from the
type-II to type-I band alignment. As shown in Figure 6.7b, the relative intensity of the
S-type phonon IS/IZPL decreases continuously by a total factor of 5. The relative intensity
of the Se-type phonon ISe/IZPL, shown in Figure 6.7c, increases slightly in the first three
samples (DR-1–3) and drops in sample DR-4, demonstrating a nonlinear trend. In order
to describe the phonon coupling independently of the ZPL, the relative intensity ratio of
the S- to Se-type phonon IS/ISe was also evaluated, which is depicted in Figure 6.7d. The
ratio IS/ISe gradually decreases from sample DR-1 to DR-4.

To explain the observations in Figure 6.7, let us briefly recap the relevant theoretical
background for exciton–phonon coupling in semiconductors. In ionic semiconductors as it
is the case here, the exciton–LO-phonon coupling primarily originates from the Fröhlich
interaction.196 The Fröhlich interaction is facilitated by the coupling of the charge dis-
tribution from the exciton with the LO phonon via Coulomb interaction.86,88 When the
band alignment changes from type-II to type-I, the wave function overlap increases, which
reduces the magnitude of exciton–phonon coupling, leading to the decrease of the total
coupling in Figure 6.7a. Similar observations have been made by Groeneveld and de Mello
Donegá19, who investigated type-II bipod-shaped and prolate CdTe/CdSe NCs by ensem-
ble photoluminescence excitation spectroscopy. They also found that the exciton–phonon
coupling is stronger in the case of larger electron–hole wave function overlaps, which they
attributed to the reduced Fröhlich coupling. In their sample set, the exciton–phonon
coupling is less comparable because of the convolution with morphological changes. Fur-
thermore, they could not distinguish the different phonon replicas and were only able
to evaluate the total coupling owing to the similar phonon energies of CdTe and CdSe.
The morphological changes in this work are minimized because of the applied cation ex-
change approach. The influence of morphological changes on the exciton–phonon coupling
has been investigated by Lin et al.93 They performed Raman spectroscopy of spherical
CdSe/CdS NCs with different shell thicknesses and found that the exciton–phonon cou-
pling was reduced with increasing shell thickness. This reduction was contrary to their
expectations, as the overlap is decreasing, and the phonon coupling should have increased.
The overall reduction of phonon coupling due to shell growth was later explained by Cui
et al.12 They found that a better surface passivation isolates the exciton from surface
charges, which are responsible for an increase in the Fröhlich interaction.
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Figure 6.7.: Statistical data for relative phonon coupling intensities of individual
Zn1−xCdxSe/CdS DRs evaluated from the samples DR-1–4. (a) Relative total phonon inten-
sity, (b) relative intensity of the S-type phonon, (c) relative intensity of the Se-type phonon,
and (d) intensity ratio of the S- to Se-type phonon. The boxes span the interquartile range,
the whiskers indicate the 95th percentile, the white triangles mark the average values, and the
horizontal black lines inside the boxes show the median values. The statistical data were de-
scribed by normal distributions. From the samples DR-1–4: 33, 59, 91, and 63, single DRs were
analyzed, respectively. Adapted from Johst et al.185

Table 6.3.: Evaluation of the different phonon coupling ratios from Figure 6.7: Sum of the
S- and Se-type phonon (I (LO1(Se)+I LO1(S))), S-type phonon I LO1(S)/I ZPL and Se-type phonon
I LO1(Se)/I ZPL in relation to the ZPL. As well as the intensity ratio of the S- to Se-type phonon
I LO1(S)/I LO1(Se).

DR-1 DR-2 DR-3 DR-4
(I (LO1(Se)+I LO1(S)))/I ZPL 0.77 ± 0.24 0.78 ± 0.16 0.69 ± 0.24 0.35 ± 0.08

I LO1(S)/I ZPL 0.48 ± 0.16 0.42 ± 0.09 0.30 ± 0.13 0.09 ± 0.03

I LO1(Se)/I ZPL 0.29 ± 0.11 0.36 ± 0.09 0.37 ± 0.12 0.25 ± 0.06

I LO1(S)/I LO1(Se) 1.76 ± 0.53 1.20 ± 0.33 0.83 ± 0.33 0.38 ± 0.13
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The strong decrease of the coupling to the S-type phonon in Figure 6.7b is in agreement
with the change of the electron localization. The probability of the electron in the CdS
shell decreases while it increases in the Zn1−xCdxSe core as a consequence of the transition
from a type-II to a type-I band alignment.
For the Se-phonon coupling in Figure 6.7c, the alloy type is of particular importance. As

a result of the high temperature during the in situ cation exchange151,192, a homogeneous
alloy is present in the Zn1−xCdxSe cores. Gong et al.197 investigated spherical Zn1−xCdxSe
NCs with different x in the case of an inhomogeneous alloy formed at 220 °C by performing
resonance Raman spectroscopy. They found that the exciton–phonon coupling decreases
with rising Cd fraction x due to the localization of the exciton in Cd-rich regions of
the NCs. This decrease of the Se-type phonon is not present here, following expectations.
Interestingly a nonlinear trend is present here, which could be the result of a more complex
underlying behavior. For example, changes in the band-edge exciton fine structure could
play a crucial role here, as they exhibit different coupling behaviors.19

Upon closer inspection of Figure 6.7, it becomes apparent that the coupling intensities
scatter to different degrees, and the distribution width is smallest in sample DR-4. This
can result from different particle-size distributions, varying degrees of cation exchange,
and different surface-charge situations among the individual NCs. For comparison, Empe-
docles et al.74 performed single-particle PL spectroscopy of spherical CdSe and CdSe/ZnS
NCs and reported significant variations of the HR factors in the range of 0.06–1.3, with an
average value of 0.488. In the same way, Dufaker et al.198 investigated InGaAs NCs, which
were grown in the vapor phase. These InGaAs NCs are nearly identical in their morpholo-
gies but still exhibited varying HR factors by a factor of up to 2, even for identical charge
states of the exciton.

6.1.4. Calculation of Excitons and their Phonon Coupling

For a better understanding of the exciton–phonon coupling, quantum mechanical calcula-
tions are needed. II-VI semiconductor DRs contain around 20,000 heavy atoms, leading
to an even larger number of electrons; hence, accurate quantum mechanical calculations
for these nanostructures are resource-intensive and difficult to perform. Thus, a simplified
approach based on quantum mechanical calculations was adapted from literature.82,111

Convergence of the Calculations

In order to calculate the exciton–phonon coupling, the first step is to solve the Schrödinger
equations of the electron and hole, including their Coulomb interaction. This is imple-
mented by the iterative calculation of the Schrödinger and Poisson equations. Addition-
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ally, the self-polarization can be approximated from the difference of the electric potential
of a charge carrier in the case of an inhomogeneous dielectric environment and a hypo-
thetical homogeneous environment.111 The geometry of the DRs was approximated by a
rod with a diameter D and length l. At the end of the (001) facet, a truncated cone
with a base diameter C, height C/2, and top diameter equal to the rod diameter D was
added. Three MLs (3×0.35 nm199) away from the (001) facet, inside the cone, a spherical
core with diameter d was placed. The geometry parameters were mainly obtained from
TEM data except for the average core diameters, which were determined by the absorp-
tion maxima in UV/Vis spectroscopy.200,201 A list of the average geometry parameters
and their standard deviations is compiled in Table A.1. The cation distribution of the
core was modeled as a homogeneous alloy.151,191,192,202 Strain effects, due to the lattice
mismatch between core and shell, were neglected owing to their weak effect on the band
alignment.141 More details on the calculations are presented in Chapter 4.4.

In the case of a type-II, and to some degree also for a quasi-type-II band alignment, the
Coulomb interaction between the electron and hole and the self-polarization of the charge
carriers are of similar magnitude. As a consequence, they counteract each other. This,
combined with the fact that the Coulomb interaction and self-potential cannot be calcu-
lated simultaneously but in separate steps, impacts the convergence of the self-consistent
calculation. For a high-symmetry structure, like a sphere, the calculations converge with-
out a problem. However, the calculations do not easily converge in the asymmetric DR
system. Thus, three different calculation sequences have been evaluated for the imple-
mentation of the Coulomb interaction and self-polarization. A detailed overview of the
sequences can be found in Chapter 4.4.

In sequence 1, the Coulomb interaction between electron and hole and the self-polar-
ization are calculated from the respective probability densities. The probability densities
used here were derived from the Schrödinger equations, which included both the electron–
hole Coulomb interaction and the self-polarization from the previous iteration step. The
resulting convergences of the electron and hole energies for a ZnSe/CdS DR, without the
band gap energy, are shown in Figure 6.8a/b as black dots. In both cases, the energy
changes by 10 % between the 9th and 10th iteration steps. This first sequence was
adjusted by including not only the self-polarization from the previous iteration but from
the previous two iterations as a superposition. The corresponding self-potentials of the
electron and hole used in sequence 2 were

φe,sp,i = 0.5φe,sp,i−1 + 0.5φe,sp,i−2 (6.1.1)

and
φh,sp,i = 0.5φh,sp,i−1 + 0.5φh,sp,i−2, (6.1.2)

64



6.1. Exciton–Phonon Coupling in ZnCdSe/CdS Dot-in-Rod Nanocrystals

0 2 4 6 8 1 0

0 . 2 0

0 . 2 5

0 . 3 0

Ho
le 

En
erg

y (
eV

)

I t e r a t i o n  S t e p

 S e q u e n c e  1
 S e q u e n c e  2

2 4 6 8 1 0

0 . 0 4

0 . 0 8

0 . 1 2

Ele
ctr

on
 En

erg
y (

eV
)

I t e r a t i o n  S t e p

 S e q u e n c e  1
 S e q u e n c e  2

a b

c d

Figure 6.8.: Comparison of the convergence behavior of the self-consistent exciton calculation
for the sequences 1 and 2 (see Chapter 4.4) for a ZnSe/CdS DR. Energy convergence of (a) the
electron and (b) the hole. Cross sections of the wave functions from the 9th and 10th iteration
steps of sequence 2 for (c) the electron and (d) hole, respectively.

respectively. The convergence by application of sequence 2 is shown in Figure 6.8a and
b as red dots. The convergence is improved, and the energy of the electron and hole
changes by <0.5 % from iteration step 9 to 10. In Figure 6.8c/d, the corresponding wave
functions of sequence 2 are visualized as cross sections. It can be seen that the wave
functions remain nearly constant between the iteration steps.
At first glance, the convergence behavior of sequence 2 appears to be fine, but if the

geometry of the DRs is varied slightly, the convergence behavior worsens. For example,
if the core position is changed by two MLs in the [001̄] direction, the good convergence
behavior is lost. Figure 6.9 shows the results for the variation of the core position. The
electron energy retains a good convergence, but the hole energy varies by 11 % in the last
iterations. Furthermore, the electron wave function changes greatly between the 9th and
10th iteration steps. This behavior repeats itself in the preceding iterations. To a smaller
degree, the hole wave function varies between these iteration steps as well.
For sequence 3, the calculation of the self-polarization is decoupled from the convergence

of the electron and hole interaction. As a consequence, in Figure 6.10, the energies of
electron and hole are already converged after the second iteration. It can also be seen
that the wave functions of electron and hole stay constant between the 5th and 6th
iteration steps.
In this work, the self-polarization was approximated by calculating the difference be-

tween the electric potential of the respective charger carrier in an inhomogeneous and
homogeneous dielectric environment (Equation 3.3.7), as proposed by Park et al.111,180
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Figure 6.9.: Overview of the convergence behavior of the self-consistent exciton calculation for
sequence 2 for a ZnSe/CdS DR, for which the core position was shifted by 3 MLs in the [001̄]
direction (see Chapter 4.4). Energy convergence of (a) the electron and (b) the hole. Cross
sections of the wave functions from the 9th and 10th iteration steps for (c) the electron and (d)
hole, respectively.
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Figure 6.10.: Overview of the convergence behavior of the self-consistent exciton calculation
for sequence 3 (see Chapter 4.4) for a ZnSe/CdS DR. Energy convergence of (a) the electron
and (b) the hole. Cross sections of the wave functions from the 5th and 6th iteration step for (c)
the electron and (d) hole, respectively.
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For the calculation of the homogeneous dielectric environment, the dielectric constant of
either the core, shell or an average of the two is used. In the case of the DRs, the dielectric
constant of the Zn1−xCdxSe was chosen. This means that the accuracy of the approxima-
tion for the self-polarization changes with the Cd fraction in the core x and overlaps with
the analysis of calculated trends. Hence, for further evaluations, the self-polarization is
neglected.

Exciton Energy and Overlap

In Figure 6.11a, the calculated exciton energy shift for the four sample geometries DR-1–4
at T = 10 K is depicted, with respect to the energy in case of a Cd fraction of x = 0.5.
Additionally, the experimental values of the samples DR-1–4 are indicated by horizontal
lines. The energy decreases continuously as the Cd fraction x increases. This trend is
similar regardless of the respective sample geometry, demonstrating that the geometrical
influence is kept to a minimum. Compared to the experimentally observed red-shift of
the emission energy from sample DR-1 to DR-4 of around 0.1 eV (Table 6.1), the energy
shift is overestimated in the calculations, which could originate from the selection of
the calculation parameters. In order to prevent overfitting of the data, the calculation
parameters were collected from as few literature sources as possible.
The calculated absolute squared overlap of the electron and hole wave functions, de-

picted in Figure 6.11b, increases in the form of a sigmoid function. This sigmoid function
is in agreement with the transition from the type-II to type-I band alignment with in-
creasing Cd fraction and thereby increasing wave function overlap. For comparison, the
measured decay rates, normalized to sample DR-4, are marked by horizontal lines.
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Figure 6.11.: Calculations of (a) the energy shift, in relation to the Cd fraction of x = 0.5, and
(b) the normalized squared wave function overlap integral of the exciton for the samples DR-1–4
at T = 10 K. The horizontal lines mark the experimental data of sample DR-1 (continuous
line), DR-2 (dashed line), DR-3 (dotted-dashed line) and DR-4 (dotted line). Both the squared
absolute value of the overlap integral and the decay rate were normalized with respect to sample
DR-4.
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Exciton–Phonon Coupling Derived from the Wave Functions

A deeper understanding of the spectroscopical investigation can be gained by performing
calculations of the exciton–phonon coupling. These calculations are challenging as a
result of the large number of heavy atoms present in the NCs. Nonetheless, sophisticated
atomistic calculations have been reported by different groups.15,96 Such calculations are
beyond the scope of this work, and instead, a simplified approach was developed to model
the exciton–phonon coupling.

The magnitude of exciton–phonon coupling is commonly described by the Huang–Rhys
factor.203 In PL measurements, the HR factor is equal to the intensity ratio of the first-
order phonon-replica to the ZPL.19,86,95 The proposed model of this work is built around
the fact that the coupling strength is proportional to the absolute difference in probability
density of electron and hole.21,25,94,198 The contributions of the electron and hole to the
exciton–phonon coupling are not equal due to their different effective masses89, which has
to be accounted for in the model development. Moreover, the coupling strength depends
on the respective material,89 and is thus different in the core and shell of the DRs. This
leads to the simplified model description of relative intensities of the S-type phonon of
the shell and the Se-type phonon of the core:

IS

IZPL

=
∣∣βe

S · ρe
shell − βh

S · ρh
shell

∣∣ (6.1.3)

and
ISe

IZPL

=
∣∣βe

Se · ρe
core − βh

Se · ρh
core

∣∣ . (6.1.4)

Here, the probabilities

ρe,h
shell,core =

∫
shell,core

|Ψe,h|2dV (6.1.5)

are weighted by coupling constants βe,h
S,Se, which account for the charge-carrier and material

specific coupling differences. From the Equations 6.1.3 and 6.1.4 it becomes apparent that
the phonon coupling vanishes in the case of a perfect overlap of the electron and hole wave
functions Ψe,h, which is consistent with the mechanisms behind exciton–phonon coupling.

In order to derive the four unknown coupling constants βe,h
S,Se, four equations are needed.

For each sample, two equations can be constructed: one for the shell (Equation 6.1.3) and
one for the core (Equation 6.1.4). The Cd fraction has to be known for two samples. In
the case of the samples DR-2–3, the Cd fractions x have the highest uncertainty. For
sample DR-1, the Cd fraction was determined to be around 0.5191 (Chapter 6.1.2). The
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Cd fraction in sample DR-4 is known to be 1.0. Accordingly, sample DR-1 and DR-4 are
suitable for building two linear systems of equations for the shell∣∣∣∣∣

(
ρe

S(0.5) −ρh
S(0.5)

ρe
S(1.0) −ρh

S(1.0)

)(
βe

S

βh
S

)∣∣∣∣∣ =

(
IS
IZPL

(0.5)
IS
IZPL

(1.0)

)
(6.1.6)

and the core ∣∣∣∣∣
(
ρe

Se(0.5) −ρh
Se(0.5)

ρe
Se(1.0) −ρh

Se(1.0)

)(
βe

Se

βh
Se

)∣∣∣∣∣ =

(
ISe

IZPL
(0.5)

ISe

IZPL
(1.0)

)
. (6.1.7)

To solve these equation systems, the corresponding probabilities ρe,h
shell,core(x) were calcu-

lated within the effective mass approximation based on the Cd fractions of x = 0.5 and
1.0. Together with the experimental data of DR-1 and DR-4, from Table 6.3, the equation
systems for the shell ∣∣∣∣∣

(
0.68 −0.13

0.44 −0.15

)(
βe

Se

βh
Se

)∣∣∣∣∣ =

(
0.48

0.09

)
(6.1.8)

and the core ∣∣∣∣∣
(

0.32 −0.87

0.56 −0.85

)(
βe

S

βh
S

)∣∣∣∣∣ =

(
0.29

0.25

)
(6.1.9)

were obtained. By solving these two equation systems, the coupling constants βe
S =

1.35, βh
S = 3.35, βe

Se = 0.12, and βh
Se = 0.38 are obtained. Comparing the coupling

constants β with the bulk Fröhlich coupling constants α (Table 4.2) makes it clear that
they share some similarities. In both cases, the coupling constants for the hole are larger
than for the electron. Additionally, the ratio of βe

S/β
h
S resembles that of αe

S/α
h
S. This

means that the coupling constants β behave like Fröhlich coupling constants for the NC
case. These coupling constants β were used together with calculated probabilities to solve
Equations 6.1.3 and 6.1.4.

From this procedure, the coupling ratios for different Cd fractions x were calculated,
which are summarized in Figure 6.12. Panels a–c depict the relative coupling intensities
of the S-type phonon (IS)/IZPL, the Se-type phonon (ISe)/IZPL, and their sum in relation
to the ZPL. Besides this, panel d shows the intensity ratio of the S- to Se-type phonon.
The black curves in all panels represent the calculation results in the case of the aver-
aged sample geometry. For an easier comparison, the average values of the experimental
coupling ratios are included as horizontal lines. The calculated total coupling intensity
(Figure 6.12a) decreases continuously. Hence, the weak experimental decrease among the
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Figure 6.12.: Theoretical modeling of the phonon coupling intensity ratios from Figure 6.7.
The different coupling ratios are (a) (IS + ISe)/IZPL, (b) IS/IZPL, (c) ISe/IZPL and (d) IS/ISe.
The black line corresponds to calculations using the averaged geometry, while the colored lines
illustrate the influence of independently changing the core (d = 3.17 ± 0.43 nm), rod (D =
4.78±0.62 nm), and cone (C = 6.21±1.40 nm) diameters, based on standard deviations evaluated
from TEM data. The rod length was fixed to the average value of 25.78 nm. Experimental values
are included as horizontal lines. A cross-section of the geometry used in the calculation is shown
as an inset. Adapted from Johst et al.185

first three samples is retained. Coupling to the S-type phonon decreases strongest with
increasing Cd fraction x (Figure 6.12b), which is in agreement with the experimental
change from 0.5 down to 0.1. Accordingly, the model predicts x of DR-2 and DR-3 to be
0.57 and 0.69. The predicted coupling to the Se-type phonon decreases on a much smaller
scale from around 0.35 to 0.25 with increasing x. It can be seen as nearly constant, which
concurs with the experimental trend of the Se-type phonon. Consequently, the main con-
tribution towards the total phonon coupling (Figure 6.12) comes from the coupling to the
S-type phonon. In order to describe the S- and Se-type phonon coupling independent of
the ZPL, their direct coupling ratio is evaluated in Figure 6.12d. From this ratio, the
derived Cd fractions x of DR-2 and DR-3 are 0.65 and 0.79, respectively. As a result, the
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predicted Cd fractions x of DR-2 and DR-3 are comparable to expectations based on the
EXAFS spectroscopy data (Chapter 6.1.2).

Within the sample, the individual NCs, each slightly vary in size, resulting in the
observation of a distribution of coupling ratios (Figure 6.7). It is, therefore, interesting
to perform an analysis of the geometrical influences of each geometry parameter. For
this purpose, the core diameter (blue), rod diameter (red), and cone diameter (green)
were separately changed according to their standard size deviations, which were derived
from their respective TEM data (Table A.1 in Appendix A.1). This parameter variation
is indicated in Figure 6.12 by colored lines. The calculations reveal that the strongest
dependence of the phonon coupling is related to the core diameter, while the rod and cone
diameters are less important. Moreover, the combination of the effects from the different
size distributions results in a broader distribution of phonon coupling ratios for lower Cd
fractions x. This effect is also visible in the experimental results depicted in Figure 6.7.

Aside from geometrical influences, the modeled coupling ratios also depend on the
choice of the parameters used in the calculation of the probabilities ρe,h

shell,core. Therefore,
in order to determine the sensitivity toward changes in the chosen parameters, further
calculations were performed. Figure 6.13 shows a comparison of the parameter variation
(colored lines) to previous calculations (black). Varying the core position along the [001̄]

crystal direction by 2 MLs (0.7 nm199) has a minimal influence. Regarding the values of
the band offsets, various values can be found in the literature; for simplicity, only two
exemplary values are evaluated here. The first is the larger valence band offset of CdS–
CdSe of 0.55 eV134, which primarily increases the coupling to the S-type phonon over
the whole range of Cd fractions x while keeping the overall coupling trends the same.
The second is the larger valence band offset of ZnSe–CdSe of 0.11 eV134, also retains the
coupling trends and only shifts them to slightly lower values. Overall, the parameter
variations in Figure 6.13 affected the exciton–phonon coupling only to a small degree.

When the standard deviations in Figure 6.7d are evaluated quantitatively, it becomes
clear that the standard deviation measured for sample DR-1 is four times larger than for
DR-4. When compared to the summation of the calculated standard deviations, based
on the geometrical variations, it stands out that the standard deviation for DR-1 is only
1.5 times larger than for DR-4. Pointing towards an additional influence that has not
been accounted for thus far. Multiple groups reported that the intrinsic exciton–phonon
coupling is increased in the presence of surface charges and point defects.12,21–25 Hence,
the relevance of surface charges was investigated for the DRs. In order to model the
influence of surface charges, either a negative or positive single point charge was placed
at the transition point between the cone and rod cylinder. Modeling surface charges by
using point charges has previously been proven to be a suitable method.77,79,82
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Figure 6.13.: Influence the core position in the [001̄] crystal direction by ± 2 MLs, and use
of different valence band offsets between CdS–CdSe of 0.55 eV134, and ZnSe–CdSe of 0.11 eV134

on the different coupling ratios (a) (IS + ISe)/IZPL, (b) IS/IZPL, (c) ISe/IZPL and (d) IS/ISe.
Adapted from Johst et al.185

Figure 6.14 illustrates the influence that a single positive and negative surface charge,
respectively, has on the wave function of the electron and hole for different x. In the
case of a positive surface charge, the electron and hole both remain localized around
the core region. The electron wave function gets pulled toward the surface charge while
the hole gets pushed away inside the core. Furthermore, with increasing Cd fraction x,
the influence of the surface charge diminishes. In case of a negative surface charge, the
electron and hole get dissociated, as the electron is driven out of the core region into the
CdS rod, while the hole keeps its localization in the core. This dissociation of electron
and hole is present for x = 0.0 and 0.5, while for x = 1.0, the electron and hole stay
bound together. These simulations demonstrate that the influence of surface charges is
much higher for lower Cd fractions x and decreases with increasing type-I character of the
band alignment. This is also in agreement with the stronger spectral diffusion observed
in sample DR-1–3 compared to DR-4, as discussed in Figure 6.4.
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Figure 6.14.: Effect of a single negative or positive surface charge, localized at the transition
between the cone and rod cylinder, on the electron and hole wave functions, compared to the
neutral state of Zn1−xCdxSe/CdS DRs with different Cd fractions.

Figure 6.15 shows the effect of a single negative or positive surface charge, respectively,
on the different phonon coupling ratios compared to the neutral case. Depending on
the charge state, the total exciton–phonon coupling (Figure 6.15a) can either increase
or decrease. For this particular surface charge placement, the predicted effect of the
negative surface charge has a much stronger influence than the positive surface charge.
It also becomes clear that with increasing Cd fraction, the influence of the surface charge
is reduced. In particular, for Cd fractions larger than x = 0.75, the phonon coupling is
almost unaffected by the surface charges. Furthermore, the calculations reveal a maximum
at around x = 0.5, corresponding to DR-1. The biggest change becomes apparent for the
coupling to the S-type phonon in Figure 6.15b. Here, the negative surface charge almost
doubles the coupling to the S-type phonon. In contrast to this, the Se-type phonon
is nearly unaffected by the surface charge. Similar to the S-type phonon, the negative
surface charge has a larger impact than the positive surface charge, with a maximum
around x = 0.5.

To conclude, the surface charges are likely the main origin behind the broader dis-
tributions of phonon coupling ratios observed for sample DR-1–3, compared to DR-4.
Furthermore, the surface charges could be a possible explanation for the observation that
the average values of the S-type phonon coupling are always higher than their median
values. This could originate from the increased S-type phonon coupling due to the pres-
ence of surface charges. Whether the Zn1−xCdxSe/CdS DRs contain primarily positive
or negative surface charges is unclear, and it is easy to generalize. For example, one
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Figure 6.15.: Influence of a single negative or positive surface charge on the different phonon
coupling ratios (a) (IS + ISe)/IZPL, (b) IS/IZPL, (c) ISe/IZPL and (d) IS/ISe, in comparison to
the neutral state. The surface charge was placed at the transition between the cone and the rod
cylinder. Adapted from Johst et al.185

possibility for the determination of the charge state would be the measurement of the
circular polarization of the ensemble PL In the presence of strong magnetic fields at low
temperatures.204 Moreover, it has been proposed and shown that for the same NC system,
neither positive nor negative surface charges form exclusively.79,82 In addition, It has been
found that in the presence of oxygen, the QY is increased, which was attributed to the
capturing of negative surface charges by oxygen, and the formation of superoxide radi-
cals. This has been assumed to primarily result in negative charging of CdSe/CdS NCs
in absence of oxygen.53,60,205

Alternative Approaches for the Calculation of Exciton–Phonon Coupling

Further simplified approaches for the modeling of exciton–phonon coupling are also con-
ceivable. Thus, multiple approaches have been tested on the way to the best approach
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presented in the previous section (based on Equations 6.1.3 and 6.1.4), referred to as
approach 1 in the following.

For approach 2, the bulk Fröhlich coupling constants α were used instead of the fitted
coupling constants β. Additionally, the difference between the squared wave functions
was evaluated and weighted by the respective α before integration and not afterward. It
follows for the relative intensity of the S-type phonon

IS

IZPL

=

∫ ∣∣∣∣∣ΨS
e

∣∣2 αe
S −

∣∣ΨS
h

∣∣2 αh
S

∣∣∣ dVshell, (6.1.10)

and analogous to the Se-type phonon

ISe

IZPL

=

∫ ∣∣∣∣∣ΨSe
e

∣∣2 αe
Se −

∣∣ΨSe
h

∣∣2 αh
Se

∣∣∣ dVcore. (6.1.11)

The strength of exciton–phonon coupling is related to the wave function overlap of elec-
tron and hole.25,75,95 In approach 3, the overlap integral is thus assumed to be proportional
to the respective phonon coupling intensities of the S-type phonon

IS

IZPL

=

∫
ΨeΨhdVshell

∣∣αe
S − αh

S

∣∣ , (6.1.12)

and Se-type phonon
ISe

IZPL

=

∫
ΨeΨhdVcore

∣∣αe
Se − αh

Se

∣∣ , (6.1.13)

instead of the difference between the probabilities, as in the case of the other approaches.

In Figure 6.16, the different modeling approaches are compared for the different cou-
pling ratios, like before. Regarding the total phonon coupling intensity (Figure 6.16a),
approaches 1 and 3 are similar and in agreement with the experimental data. Approach 2
is unable to reproduce the experimental data because the coupling intensity between
x = 0.5 and 1.0 is nearly constant. Similarly, the experimental trend of the S-type
phonon (Figure 6.16b) is better described by approaches 1 and 2, compared to approach
3. Although the slope between x = 0.5 and 1.0 is too low in the case of approach 3.
For the calculation of the Se-type phonon intensity (Figure 6.16c), approach 2 predicts a
slight increase, which fits samples DR-1–3 but does not reproduce the decrease towards
sample DR-4. The calculated S- to Se-type phonon ratio (Figure 6.16d) decreases for all
three approaches, but the experimentally observed switch from a coupling ratio of above
to below 1 is only reproduced with approach 3. Moreover, the slope in the range of x = 0.5

to 1.0, relevant for the samples, is far too low for approaches 2 and 3.

In summary, the calculations using approach 1 provide the best agreement with the
different experimentally determined phonon coupling ratios. Approach 2 estimates both
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Figure 6.16.: Comparison of the three different model approaches for the different exciton–
phonon coupling ratios: (a) (IS+ISe)/IZPL, (b) IS/IZPL, (c) ISe/IZPL and (d) IS/ISe. Approach 1
was calculated by Equations 6.1.3 and 6.1.4, approach 2 by Equations 6.1.10 and 6.1.11, and
approach 3 by Equation 6.1.12 and Equation 6.1.13.

the S- and Se-type phonons to increase similarly and has the lowest agreement with the
experimental data. Calculations performed with approach 3 are similar to approach 1 but
are unable to match the trend for the S- to Se-type phonon.

For comparison, Lin et al.15 reported atomistic calculations for the phonon coupling in
CdSe/CdS quantum dots with a core diameter of 3 nm and a shell thickness of 3 MLs.
Even though their calculations are more sophisticated and used to describe a simpler sys-
tem, they were unable to accurately model the S- to Se-type phonon ratio. In particular,
their calculations strongly underestimated the S-type phonon coupling.

Exciton–Phonon Coupling Derived from the Electric Field

The Fröhlich interaction attributes the coupling of the excitonic charge distribution to the
LO phonon via Coulomb interaction.14,93,206 Hence, the total electric field |E| generated
by the exciton could also be used to derive the magnitude of exciton–phonon coupling. A
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similar approach has also been used by Lin et al.93 They performed quantum mechanical
calculations for the exciton and its corresponding electric field for force field calculations
in order to determine the exciton–phonon coupling.

In order to evaluate the correlation between the electric field of the exciton and the
exciton–phonon coupling in this work, its absolute value is integrated over the core and
shell domains, respectively. In Figure 6.17, the steps for the calculation of the electric
field are illustrated. From the probability densities of electron and hole (Figure 6.17a/b),
the corresponding electric potentials were calculated (Figure 6.17c/d) using Poisson’s
equation. The electric potentials of the electron and hole were then summed up for the
electric potential of the exciton φexc. Following this, the absolute electric field

|E| =

√(
−dφexc

dx

)2

+

(
−dφexc

dy

)2

+

(
−dφexc

dz

)2

(6.1.14)

a

c (V)

(a.u.)

e

f

(V)
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2 2

Figure 6.17.: Visualization of the steps in the calculation of the absolute electric field produced
by a ground-state exciton in a Zn1−xCdxSe/CdS DRs. The calculation starts with (a/b) the
probability densities of electron and hole, followed by (c/d) the evaluation of the corresponding
electric potentials, which are combined to (e) the electric potential of the exciton. From the
electric potential, (f) the electric field is then derived.
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was calculated from the first derivate with respect to the x, y, and z components. In this
approach, the S-type and Se-type phonon coupling intensities were then assumed to be
proportional to the integrated electric field in the shell

IS

IZPL

∝
∫
|E| dVshell (6.1.15)

and the core
ISe

IZPL

∝
∫
|E| dVcore. (6.1.16)

Figure 6.18 shows the results from the integration of the calculated electric field in
the different domains. Analogous to Figure 6.12, the black lines once again represent
the calculations for the averaged geometry, and the colored illustrate the variation of the
geometry parameters.
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Figure 6.18.: Evaluation of the absolute electric field formed by the exciton integrated in (a)
the complete DR, (b) in the shell, (c) in the core, and (d) the ratio of the shell to core domain.
The black curves were calculated with the averaged sample geometry, while for the colored curves
the core diameter d, shell diameter D and cone diameter C were varied separately, according to
their standard deviations. Horizontal lines in panel d indicate the measured values of the S- to
Se-type phonon coupling ratios.
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In Figure 6.18a, the total electric field of the whole DR is shown, which continuously
decreases with rising x. Figure 6.18b depicts the integration for the CdS shell domain,
which decreases strongly for low x before its slope becomes less sleep. The electric field
integrated over the core domain, in Figure 6.18c, decreases on an overall smaller scale
compared to the shell. The dependence of the electric field on the Cd fraction x follows the
expected trend. As a result of the transition from a type-II to type-I band alignment, the
exciton becomes less polarized, and thus its electric field decreases. A direct comparison
to the experimental data is difficult, as the proportionality between the integrated electric
field and the HR factor is not clear. Although in direct comparison, the stronger change
of the electric field in the shell as opposed to the core resembles the stronger change of the
S-type phonon compared to the Se-type phonon. In Figure 6.18d, the ratio of the electric
field integrated over the shell and core is evaluated. This ratio is dimensionless and thus
should provide a better comparability with experimental data. Indeed, the predicted
coupling ratio for the S- to Se-type phonon is on a similar scale as the experimental data.
Although the prediction of the ratios of the samples DR-3 and DR-4 seems to fall out of
line.
Regarding the geometry dependence, it can be seen that all geometry parameters pos-

sess a similar strong influence at different Cd fractions x. In the case of the total electric
field in the DR and shell domain, the influence of the core diameter dominates at small x,
while at higher x, the influence of the shell diameter increases. Besides the implied overall
broadness of the total phonon coupling, S-type and Se-type phonon decreases slightly in
the region of x = 0.5–1.0.
To sum up briefly, while the electric field correlates with the magnitude of exciton–

phonon coupling, a direct comparison to the experimental data is only possible for the
S- to Se-type phonon ratio. The ratio of the integrated electric field in the shell to the
core is similar to the S- to Se-type phonon ratio, albeit it does not reproduce the data
accurately and overestimates the ratio for higher Cd fractions x.
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6.2. Spectroscopy of Spherical CdSe/CdS

Nanocrystals

Ion exchange and alloy formation play not only a crucial role in the synthesis of ZnSe/CdS
DRs but also in the synthesis of CdSe/CdS NCs. In these structures, alloying can lead
to the formation of CdSe/CdSeyS1−y/CdS NCs, which has the benefit that the QY is
increased.169,170 This way, QY close to unity are obtainable.167 Additionally, the high QY
of the spherical CdSe/CdS makes them suitable as temperature probes, which will be
presented afterward.

6.2.1. Exciton–Phonon Coupling in Spherical CdSe/CdS

Nanocrystals

Alloy formation in CdSe/CdS NCs affects the localization of the exciton, and thus changes
the exciton–phonon coupling. In order to investigate the exciton–phonon coupling in
these structures, single-particle PL spectroscopy was performed again at T = 10 K. The
CdSe/CdS NCs were provided by Sonja Zeller, and synthesized following the approach of
Chen et al.167. (More details can be found in Chapter 4.2.3.) In addition to the alloying,
the influence of the shell thickness on the exciton–phonon coupling was also analyzed.

A set of four samples, GS-1–4, was investigated, which is presented in Table 6.4. The
first two samples, GS-1 and 2, were synthesized from CdSe NCs with the same diameter
of d = 3.26 nm and different shell thicknesses of 2.2 nm and 5.1 nm, respectively. Due to
the reduced confinement, the PL energy of GS-2 is slightly red-shifted compared to GS-1.
Sample GS-3 and 4 are nearly identical in their geometry; they share a core diameter of
∼3.5 nm and a shell thickness of 2.8 nm. What sets them apart is that their synthesis
times were 3 h and 18 h, respectively. This increased synthesis time leads to a red-shift
of 31 meV of the ensemble PL and suggests that an alloy was formed.170

Table 6.4.: Overview of the synthesis time T synth, core diameter d, shell thickness tshell, and
ensemble PL energy EPL for the CdSe/CdS quantum dot samples. Ensemble PL energies were
measured in solution by Sonja Zeller.

Sample Tsynth (h) d (nm) tshell(nm) EPL(eV)

GS-1 4 3.26 2.2 2.016

GS-2 4 3.26 5.1 1.965

GS-3 3 3.53 2.8 1.971

GS-4 18 3.50 2.8 1.940
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Single-particle PL measurements and evaluation of the LO-phonon coupling were per-
formed in the same way as described in detail in Figure 6.5, in the previous chapter. An
example of an averaged PL spectrum is shown in Figure A.1 in Appendix A.1. Figure 6.19
shows the statistical results from the evaluation of the first-order LO-phonons, measured
from samples GS-1–4. The following coupling ratios were analyzed: (IS + ISe)/IZPL,
IS/IZPL, ISe/IZPL, and IS/ISe. Additionally, the average values and standard deviations
of the phonon coupling ratios, as well as the energies of the ZPL and first-order phonons,
are compiled in Table 6.5. In Figure 6.19a, the total coupling intensity increases, clearly
with the shell thickness from 0.37 to 0.48 (GS-1/2). A much smaller increase occurs for
the presumed alloy formation from 0.34 to 0.36, which is less unambiguous. Likewise, the
S-type phonon in Figure 6.19b, as well as the Se-type phonon in Figure 6.19c, exhibit
a stronger and more distinct increase with the shell thickness compared to the alloying.
Consequently, the S-to Se-type phonon ratio rises slightly with the shell thickness and

G S - 1 G S - 2 G S - 3 G S - 40 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

S a m p l e

I S /
 I Se

G S - 1 G S - 2 G S - 3 G S - 40 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5

S a m p l e

I Se
 / I

ZP
L

G S - 1 G S - 2 G S - 3 G S - 40 . 0

0 . 1

0 . 2

0 . 3

S a m p l e

I S /
 I ZP

L

G S - 1 G S - 2 G S - 3 G S - 40 . 0

0 . 2

0 . 4

0 . 6

0 . 8

S a m p l e

(I S
+I S

e) /
 I ZP

L

b

d

a

c

Figure 6.19.: Statistical data of the relative phonon coupling intensities: (IS + ISe)/IZPL,
IS/IZPL, ISe/IZPL and IS/ISe measured from individual CdSe/CdS and CdSe/CdSeyS1−y/CdS
of samples GS-1–4 NCs at T = 10 K. The data was quantified from 30, 10, 22, and 31 individual
NCs, respectively. In the evaluation, normal distributions were assumed for the data.
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Table 6.5.: Average values and standard deviations of the ZPL energy EZPL, first-order S-type
statistical results shown in Figure 6.19 for the phonon coupling ratios: (IS + ISe)/IZPL, IS/IZPL,
ISe/IZPL and IS/ISe.

GS-1 GS-2 GS-3 GS-4
EZPL (eV) 2.102 ± 0.020 2.074 ± 0.019 2.040 ± 0.021 2.031 ± 0.019

ELO1(Se) (meV) 27 ± 0.2 27 ± 0.2 27 ± 0.2 27 ± 0.1

ELO1(S)(meV) 37 ± 0.2 38 ± 0.3 37 ± 0.7 36 ± 0.6

(I (LO1(Se)+I LO1(S)))/I ZPL 0.37 ± 0.07 0.48 ± 0.08 0.34 ± 0.05 0.36 ± 0.07

I LO1(S)/I ZPL 0.11 ± 0.04 0.14 ± 0.05 0.09 ± 0.03 0.10 ± 0.03

I LO1(Se)/I ZPL 0.27 ± 0.04 0.34 ± 0.08 0.25 ± 0.03 0.26 ± 0.04

I LO1(S)/I LO1(Se) 0.40 ± 0.13 0.42 ± 0.14 0.38 ± 0.11 0.38 ± 0.08

stays constant for the alloy formation. Regarding the average ZPL energies, in both
cases, the respective energy shifts from GS-1 to GS-2 and GS-3 to GS-4 are smaller com-
pared to the ensemble measurements in Table A.1. Furthermore, the energies of the S-
and Se-type phonons remain nearly constant among the samples.

The increase of the S- and Se-type phonon due to the thicker shell, can be explained
by the higher delocalization of the exciton, resulting from the reduced confinement. As
a consequence, the wave function overlap of electron and hole is reduced, and thus, the
Fröhlich interaction rises. This observation is also consistent with literature reports.93 In
the same way, the alloy formation of a CdSeyS1−y alloy reduces the band offsets, which
would also reduce the wave function overlap.169 Hence, a stronger Fröhlich interaction
would be expected. However, the increase in S- and Se-type phonon coupling is minimal
and practically nonexistent. It is likely that the observed red-shift from GS-3 to GS-4
primarily results from the lowered band potentials in the alloy and, to a smaller degree,
from the reduced confinement. This indicates that the effect of the alloy formation is not
strong enough to result in a distinct trend for the S- and Se-type phonon coupling. The
small change due to the alloying is also in line with the small change of the average ZPL
energy in Table 6.5, which hints at a weak change of the charge-carrier localization, as
opposed to the ensemble data in Table A.1. Furthermore, the alloying can only vary the
band alignment to a small degree, which primarily affects the localization of bi-excitons
and not single excitons.170 For the S- to Se-type phonon ratio, no distinct change is present
for both sample pairs GS-1/2 and GS-3/4.

In summary, exciton–phonon coupling measured from individual NCs is, on one hand,
sensitive enough to reflect changes in the shell thickness. On the other hand, alloying in
the CdSe/CdSeyS1−y/CdS NCs does not noticeably affect the charge-carrier localization,
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which is likely a consequence of the small energy-shift of the average ZPL energy, in
contrast to the larger energy shift in the ensemble of 31 meV.

6.2.2. CdSe/CdS Dots as Temperature Probes

The properties of NCs are sensitive towards the sorption of atoms and molecules on their
surface.53 One possibility to directly measure the sorption events is single nanoparticle
mass spectrometry. Howder et al. have shown that ion traps can be used simultaneously
for mass spectrometry and PL spectroscopy of single NCs.207,208 A deciding parameter for
sorption processes is the temperature, which is not readily accessible. As described by
the Varshni relation, the PL energy depends on the temperature. Hence, the PL energy
can be used to draw conclusions for the NC temperature.

In order to capture a NC in an ion trap, it is first charged by electron spray ionization.
Inside the ion trap, the particle is kept in a stable orbit by applying an oscillating voltage
to the ion trap, which creates a corresponding oscillating potential. For example, argon
can be used as a buffer gas to allow cooling of the NC, thereby stabilizing the particle
in the trap , as sketched Figure 6.20a. Furthermore, the argon is ionized to allow for
changes in the charge state, which can then be used to extract information on the particle
mass.210 As a consequence of the active charging of the NC surface or its ligands, the
QY could be reduced due to Auger recombination. In order to isolate the exciton from
these surface charges and keep the QY high, the giant-shells CdSe/CdS NCs are ideal.
Therefore, CdSe/CdS NCs with a core diameter of 4.2 nm and shell thickness of 5.3 nm
were investigated. A representative TEM image of these NCs is depicted in Figure 6.20b.
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Figure 6.20.: (a) Schematic depiction of a CdSe/CdS NC surrounded by Argon within an
ion trap, with an applied voltage V . (b) Representative TEM image of CdSe/CdS NC. (c)
Comparison of the ensemble and single-particle PL measured in vacuum at room temperature.
Adapted from Leippe et al.209
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Here, it can be seen that the NCs have a homogeneous size and shape. The small devia-
tions in their sizes are also reflected in the similarity of the single-particle PL spectra to
each other and to the ensemble (Figure 6.20c).
For evaluation of the temperature-dependent PL, ensemble spectra were measured from

thin films of CdSe/CdS NCs, spin-coated onto a piece of Si/SiO2 wafer. An integration
time of 10 s per spectrum was used while the sample was continuously illuminated and
heated with 0.7 K/min. Figure 6.21a shows exemplary spectra at different temperatures.
As the temperature increases, the emission energy red-shifts and the FWHM broadens.
Furthermore, at 25 K, an additional peak with lower energy than the main peak appears.
Based on the energy difference, this shoulder could arise from first-order LO-phonon cou-
pling to the CdSe. All spectra were fitted by Gaussian functions in order to evaluate the
center of the PL energy and the FWHM of the main peak. Subsequently, the temperature-
dependent emission energy, displayed in Figure 6.21b, was fitted by the Varshni relation59

(Equation 2.1.12). This yields the following fit parameters: E0 = (2.02 ± 9 · 10−9) eV,
αT = (4.82 ± 0.06) · 10−4 eV/K, and βT = (286 ± 7) K. For comparison Jing et al.211

reported the following parameters E0 = 2.11 ± 9 eV, αT = (4.0 ± 0.2) · 10−4 eV/K,
and βT = (173 ± 19.5) K for CdSe/CdS dots with a core diameter of 2.8 nm and shell
thickness of 2.1 nm. Based on the work of Jing et al. an increase in βT is to be ex-
pected with increasing shell thickness.211 Finally, the Varshni fit parameters of this work
were successfully used in a cooperation with Leippe et al.209 for the development of a
temperature-dependent sorption model for NCs in the gas phase. Regarding the tem-
perature dependence of the FWHM, shown in Figure 6.21c, a similar trend is present as
reported by Al Salman et al.63 for bare CdSe dots with a diameter of 3 nm.
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Figure 6.21.: Influence of the temperature on (a) the PL spectra, (b) the emission energy. The
emission energy and FWHM were obtained by fitting the spectral data with Gaussian functions.
Adapted from Leippe et al.209

84



6.3. Spectroscopy of Dot-in-Rod Nanocrystals in Electric Fields

6.3. Spectroscopy of Dot-in-Rod Nanocrystals in

Electric Fields

Dot-in-rod NCs are especially well suited to being switched with external electrical fields
because of their anisotropy, which allows the electron and hole to be separated effectively.
Moreover, the anisotropic structure is suitable for the investigation of influences of surface
charges. In this chapter, the influence of external electric fields on both CdSe/CdS and
Zn1−xCdxSe/CdS DRs will be discussed. Strong electric fields of 100-500 kV/cm are
needed for controlling the excitations within the DRs.31,111,112 Thus, IDEs structures on
the micrometer scale are employed, created by optical lithography.
For the spectroscopic investigation, once again, single-particle spectroscopy at T = 10 K

was applied. This allows us to take a deeper look at the influence of surface charges and
exciton–phonon coupling. All PL spectra were fitted by using a self-written MATLAB
script. Within the script, the prominent peaks with the highest energy are searched and
used as an initial starting point for the ZPL. If no peaks with sufficient prominence are
found, the peak with the highest intensity and energy is used instead as a starting point.
The ZPL and first-order LO phonon replica are all fitted by Lorentzian functions. All
spectra with too low PL intensity were sorted out. In order to account only for physically
plausible data, all fits with too small FWHM were excluded, which are the result of
measurement artifacts. Additionally, fits with too low coefficients of determination were
removed to ensure good fit quality.

6.3.1. Device Development for Spectroscopy in Electric Fields

In an ideal case, the substrates for lithography are completely flat, free of defects, and
clean. Si wafers with a 2000 nm thick SiO2 layer fulfill these requirements to a high
degree and thus were used in this work. Another benefit is that Si has a high thermal
conductivity, which allows for better cooling of the sample in the cryostat when compared
to pure SiO2.
Inside the cryostat the microscope objective located below the sample radiates heat

towards the sample. For this reason, the sample size was kept small to limit the heat
transfer. In order to make the handling of small substrates easier during the lithography
processing, an array 4 × 4 IDE devices was designed, as shown in Figure 6.22a. The
repeating device unit is illustrated in Figure 6.22b, which by itself consists of four inde-
pendent IDE sub-devices. If any electrical short-circuits or inhomogeneities in the NCs
matrix would occur in one of the IDE fields, the other IDE fields would be unaffected.
This setup makes the device less prone to errors. Additionally, text fields and arrow
markers were included in the lithography mask to improve the spatial orientation during
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Figure 6.22.: (a–c) Different magnifications of the virtual lithography mask used for the mi-
crowriter. (d) Photography and (e,f) light-microscopy images of the finished lithography pattern
on the wafer.

confocal microscopy. Figure 6.22c shows a close-up of the IDE structure, where the arrow
markers are better visible. A photography of a finished array of IDE devices is shown in
Figure 6.22d. This array was cleaved into its squared repeating units, thereby yielding
16 samples that can be further processed. The electrodes consist of a 10 nm Ti layer to
provide good adhesion, followed by a 50 nm Au layer. Before further processing, each
IDE device was reviewed by light microscopy, as shown in Figure 6.22e and f. Finally,
the electrode spacing was determined by AFM to be 4.2 µm for the samples investigated
in Chapter A.2 and 6.3.3. Combined with the available voltage source of up to 200 V,
electric fields of up to 476 kV/cm can be generated.

Sometimes the IDEs were not flat but showed edges in AFM measurements that were
much higher than the deposited film height, as depicted in Figure 6.23a and marked by a
red arrow. These lift-off edges originate from the wall coverage of the photoresist during
the physical vapor deposition, which is illustrated in Figure 6.23 b. This is, in particular,
the case if the evaporation source is not directly located orthogonal to the substrate. The
problem with lift-off edges is that they lead to inhomogeneous electric fields and lowered
reproducibility because they often break apart. The inhomogeneous sample structure
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would also causes problems for the spin-coating of the NCs with their polymer matrix. In
order to prevent the formation of lift-off edges, two layers of photoresists were used. Due
to the faster development rate of the lift-off resist, the lift-off resist is getting dissolved
at a higher rate than the photoresist on top. This leads to the development of a so-
called undercut. If this undercut is small, as shown in Figure 6.23 b, wall coverage
occurs. If the development time of the resists is long enough a large undercut can be
formed, as illustrated in Figure 6.23 c, thereby inhibiting the formation of wall coverage
in direct connection to the device structure. Additionally, the choice of the evaporation
system is important because if its cooling power is too low, the photoresist can soften.
Consequently, the photoresist would bend, which facilitates wall coverage. Finally, after
tuning the undercut, flat IDEs were obtained, as shown in the AFM scan of Figure 6.23c.
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Figure 6.23.: (a) AFM scan of a substrate with lift-off edges, Illustration of the formation of
lift-off edges in case of (b) an small undercut, and (c) a large undercut and (d) AFM scan of a
substrate without lift-off edges.
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The DRs were embedded in a PMMA matrix in order to isolate and fixate them in
between the IDEs. This prevents the DRs from agglomerating on the electrodes them-
selves during the spin-coating process. For this, a diluted toluene-PMMA solution was
used. When the toluene-PMMA is spin-coated, disjoining forces lead to an equilibrium
thickness, which is tunable on a nanometer to micrometer range.212 Another benefit of
embedding the NCs in a polymer matrix is that the dielectric mismatch between the NCs
and their surroundings is reduced, and with it also the dielectric screening. This leads to
an increased effective electric field within the NCs.116

When using PMMA as a matrix, its film height in between the IDEs has to be below that
of the electrodes in order to ensure that the DRs in between the IDEs are located below
the top of the electrodes. In order to find a suitable PMMA concentration for the spin-
coating, electron-beam lithography was applied, which is illustrated in Figure 6.24. After
spin-coating of the PMMA film, a section of the IDEs is imaged by scanning electron
microscopy (Figure 6.24a). This imaging process degrades the polymer film, which is
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Figure 6.24.: Determination of the PMMA film thickness by electron beam lithography. (a)
Scanning electron microscopy image for the illumination of the PMMA film, (b) light microscopy
image of the same position after the development step, (c) AFM scan of a developed section, and
and (d–f) comparison of averaged AFM line profiles for different PMMA concentrations. The
blue and green boxes highlight the measured sample positions.
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then processed in a developer solution. Figure 6.24b shows a light microscopy image of
the same substrate after development. Here, the effect of electron-beam lithography is
apparent by the slightly different light reflection. Following this, in Figure 6.24c, an AFM
scan of the same position is displayed, where a clear cut-out of the removed PMMA film
is visible. In Figure 6.24d–f, averaged line profiles from AFM measurements of different
concentrations are compared. The determined film heights resulting from the respective
PMMA concentrations in toluene of 1.50 wt%, 1.25 wt%, and 1.00 wt%, are 45 nm,
34 nm, and 24 nm. For the sample preparations of all further measurements, a PMMA
concentration of 1.25 wt% was used.
In order to build an electrical connection, thin gold wires were bonded to the electrode

pads of the IDEs. Figure 6.25a shows a light microscopy image of the bonded sample,
which is investigated in the following chapter. The dark spots visible on the sample
are connections of gold wires, which were bonded to a custom-designed circuit board,
depicted in Figure 6.25b. For more efficient cooling, a thin copper plate was embedded
into the printed circuit board, on which the sample was glued to by using conductive
silver paint. (A sketch of the design from the printed circuit board is shown in Figure 4.2
of Chapter 4.3.2.) Figure 6.25c shows the sample holder after mounting onto the cryostat.

a b

c

200 µm

Figure 6.25.: (a) Light microscopy image of a contacted device, with a deposited PMMA film
in the middle containing DRs. (b) Device glued onto a copper plate, embedded in a printed
circuit board, connected to the sample holder. (c) Sample holder mounted on the cryostat.

Figure 6.26a and b depict confocal laser scanning microscopy images of the reflected
laser light from the sample. These scans were used in order to navigate around the sample.
Here, the IDEs and the wafer surface in between can be easily distinguished because the
gap between the IDEs is smaller than the width of the IDEs. In Figure 6.26c, a PL
scan is shown, where the PL of the DRs leads to bright spots. This verifies that the
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Figure 6.26.: Scans of (a,b) the reflection light and (c) the PL measured by laser scanning
microscopy from the sample is discussed Chapter A.2. All images were scaled differently for
better visibility.

PMMA matrix successfully fixated the DRs in between the IDEs. It can also be seen
that some DRs are fixated above the electrodes, which does not impact the single-particle
measurements.

6.3.2. CdSe/CdS Dot-in-Rod NCs in external Electric Fields

In this chapter, the spectroscopic investigation of CdSe/CdS DRs in external electric fields
will be discussed. These DRs have a core diameter of 2.3 nm, a rod diameter of 5.0 nm,
and a rod length of 30.4 nm. (An exemplary TEM image of the DRs is shown in Figure A.2
in Appendix A.1.) A small CdSe core size was chosen because it results in a quasi-type-II
band alignment, which leads to a more pronounced QCSE.139 All DRs exhibited photo-
darkening, which combined with overlapping spectral diffusion, complicates the analysis
of the influence of electric field on these structures. This makes even the comparison of
an individual NC with itself difficult as time passes. By comparing the optical response
of many individual DRs, different trends were found. These trends include regular cases
that followed expectations and irregular cases that contrasted expectations.

Determination of the Nanocrystal Orientation

After the spin-coating process, the DRs are randomly orientated within the PMMAs
matrix. The response of the DRs to the electric fields is strongly affected by their orienta-
tion. Therefore, their orientation has to be determined for a better understanding of their
spectroscopy measurements. CdSe/CdS and ZnSe/CdS DRs emit light, which is linearly
polarized parallel to their long axis.27,112 As a result, their orientation can be determined
by mapping the corresponding polarization direction of their PL light. Figure 6.27 illus-
trates the setup used to measure the emission polarization. Here, the blue line illustrates
the polarized light, and the black arrows indicate the horizontal and vertical polarization

90



6.3. Spectroscopy of Dot-in-Rod Nanocrystals in Electric Fields

ROI 1

ROI 2

Wollaston Prism CCD𝜆/2-Waveplate
100 120

In
te

ns
ity

Angle (°)

 ROI 1
 ROI 2

Figure 6.27.: Measurement setup used for the polarization of the DRs. The blue arrows rep-
resent PL light, and the black arrows indicate the magnitude of the horizontal and vertical
polarization. The λ/2-waveplate rotates the polarization of incoming light. Afterwards, a Wol-
laston prism spatially separates the parallel and vertical components of the light, which is then
detected on two different region of interests (ROIs) on the CCD detector. By measurement
during the rotation of the λ/2-waveplate, the illustrated graph is obtained.

components. First, the light passes a λ/2-waveplate, which retards light depending on the
orientation of the incident light and the fast axis. This effectively rotates the polarization
direction of incoming light. Subsequently, a Wollaston prism separates the horizontal
and vertical polarization components in space by a specific angle. The two separated
polarized beams are spectrally dispersed by a spectrograph and detected on a CCD array
detector. In order to determine the particle orientation, the λ/2-waveplate was rotated
continuously while recording the PL light. The resulting graph for the measurement of
an individual DR is shown as a graph in Figure 6.27. Finding the maximum of ROI 2 and
the corresponding minimum of ROI 1 allows the determination of the particle orientation
projected onto the sample plane.

Figure 6.28 shows multiple examples of spectral time traces measured from different
single CdSe/CdS DRs during electric field sweeps. Each vertical line in the 2D image
represents a single spectrum. The integration time was adjusted based on the spectral
diffusion and PL intensity. Below each spectral time trace, the corresponding electric field
sweep that was used during the measurement is displayed. Here, and in the following
subsections, different electric field sweep profiles were used, in order to study different
spectral dynamics. It can be seen that the emission energy and PL intensity change in
response to the electric field. By tendency, this response is stronger when the DR is
oriented parallel to the electric field. In Figure 6.28a and b, the emission energy shifts
by up to 15 meV and 18 meV, respectively, compared to the absence of the electric field.
Furthermore, the PL intensity in Figure 6.28a is nearly turned off once the electric field
is above +175.8 kV/cm, while in the opposite field direction, the intensity remains nearly
constant. This indicates that for the positive electric field, the electron is pushed away
from the core, and in the negative electric field, the electron is pushed towards the core,
while the hole remains in the core. The reason for this is that the position of the CdSe
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Figure 6.28.: Examples of spectral time traces measured from single CdSe/CdS DRs illustrating
the influence of the DR orientation for the response to electric fields. Insets of the DRs indicate
the in-plane orientation in relation to the electric field.

core is asymmetric. Based on the mole fraction of the octadecylphosphonic acid used in
the synthesis, the CdSe core should be located most commonly at one-third of the DR
long axis.142,213 In Figure 6.28c and d, the DRs are oriented orthogonal to the electric
field, and the emission energies remain nearly constant, shifting only up to 2–3 meV.
The stronger QCSE for a parallel alignment of the DR to the electric field is expected
because the exciton can be more easily polarized parallel to the long axis of the DRs.
Additionally, photobleaching is present, and the PL intensity decreases towards the end
of the measurements. This could be a result of charging of the DR, due to the inert
conditions.53,60,205

Multiple interesting observations can be made here for the emission energy under the
influence of electric fields. First, it can be seen that in Figure 6.28a, the electric field can
both red- and blue-shift the emission energy of a single DR compared to the absence of
the electric field. This is unusual for CdSe/CdS DRs, as the quasi-type-II band alignment
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should only allow for red-shifts of the emission. Second, in Figure 6.28b, spectral diffusion
overlaps with the influence of the electric field. Third, in Figure 6.28b, between 20–40 s,
spectral diffusion seems to be facilitated by the electric field. Fourth, it stands out that
in Figure 6.28a, reproducible spectral jumps occur during the first negative electric field
section. These observations will be discussed in detail in the following subsections. In ad-
dition, exciton–phonon coupling, influence of the excitation energy, emission polarization,
and decay dynamics will also be discussed in detail.

Blue-Shifting the Emission Energy with Electric Fields

In order to use DR as optical switches or in voltage sensing applications, their spectral
response needs to be understood. Additionally, their changes in emission energy and PL
intensity need to be predictable. CdSe/CdS DRs, depending on their core size, are known
to have a type-I or quasi-type-II band alignment.138 Hence, external electric fields are
expected to always produce red-shifts, regardless of the particle orientation.31,111,125 In
contrast to this, multiple CdSe/CdS DRs in this work exhibited both red- and blue-shifts,
which are only expected for type-II band alignments. In ZnSe/CdS, the emission energy
blue-shifts when the electron is pushed towards the ZnSe core, which has a higher potential
energy in the conduction band compared to CdS, while the hole remains in the ZnSe
core.111,114 Figure 6.29 showcases four examples of spectral time traces measured from
single DRs during electric field sweeps. In Figures 6.29a and b, both DRs exhibit a very
similar behavior, as their emission energy red- and blue-shifts symmetrically by ±3 meV
and ±5 meV, respectively. The only difference is that the dependence on the electric-field
sign is reversed. Furthermore, for both DRs, the dependence on the electric field is linear.
This suggests, based on Equation 2.1.24 in Chapter 2.1.5, that the polarizability of the
emitting exciton state is very small for both measurements.108 The spectral time trace in
Figure 6.29c displays a much larger red-shift of 14 meV, induced by the positive electric
field, compared to a smaller 5 meV blue-shift, created by the negative electric field. In
Figure 6.29d, the measured red- and blue-shifts are 20 meV and 7 meV, respectively. The
asymmetric behavior of the emission energy, depicted in Figures 6.29c and d, contains
a linear and a quadratic contribution. Hence, the polarization of the emitting state is
higher compared to Figures 6.29a and b. The asymmetric behavior could be a result of
the CdSe core not being centered in the CdS rod.
A possible explanation for the observation of a blue-shift could be the presence of

a static positive or negative surface charge that mimics the presence of a type-II band
alignment by sitting between the electron and hole of the exciton. This would also explain
the emission energy blue-shifts in only some of the DRs in response to the electric field.
To test this theory, the emission energy of a CdSe/CdS DR with a single negative surface
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Figure 6.29.: Examples of spectral time traces measured from single CdSe/CdS DRs exhibiting
both red- and blue-shifts, during electric field sweeps.

charge above the core was calculated under the influence of an external electric field. In the
calculations, the CdSe core was placed at one-third of the rod axis, and the permittivity
of the surrounding PMMA matrix was set to 2.4116. The calculation results are illustrated
in Figure 6.30, where the horizontal lines serves as a guideline for the emission energy at
zero electric field E(0). Here, it can be seen that indeed a surface charge can allow the
emission energy to blue-shift when an electric field is applied.
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Figure 6.30.: Calculated emission energy of a CdSe/CdS parallel for different electric fields
including a single negative surface charge, as indicated by the inset. For the simulation of the
surface charge a negative point charge was added on top of the CdS shell. The horizontal green
line indicates the emission energy without an electric field E(0).

Memory Effect of Surface Charges

Multiple of the measured single DRs changed their spectral response when applying the
same electric field at a different time. Regarding this behavior, Figure 6.31 demonstrates
four examples of spectral time traces from single DRs. In Figure 6.31a, initially, the
positive electric field induces a red-shift (10 s to 12 s), but after turning the electric field
off (20 s to 22 s), an additional red-shift occurs. This is in contrast to the expectation of
the emission energy returning to the start value of 2.244 eV for no electric field. When
subsequently switching to negative electric field (30 s to 32 s), the emission energy blue-
shifts to around 2.243 eV, which is near the zero field value. After the electric field is
turned off again (40 s to 42 s), only a subtle blue-shift by 1 meV occurs. However, it
is also possible that this small-blue-shift occurred randomly and independently of the
electric field. Following this, in the next step, when a positive electric field is created
(50–60 s) and turned off again (60 s to 62 s), the emission is red-shifted stepwise again,
leading to two red-shifts. Besides the spectral shifts, the positive electric field increases
the PL intensity, indicating that the wave function overlap of electron and hole might be
increased. In the last step, the emission blue-shifts in the case of the negative electric
field (70 s to 72 s), thereby repeating the previous pattern. Obviously, the change of the
optical properties does not only depend on the applied field but also on the preceding
state of the system.

Hence, four different states can be attributed, as illustrated in Figure 6.32. Here, the
change from the preceding step is indicated by an up arrow, or down arrow, except for
the initial state that is marked with a "?", while the current step is defined by "0",
"+", or "-". The question mark describes the fact that the emission state before the
measurement is unknown. For a better overview, the color code from the pattern is applied
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Figure 6.31.: Spectral time traces measured from single CdSe/CdS DRs displaying varying
QCSE responses. Colored boxes highlight the directional dependence, explained in Figure 6.32.
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Figure 6.32.: Scheme for the dependence of the spectral time trace on the electric field sequence
order.
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to Figure 6.31a–d. Similar to Figure 6.31a, the red- and blue-shifts depend on the order of
the electric field sweep in Figure 6.31b as well. One difference is that for this DR, both the
"↑+" (red) and "↓-" (violet) emission states are blue-shifted compared to their preceding
steps. Moreover, the positive electric field seems to promote spectral diffusion for this
DR. This promotion of spectral diffusion by external electric fields has also been reported
by Conradt et al.125, although to a much weaker degree. In Figure 6.31c, "↑0" (purple)
and "↓0" (orange) again have different emission energies, as before in panels a and b. The
emission red-shifts and the PL intensity decreases throughout the measurement, which
limits the comparability of the different emission states. In general, by shortening the
electric field steps, more cycles can be included, as shown for the next DR in Figure 6.31d.
After the first four field states (0–16 s), where the system undergoes a kind of equilibrium,
a distinct pattern is formed by the four different emission states.

A possible mechanism for the difference between "↑0" (purple) and "↓0" (orange) is
illustrated in Figure 6.33. Here, the former color code of Figure 6.32 is used. Initially,
without an electric field, a surface charge is in an energy minimum of a potential energy
landscape (grey). If a positive electric field is created, the potential energy landscape is
tilted and as a consequence the surface charge moves to a different energy minimum (red).
After the electric field is turned off, the surface charge remains in the energy minimum,
as the energy barriers surrounding it are too high for spontaneous changes (orange).
Thereby memorizing the previous electric field step. Only when an opposing electric field
is applied the surface charge is moved out of its position (violet). This memory effect
during electric field switching has not been reported yet. Moreover, this memory effect
has to be considered in the design of future applications that use switchable NCs.
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Figure 6.33.: Induced changes of the surface charge state when the electric field is changed.
The colors are based on the notation of Figure 6.32.
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Directed Spectral Diffusion

Further interaction between the external electric field and surface charges was also ob-
served in the spectral dynamics following a rapid and strong increase of the external
electric field. In these measurements, the electric fields seemingly activated and directed
spectral diffusion to a specific higher or lower energy. For this behavior, Figure 6.34
displays four examples of spectral time traces from single DRs.

For a detailed discussion of Figure 6.34a, roman numerals are assigned to the different
steps. Initially, the emission energy red-shifts in response to the positive electric field
from step I to II, while the PL intensity decreases significantly. Therefore, the remaining
emission signal in step II could either be from the ZPL or a phonon replica. While the
positive electric field is kept active, the emission energy continuously blue-shifts from 12 s
to 20 s by a total of 29 meV. Interestingly, this blue-shifting process is strong in the
beginning and goes into saturation later on. Once the electric field is switched off in step
III, the emission energy stays blue-shifted, even with respect to the initial zero field state.
This same pattern returns when the positive electric field step is repeated from step V
to VIII. At first, from step V to VI, the emission energy red-shifts by 31 meV from 50 s
to 52 s. Afterwards, in step VI, the emission energy blue-shifts between 52–60 s by a
total of 24 meV. When the electric field is turned off again from step VI to VII, initially
the emission energy blue-shifts strongly by 41 meV. Followed by red-shifting stepwise to
2.210 eV. In both cases, it seems that the continuous diffusion is activated by the electric
field and saturates on a time scale of 10 s. Furthermore, during the first negative field step,
the emission energy red-shifts initially by 12 meV, followed by red-shifting continuously
from 32 s to 40 s by 8 meV.

In Figure 6.34b, again directed spectral diffusion takes place in the beginning between
12–20 s, which goes into saturation at the end. When the electric field is turned off, the
emission blue-shifts after a delay of 2 s. Subsequently, the emission energy continues to
blue-shift. The second time, the positive electric field is turned on and off again, the
emission continues to blue-shift again (62–70 s), also showing a saturation behavior. In-
terestingly, when the negative electric field is turned on a second time, a strong continuous
blue-shift occurs from 72 s to 78 s. Again, this indicates that the external electric field
induces directed spectral diffusion. In Figure 6.34c, the first positive electric field step
enhances spectral diffusion, this time with a continuous red-shift instead of a blue-shift,
as seen in the previous two examples. This red-shift is not repeated between 52–58 s,
which could be related to the photodarkening that occurs temporarily. In the last exam-
ple, Figure 6.34d, directed spectral diffusion seems to occur only once, during the first
positive electric field step (12–20 s). When the field is turned off afterwards, the emission
blue-shifts back to the previous emission energy measured after 10 s.
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Figure 6.34.: Spectral time traces recorded from single CdSe/CdS DRs showing directed spec-
tral diffusion after changes of the electric field. To make the detailed discussion for panel a
clearer, roman numerals were assigned to the individual electric field steps.

This present phenomenon of directed spectral diffusion has not been reported yet. In
particular, the long time scale on which the direct spectral diffusion takes place stands out.
Future molecular dynamics simulations could, for example, be of use to find corresponding
changes of ligand conformations or positions that take place on the same time scale, if
an external electric fields is applied. Moreover, the saturation of the directed spectral
diffusion could mean that strong static electric fields could be of potential use to bring
the NC system into a stable emission state, where surface charge movement becomes
impaired.
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Induced Repeatable Spectral Jumps

If the electric field is changed in smaller steps of 59.5 kV/cm, repeatable spectral jumps
can be found for some of the DRs. In contrast to before, these spectral jumps are not
created by strong changes of the electric field, but occur when a threshold of the electric
field strength is reached. Four examples of these spectral jumps measured from single DRs
are shown in Figure 6.35. During the electric field sweep, in Figure 6.35a, distinct jumps
of 7 meV occur repeatedly at 357 kV/cm, which red-shift the emission energy. Analogous
jumps that blue-shift the emission by 3 meV take place repeatedly at −357 kV/cm. Addi-
tionally, larger spectral jumps of the emission of around 22 meV appear when the electric
field transitions from positive to negative. In the next example, Figure 6.35b, spectral
jumps are also present in the first positive electric field section. Here, the emission blue-
shifts by around 5 meV when the electric field reaches 297 kV/cm. In Figure 6.35c, spectral
jumps are visible at 119 kV/cm. Initially, in the first spectral jump (from 12 s to 18 s), a
larger blue-shift of 6 meV takes place. For further spectral jumps, from 90 s to 96 s and
204 s to 210 s, the blue-shift decreases by 4 and 2 meV, respectively. The spectral time
trace in Figure 6.35d displays a more complex spectral behavior, which includes more
spectral jumps than the other examples. Within the first positive loop part, these jumps
occur symmetrically at 119 and 357 kV/cm. Interestingly, the spectral jumps appear at
nearly the same field strengths in the negative loop section.
Spectral jumps to lower energy have also been reported by Rothenberg et al. for CdSe

nanorods. They explained this by the tilting of the energy levels due to the Stark effect,
which promotes the trapping of a charge carrier, leading to the emission of a negatively
charged exciton.110 Likewise, the same assisted trapping could also apply to the CdSe/CdS
DRs. The observation of both spectral jumps towards lower and higher energy in Fig-
ure 6.35a could be a result of either the electron or the hole being trapped, depending
on the direction of the electric field. Furthermore, it stands out that the spectral jumps
for the negative electric field occur at the same field strength as for the positive case
(Figure 6.35a/d). Thus, another explanation could be that the trap states themselves
undergo a reversible change, which could, for example, be a conformational or positional
change of a ligand.
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Figure 6.35.: Examples of spectral time traces from single CdSe/CdS DRs exhibiting repeatable
spectral jumps.

Exciton–Phonon Coupling

Changes of the electron and hole localization due to the electric field should also be
reflected in exciton–phonon phonon coupling, similarly to the results discussed in Chap-
ter 6.1. Figure 6.36 shows four examples of spectral time traces from single DRs for which
the intensity of exciton–phonon coupling (IS + ISe)/IZPL was evaluated. It can be clearly
observed that the magnitude of exciton–phonon coupling increases when the electric field
red-shifts the emission energy. Additionally, the magnitude of exciton–phonon coupling
changes over time in response to spectral diffusion.

For a better overview, Figure 6.37 displays the fitting results for the emission energy,
total phonon coupling intensity, and S- to Se-type phonon ratio at different electric fields.
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Figure 6.36.: Examples of spectral time traces from single CdSe/CdS DRs for the change of
exciton–phonon coupling as a response to the electric field. In addition, the evaluated magnitude
of exciton–phonon coupling (IS + ISe)/IZPL is shown.

Here, each column represents the evaluation of a single DR. Fit results of the S- to Se-
type phonon ratio should be viewed with caution, as the low PL signal does not allow for
unambiguous fits in all spectra. The emission energy of the first particle (Figure 6.37a)
red-shifts by around 11 meV for both positive and negative electric fields. This is accom-
panied by a distinct increase in the magnitude of exciton–phonon coupling (Figure 6.37e)
by around 40 %. It can also be seen that the corresponding S-to Se-type phonon ratio
decreases for the negative field and increases for the positive electric field. The corre-
sponding S- to Se-type phonon ratio in Figure 6.37i decreases under the influence of the
negative electric field, while it increases for the positive electric field. For the second
DR, the emission energy shifts to a smaller degree by only 5 meV (Figure 6.37b). This
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Figure 6.37.: Compilation of the fitting results, of the four DRs of Figure 6.36, for (a–d) the
emission energy, (e–h) the relative phonon coupling intensity and (i–l) the S- to Se-type phonon
ratio. Each blue dot represents a fitted parameter, while horizontal line inside the box marks the
average value. The upper and lower limits of the boxes correspond to the standard deviations.

is again accompanied by an increase in the magnitude in exciton–phonon coupling of
around 40 % (Figure 6.37g). The S- to Se-type phonon ratio stays nearly constant in
the case of the positive electric field, while its response to the negative electric field is
unclear due to the low PL signal (Figure 6.37k). Regarding the third DR, the emission
energy blue-shifts and red-shifts in the negative and positive electric fields, respectively.
The magnitude of exciton–phonon coupling increases together with the red-shift of the
emission energy, while it decreases with the blue-shift. Furthermore, it can be seen that
the S- to Se-type phonon ratio slightly decreases in response to the negative electric field,
while it increases for the positive electric field. The emission energy of the last DR red-
shifts under the influence of the positive electric field, while the emission energy remains
nearly constant under the negative electric field (Figure 6.37d). In Figure 6.37h, a distinct
increase of exciton–phonon coupling by 20 % is visible for the positive electric field, and
a smaller decrease of the exciton–phonon coupling by 10 % is present for the negative
electric field. Furthermore, the S- to Se-type phonon ratio stays relatively constant in
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response to the positive electric field, while it increases in the case of the negative electric
field (Figure 6.37l).
In general, when the emission energy is red-shifted by the electric field, the exciton–

phonon coupling increases simultaneously, and vice versa; the coupling intensity decreases
when the emission energy is blue-shifted. The observed increase in exciton–phonon cou-
pling in response to the electric field can be attributed to the decreased wave function
overlap, as the electron and hole are pulled apart.21,25,94,198 Any influences on the S- to
Se-type phonon ratio are less clear, as it can both increase and decrease when the emission
energy red-shifts due to the electric field. These asymmetric changes of the S- to Se-type
phonon ratio likely reflect the asymmetric position of the CdSe core inside the DRs and
could be used to elucidate the position of the CdSe core of the DRs in relation to the
direction of the electric field. For example, an increase of the S- to Se-type phonon ratio
could mean that the electron is getting pulled towards the (001̄) facet.

Emission Polarization

The usage of a Wollaston prism before the spectrograph allows the online measurement
of the emission polarization during the electric field sweeps. An example of the evaluated
DOP (see Equation 2.2.2) of a single DR, measured under influence of external electric
fields, is depicted in Figure 6.38. (Corresponding spectral data can be found in the
appendix in Figure A.3.) If the electric field is turned off, the DOP, determined from the
ZPL, already varies for each spectral measurement from 0.03 to 0.36 (Figure 6.38). By
tendency, the positive electric field seemingly increases the DOP. Vice versa, the negative
electric field decreases the DOP. When the DOP is evaluated for the sum of the ZPL and
phonon replica intensities, this previous trend is preserved. Interestingly, the values shift
slightly, indicating that phonon replicas have a different polarization DOP. (An additional
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Figure 6.38.: Degree of Polarization evaluated from (a) the ZPL and (b) the summed PL
intensity of a single CdSe/CdS DR for different electric fields. Blue dots represents the fitted
DOP of single spectra, and the horizontal line inside the box marks the average value. The upper
and lower limits of the boxes correspond to the standard deviations.
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spectral time trace of the same particle is illustrated in Figure A.4 in Appendix A.1, in
which a positive electric field leads to a distinct red-shifts of the emission energy, while a
negative electric field results in a blue-shift.)
Temporal variations of the DOP can be attributed to the influence of spectral diffusion.

For example, Zhang et al.155 found that active charging of CdSe/CdS on indium tin oxide
broadens the distribution of DOPs. They attributed this to the change of the exciton–
fine structure due to the surface charges. Similarly, here the external electric field might
reorder the exciton-fine structure states, which intrinsically exhibit different DOPs.153,154

Influence of Excitation Energy

So far, all measurements were performed with excitation at 2.78 eV (446 nm). In order
to investigate the influence of the excitation energy on the QCSE, the same single DRs
were first measured with the regular excitation at 2.78 eV, followed by the repetition of
the measurement with excitation at 2.43 eV (510 nm). As a consequence, the higher exci-
tation energy excites primarily states in the CdS shell, while the lower excitation energy
selectively excites energy states in the CdSe core.142 Two examples of single CdSe/CdS
DRs, excited with different energies, are displayed in Figure 6.39 (a/b and c/d). For the
first DR, the response towards the electric field is similar for both excitation in the shell
(Figure 6.39a) and core (Figure 6.39b), as the emission is red- and blue-shifted by around
±5 meV. However, a more pronounced spectral diffusion is present for the core excitation.
The second particle in Figure 6.39c/d also exhibits a similar response to the electric field
for both core and shell excitation. In both situations, the emission energy gets shifted by
around ±8 meV and is overlayed with spectral diffusion to a similar degree.
To allow for a better comparison, the fitted ZPL energy is shown as a function of the

electric field in Figure 6.40 for shell excitation (black circles) and core excitation (green
squares). The first DR in Figure 6.40a shows both a linear and quadratic contribution.
Transparent boxes serve as guidelines and indicate different surface charge situations. For
the energetically lower emission state, in the case of the core excitation, the slope is higher
than for the shell excitation. Whereas the slope for the higher emission states, during core
excitation, is more similar compared to the shell excitation. In Figure 6.40b, the slopes
for core and shell excitation are very similar for related surface charge configurations.
Variations of the linear and quadratic contributions originate from changes in the

excited-state dipole moment and polarizability, respectively, as described by the Stark
effect equation (Equation 2.1.24). The different slopes present in Figure 6.40 likely result
from the influence of surface charges. These surface charges, depending on their position,
can easily change the dipole moment of the emitting state, as described by the Stark effect
equation (Equation 2.1.24). Exciting the DRs closer to their band edge should have led
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Figure 6.39.: Comparison of spectral time traces of two single CdSe/CdS DRs excited at (a/c)
2.78 eV and (b/d) 2.43 eV.

to a lower spectral diffusion because less excess energy is introduced into the system. A
possible explanation for the stronger spectral diffusion, when the sample is excited in the
core region at 2.43 eV, could be the higher excitation power that was used because of the
low absorption cross-section of the core. This higher excitation power was also absorbed
by the substrate, which could have promoted local charge variations in the environment
of the DRs. Furthermore, the higher slope in the case of core excitation in Figure 6.40
indicates a higher dipole moment of the emitting state, which is unexpected as the emit-
ting state after relaxation to the band edge should be the same for both core and shell
excitation.
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Figure 6.40.: Comparison of the fitted ZPL energies for (a) particle 1 and (b) particle for
excitation with 2.78 eV (black circles) and 2.43 eV (green squares). These are the same DR
previously shown in Figure 6.39 a/b and c/d, respectively. Transparent boxes indicate different
surface charge constellations.

Decay Dynamics

In order to investigate the influence of the electric field on the recombination dynamics
of the exciton, PL decay curves were measured during an electric field sweep. Figure 6.41
depicts two examples of PL decay curves of single CdSe/CdS DRs. It can be seen, for
both DRs, that with increasing positive electric field, the decay time increases. Whereas
the decay time shortens with the rising negative electric field. Measurements of the
background signal at different spots, depicted in Figure A.5, show that the background
is not static and the corresponding lifetimes vary. Thus, a background removal is not
possible. In order to reduce the influence of the background signal in the fitting process,
all fits were started with a delay of 1 ns after the intensity maximum.

Table 6.6 gives an overview of the fit results of the two DRs from Figure 6.41. For both
particles, the PL intensity increases with the positive electric field, while it decreases for
the opposite field direction. Regarding the first particle, the shorter lifetime component τ1
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Figure 6.41.: Photoluminescence decay curves of two separate CdSe/CdS DRs measured during
an electric field sweep. The corresponding electric field loop in depicted in Figure A.6.
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Table 6.6.: Fitting results for the same two particles depicted in Figure 6.41a and b: weight
and lifetime of the short A1 / τ1 and long component A2 / τ2, intensity-averaged lifetime τaverage

and average PL intensity IPL.

Particle F (kV/cm) A1 τ1 (ns) A2 τ2 (ns) τaverage(ns) IPL(a.u.)
1 +476 0.22 1.8 0.10 16.8 14.0 1754

1 +238 0.21 2.1 0.10 13.2 10.3 1594

1 0 0.19 1.5 0.15 8.1 6.8 1470

1 −238 0.18 1.6 0.16 6.9 5.8 1384

1 −476 0.14 0.9 0.22 5.0 4.6 1275
2 +476 0.34 1.9 0.12 27.5 23.3 1006

2 +238 0.46 1.8 0.05 23.6 14.2 660

2 0 0.46 1.6 0.06 12.7 7.3 617

2 −238 0.41 1.0 0.11 5.5 3.7 534

2 −476 0.35 1.1 0.10 5.1 3.4 504

decreases slightly for the negative electric field and increases minimally for the positive
electric field. The long component of the lifetime τ1 shares the same trend but changes on a
larger scale from 5 ns to 16.8 ns. Because of the larger contribution of the long component,
the average lifetime also shows a clear increase from the negative to the positive electric
field. Regarding the second particle, the same trend as for the first one is present. Here,
both the short and long components, as well as the average lifetime, change on a larger
scale. As a result, the average lifetime decreases by a factor of two in the presence of the
negative electric field, while it increases by a factor of three due to the positive electric
field. In the corresponding PL time traces in Figure A.7 in Appendix A.1, it can be seen
that with increasing positive electric field, the PL intensity increases, while it decreases
the stronger the negative electric field gets. (It was also tested how the recombination
dynamics of the exciton change when a single DR is excited in shell (at 2.78 eV) or core
(at 2.34 eV), which is briefly discussed in Figure A.8 in Appendix A.1.)

From the changes in PL intensity for both particles, it can be concluded that the pos-
itive electric field likely pushes the electron towards the CdSe core, while the hole stays
in the core. Due to the larger wave function overlap of the electron and the hole, it
is expected that the radiative lifetime shortens in the case of the positive electric field.
The observed increase in the average fluorescence lifetime means that the QY increases,
thereby indicating that the contribution of non-radiative decay decreases, based on Equa-
tion 2.1.11. Consequently, the reduction of the non-radiative decay therefore causes the
average fluorescence lifetime to increase, outweighing the changes in the radiative lifetime.
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The reduced contribution of the non-radiative decay could be a result of the lowered elec-
tron mobility and reduced trapping of the electron. In the opposite case, the negative
electric field reduces the QY. As a result, the contribution of the non-radiative decay
likely increases. This overshadows the expected increase in the radiative decay because
of the reduced wave function overlap in the exciton.
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6.3.3. ZnCdSe/CdS Dot-in-Rod NCs in external Electric Field

The type-II band alignment of Zn1−xCdxSe/CdS DRs makes them good candidates for
electric field switching. All measurements of Zn1−xCdxSe/CdS DRs in electric fields were
performed with DRs that have an average core diameter of 2.91 nm, a rod diameter of
5.88 nm, and a length of 45.9 nm. These samples were synthesized by Mareike Dittmar.
(More details can be found in Chapter 4.2.3.) Due to the synthesis conditions, the Cd
fraction is likely around x ≈ 0.5–0.6. (An exemplary TEM image of the DRs is shown in
Figure A.10 in Appendix A.1.)

Comparison of Type-I and Type-II

Figure 6.42 displays an exemplary comparison of single Zn1−xCdxSe/CdS and CdSe/CdS
DRs with a nearly parallel orientation toward the electric field. In the case of the first
Zn1−xCdxSe/CdS DR (Figure 6.42a), the emission energy exhibits a blue-shift of 12 meV
and a strong red-shift of up to 55 meV in response to the electric field. A weaker influence
of the electric field is present for the second Zn1−xCdxSe/CdS DR (Figure 6.42b), which
blue-shifts and red-shifts the emission by up to 15 meV and 13 meV, respectively. The
emission energy of the CdSe/CdS example in Figure 6.42c blue-shifts by up to 4 meV and
red-shifts by up to 13 meV due to the electric field. In the second CdSe/CdS example
(Figure 6.42d), the emission red-shifts by up to 18 meV in the positive electric field, while
remaining relatively constant in the negative electric field.
These observations indicate a stronger influence of the electric field on the optical

properties of the Zn1−xCdxSe/CdS DRs and are consistent with the stronger polarizability
of the excitons due to the type-II band alignment (Zn1−xCdxSe/CdS) compared to the
type-I band alignment (CdSe/CdS). The type-II band alignment also explains the stronger
blue-shifts that are possible in the Zn1−xCdxSe/CdS case, while the larger red-shifts are
a result of the slightly longer rod length.
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Figure 6.42.: Comparison of spectral time traces measured from single (a/b) Zn1−xCdxSe/CdS
and (c/d) CdSe/CdS DRs. The insets of DR indicate their orientation in relation to the electric
field.

Exciton–Phonon Coupling

Figure 6.43 shows two examples of spectral time traces and fitting results of the cor-
responding magnitude of exciton–phonon coupling. In Figure 6.43a, when the emission
energy red-shifts in response to the negative electric field, the intensity of exciton–phonon
coupling increases. In the case of the positive electric field, the emission energy blue-shifts
while the exciton–phonon coupling decreases slightly. In the second example, Figure 6.43b,
the analogous spectral changes are exhibited, but for the opposite field directions.

Figure 6.44 displays the fittings results of the emission energy, intensity of exciton–
phonon coupling, and S- to Se-type phonon ratio. In Figure 6.44a, the emission energy
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Figure 6.43.: Examples of spectral time traces of single Zn1−xCdxSe/CdS DR and their relative
intensity of exciton–phonon coupling (IS + ISe)/IZPL.

red-shifts by 63 meV and blue-shifty by 12 meV due to the negative and positive electric
fields, respectively. The red-shift is accompanied by an increase in the exciton–phonon
coupling intensity of 60 %, whereas the blue-shift occurs together with a reduction of the
exciton–phonon coupling by 20 % (Figure 6.44c). In Figure 6.44e, it can be seen that the
S- to Se-type phonon ratio decreases with increasing positive electric field. In the case of
the negative electric field, the S- to Se- type phonon ratio decreases before it increases.
The increase for −476 kV/c is not certain because of the low PL signal that makes the
fit error-prone. A similar behavior of the response towards the electric field is found
for the second particle. Its emission energy red- and blue-shifts on average by 20 meV
and 8 meV, respectively (Figure 6.44b). Again, the red-shift goes hand in hand with an
increase in the magnitude of exciton–phonon coupling by around 30 %. In reverse, the
intensity of exciton–phonon coupling declines slightly by 10 % as the emission blue-shifts
(Figure 6.44d). By tendency, the S- to Se-type phonon ratio in Figure 6.44f goes up
slightly for the positive electric field and vice versa; it goes down for the negative electric
field.

In brief summary, the exciton–phonon coupling increases clearly in response to the
electric field, as the electron and hole are pulled apart from each other, which is also
indicated by the associated red-shift. The opposite is observed when the emission blue-
shifts in response to the electric field, as the exciton–phonon coupling decreases. Thus,
the exciton–phonon coupling can be easily controlled by external electric fields. When
the emission energy blue-shifts the S- to Se-type phonon ratio decreases, which can be
explained by the increasing localization of the electron in the core region, while the hole
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Figure 6.44.: Overview of the fitting results of (a,b) the emission energy, (c,d) magnitude of
exciton–phonon coupling (IS+ISe)/IZPL, and (e,f) S- to Se-type phonon ratio for the two particles
of Figure 6.43. Each blue dot represents a fitted parameter, while horizontal line inside the box
marks the average value. The upper and lower limits of the boxes correspond to the standard
deviations.

remains in the core. The corresponding increase of the S- to Se-type phonon ratio, when
the emission energy red-shifts is primarily clear in Figure 6.44f. Here, the electron and hole
are moved away from the core, explaining the increasing S- to Se-type phonon coupling.
The analogous behavior is not unambiguous in Figure 6.44e, which could be related to
the position of the core and the influence of possible surface charges.

Decay Dynamics

Figure 6.45 displays an exemplary measurement of the fluorescence lifetime of the same
DR from Figure 6.42 for different electric fields. A negative electric field results in a
faster PL decay rate, whereas a positive electric field prolongs the PL decay rate. The
corresponding time trace of the PL is shown in Figure A.11. This time traces indicate
that the wave function overlap is highest for an electric field of −238 kV/cm and lowest
for +476 kV/cm.
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Figure 6.45.: Photoluminescence decay curve of a single Zn1−xCdxSe/CdS DR measured under
different electric field conditions. The corresponding electric field loop in depicted in Figure A.6.

All decay curves were fitted with biexponential functions, and the results are compiled
in Table 6.7. Regarding the PL intensity, a maximum is present at +238 kV/cm. The
short component of the lifetime increases slightly for a positive electric field, while the
long component and average lifetime decrease in response to the negative electric field.
Furthermore, a strong decrease of the average lifetime is found from +238 kV/cm to
+476 kV/cm.
As a consequence of the type-II band alignment, the fluorescence lifetimes of the

ZnSe/CdS DRs are longer than those measured for the CdSe/CdS DRs (Table 6.6). By
tendency, the average lifetime and the long component decrease with rising PL intensity,
in contrast to results for CdSe/CdS DRs. Here, the decrease in the average lifetime cor-
relates with the increasing wave function overlap, which is consistent with the blue-shift
for the DR in Figure 6.42a if a positive electric field is applied. A possible explanation
for the strong decrease of the average fluorescence lifetime when the field is changed from
+238 kV/cm to +476 kV/cm could be that electron localization is brought closer to a
specific trap state. Another possible influence could also arise from changes in the exciton
fine structure in response to the electric field that could affect the lifetimes.214,215

Table 6.7.: Fitting results for Figure 6.45: weight and lifetime of the short A1 / τ1 and long
component A2 / τ2, intensity-averaged lifetime τaverage and IPL.

F (kV/cm) A1 τ1 (ns) A2 τ2 (ns) τaverage(ns) IPL (a.u.)
+476 0.23 2.3 0.32 11.0 9.9 485

+238 0.21 3.0 0.23 22.8 20.7 630

0 0.21 2.1 0.16 25.5 23.1 547

−238 0.26 1.9 0.09 32.2 27.8 487

−476 0.25 1.6 0.03 42.6 33.5 374
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7. Conclusion

In this work, the influence of the charge-carrier localization on the optical properties of
semiconductor NC was investigated by single-particle PL spectroscopy. The corresponding
interpretation was supported by quantum mechanical calculations. Hereby, a special
focus was set on exciton–phonon coupling, as well as on the interaction of excitons with
surface charges. For this reason, DRs were chosen as the main sample system because
their anisotropy facilitates the polarization of the exciton. Thereby, increasing exciton–
phonon coupling and interaction with surface charges. For controlling the charge-carrier
localization, the material composition and shape were varied. Further control over the
charge-carrier localization was gained by applying external electric fields.

In order to investigate exciton–phonon coupling as a first sample system, a set of four
Zn1−xCdxSe/CdS DR samples, DR-1–4, with increasing x, was analyzed. This sample
set represented a stepwise transition from a type-II to a type-I band alignment, while
the geometry was kept constant. The transition of the band alignment was reflected in
the red-shift of the emission energy by 100 meV and the reduction of the fluorescence
lifetime. Interestingly, the fluorescence lifetime at 10 K was not always longer than at
295 K. Thus, hinting at a more complex exciton–fine structure that the common three-
state model can not describe. Statistical single particle spectroscopy at 10 K allowed to
directly probe the exciton–phonon coupling of the lowest exciton state. Two first-order
phonon replicas were resolved, referred to as S-type and Se-type phonons. In contrast to
expectations, the corresponding energies of the S- and Se-type phonons did not show a
distinct trend with increasing Cd fraction x and remained at 36–38 meV and 27–28 meV,
respectively. It is likely that the trend was too small to be resolved here. However, the
relative intensities of the first-order phonon replica exhibited an unambiguous change for
the transition from the type-II to type-I band alignment. To be more precise, the total
exciton–phonon coupling, defined by the HR factor, decreased continuously from 0.77 to
0.35. The S-type phonon coupling decreased the most, from 0.48 to 0.9, whereas the
Se-type phonon remained nearly constant around 0.35. A better understanding of the
experimental results was obtained by developing a simple model that evaluates the mag-
nitude of exciton–phonon coupling from the difference in probability of electron and hole,
weighted by coupling constants β. The corresponding probability densities of the electron
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and hole were simulated by quantum mechanical calculations within the effective-mass
approximation, including the self-consistent calculation of the Coulomb interaction. The
coupling constants were derived from the spectroscopy data of the first and fourth sam-
ple, to be βe

S = 1.35, βh
S = 3.35, βe

Se = 0.12. Interestingly, these coupling constants share
similarities with the Fröhlich coupling constants α used for bulk systems. Based on the
calculations of the S- to Se-type phonon ratio, the Cd fractions x of the second and third
sample were estimated to be 0.65 and 0.79, respectively. These values are in agreement
with expectations from EXAFS spectroscopy. Moreover, the calculations allowed evalu-
ating the influence of the different geometry parameters, showing that the core diameter
is the most important factor for the exciton–phonon coupling. The calculations also re-
vealed that surface charges have a strong impact on exciton–phonon coupling. This also
explained the broader distributions of exciton–phonon coupling intensities found in the
measurements.

As a second sample set exciton–phonon coupling was investigated in spherical CdSe/CdS
and CdSeyS1−y/CdS NCs by single-particle spectroscopy at 10 K. Here, an increase in the
shell thickness from 2.2 nm to 5.1 nm resulted in an increase of the summed first-order
exciton–phonon coupling from 0.37 to 0.48, thereby indicating an increased delocalization
of the exciton. Regarding the alloying, the change of the exciton localization did not
cause a noticeable change in the exciton–phonon coupling. According to the average ZPL
energy, no strong change in the charge-carrier localization and related exciton–phonon
coupling would have been expected here.

To enable external control of the exciton localization by strong external electric fields,
single DRs were embedded inside a PMMA matrix between IDEs. As a third sample sys-
tem, CdSe/CdS and Zn1−xCdxSe/CdS DRs were measured. Within these experiments,
several interesting properties were discovered. When the DRs were aligned parallel to the
electric field, their optical properties exhibited a strong response, following expectations.
Surprisingly, quasi-type-II CdSe/CdS DRs showed both red- and blue-shift, which usually
only occurs in the case of a true type-II band alignment. This behavior was attributed
to the influence of surface charges, which induced a potential similar to a type-II band
alignment. Calculations also verified this assumption. Additionally, these shifts not only
depend on the applied electric field but also on the previously applied field. Thereby,
creating a memory effect on some of the DRs was found during the electric field sweeps.
When the electric field was turned on and off, the emission energy did not return to its
former state. A possible origin for this could be changes in the binding or conformation
of ligands in response to the electric field. Another effect that was observed was the
directed spectral diffusion. Upon change of the electric field, in some cases, spectral dif-
fusion towards lower or higher energy was promoted, which initially shifted the emission
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energy strongly before saturating over several seconds. Thereby, indicating slow a relax-
ation effect. By sweeping the electric field in smaller steps, induced repeatable jumps in
the emission energy were measured at specific field strengths. These jumps could not be
explained by trapping alone, due to the observation of jumps occurring at constant field
strengths in both electric field directions. Thus, changes in the ligand sphere are a more
likely origin. Measurement of the polarized emission of the DR showed that the DOP
is relatively independent of the external electric field and changes only on a small scale.
The electric field also influenced the magnitude of exciton–phonon coupling. In general,
when the electron and hole were pulled in opposite directions and the emission energy red-
shifted, the strength of exciton–phonon coupling was increased. Whereas, when electron
and hole were pushed together, the exciton–phonon coupling decreased, following expec-
tations. In case of CdSe/CdS, where red-shifts occurred for both electric field directions,
a slight increase or decrease of the S- to Se-type phonon ratio was found, thereby allowing
to evaluate the position of the CdSe core inside the CdS rod. By comparison of CdSe/CdS
and Zn1−xCdxSe/CdS DRs, it has been shown that both the emission energy, as well as
the exciton–phonon coupling, can be manipulated on a larger scale. Furthermore, electric
fields were successfully used to continuously tune the fluorescence lifetime of excitons in
both CdSe/CdS and Zn1−xCdxSe/CdS DRs. Additionally, the comparison of core and
shell excitation showed that the core excitation seemingly leads to a slightly higher dipole
moment of the emissive state, which could also be a consequence of the influence from
surface charges.

117





8. Outlook

The results of this work establish that exciton–phonon coupling can serve as a new quan-
tity for the charge-carrier localization. Moreover, the strong influence of surface charges
demonstrates that in order to reduce exciton–phonon coupling in the application of NCs,
the exciton needs to be sufficiently shielded from surface charges. The collected statistical
data set also provides an excellent basis for comparison to future atomistic calculations,
paving the way for accurately simulating exciton–phonon coupling. As long as more ac-
curate atomistic calculations remain challenging, the developed model of this work for
the description of exciton–phonon coupling is a useful tool that can be easily transferred
to other systems. It would, for example, also be interesting to combine the model of this
work with atomistic calculations of exciton wave functions. Once exciton–phonon cou-
pling is better understood, the emission linewidth, transport properties, and coherence of
emitted photons from NCs can be improved for applications. The newly observed effects
found in the optical properties of the NCs under the influence of an electric field also
advance the fundamental understanding of spectral diffusion. Here, molecular dynamics
simulations for the ligands under the influence of external electric fields would be of great
interest to find a conclusive origin of spectral diffusion. The saturation of the directed
spectral diffusion also suggests that static electric fields could be used to hinder spectral
diffusion, thereby stabilizing the emission state of NCs.
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A.1. Supplementary Information

Table A.1.: Compilation of the DRs sample geometries for Chapter 6.1. Listed are the average
rod diameter D, base cone diameter C and length L and their standard deviations.

Sample D(nm) C(nm) L(nm)

DR-1 4.8± 0.7 7.2± 1.7 27.4± 2.9

DR-2 5.2± 0.7 6.2± 1.0 28.8± 3.0

DR-3 4.8± 0.6 6.0± 1.3 25.2± 3.6

DR-4 4.8± 0.6 5.4± 1.5 21.7± 11.6

Average 4.8± 0.6 6.2± 1.4 25.8± 6.4
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Figure A.1.: Averaged PL spectrum of an individual NC from sample GS-1 at T = 10 K.
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Figure A.2.: TEM image of the CdSe/CdS DRs discussed in Chapter , synthesized by Mareike
Dittmar.

Figure A.3.: Spectral time traces of a single DR recorded simultaneously from two different
ROIs, using the measurement setup shown in Figure 6.27.

Figure A.4.: Initial spectral time trace of the single DR from Figure A.3.

136



A.1. Supplementary Information

0 5 0 1 0 0

1

1 0

1 0 0
Int

en
sity

 (a
.u.

)

T i m e  ( n s )

 P o s i t i o n  1
 P o s i t i o n  2
 P o s i t i o n  3

B a c k g r o u n d  S i g n a l

Figure A.5.: Photoluminescence decay curves of different background obtained from different
positions on the substrates for electric field measurements at T = 10 K.
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Figure A.6.: Electric field sweep used for the measurement of decay curves in Chapter 6.3.2
and 6.3.3.
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Figure A.7.: Time trace of the PL intensity corresponding to the CdSe/CdS DRs of Figure 6.41a
and b respectively.
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Figure A.8 compares PL decay curves of a single CdSe/CdS DRs for shell and core
excitation during different electric fields. Corresponding fitting results are compiled in
Table A.2, and the electric sweep that was performed during the measurement is illustrated
in Figure A.9. When the PL intensity increases in response to the negative electric field,
the average PL lifetime increases. Complementary, the positive electric field decreases the
PL intensity and average PL lifetime. This is the case for both excitation energies. The
difference between average PL lifetimes in the case of shell excitation and core excitation
is that the PL lifetime is overall longer for shell excitation and shorter for core excitation.
These observations can be explained by the larger overlap of the exciton in the case of core
excitation, which leads to a reduced PL lifetime, compared to the larger delocalization
in the case of shell excitation.142 Interestingly, even if the band potentials are tilted by
the external electric field, the lower PL lifetime in the case of core excitation is retained.
Although it should be noted that the background signal had a high contribution during
the measurement in the case of core excitation. Therefore, the results should be viewed
with caution.
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Figure A.8.: Photoluminescence decay curves of a single CdSe/CdS DR excited at shell excita-
tion (2.78 eV) and core excitation (2.43 eV) during exposure to different electric field conditions.
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Table A.2.: Fitting results for the PL decay curves the CdSe/CdS DR of Figure A.8: weight
and lifetime of the short A1 / τ1 and long component A2 / τ2, intensity-averaged lifetime τaverage

and IPL.

Excitation F (kV/cm) A1 τ1 (ns) A2 τ2 (ns) τaverage(ns) IPL (a.u.)
Shell +476 0.67 2.1 0.03 12.6 4.0 998

Shell 0 0.59 2.4 0.05 21.3 10.8 1300

Shell −476 0.27 2.4 0.17 26.5 23.4 2049

Core +476 0.61 2.3 0.09 13.2 7.2 2846

Core 0 0.56 2.6 0.11 18.8 9.6 2929

Core −476 0.48 2.5 0.15 14.6 10.2 2828
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Figure A.9.: Electric field sweep used for the measurement of decay curves of Figure A.8.

Figure A.10.: TEM image of the ZnSe/CdS DRs discussed in Chapter 6.3.3, synthesized by
Mareike Dittmar.
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Figure A.11.: Time trace of the PL intensity corresponding to the ZnSe/CdS DR of Figure 6.45.
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A.2. Hazard and Safety

Table A.3.: Safety and disposal information of the chemicals used in this work.216,217

Chemical
GHS

Symbol
P-Sentences H-Sentences Disposal

Acetone
H225-H319-

H336

P210-P233-
P261-P280-P303

+ P361 +
P353-P370 +

P378

(a)

AR 600-56218

developer
H225-H319-
H335-H336

P101-P102-
P103-P210-
P241-P280-

P303+P361+P353-
P304+P340-

P305+P351+P338-
P405-P501

(a)

Cadmium selenide
H301+H331-
H312-H373-

H410

P273-P280-
P301+P310-

P302+P352+P312-
P304+P340+P311-

P314

(b)

Cadmium sulfide
H302-H341-
H350-H361fd-
H372-H410

P201-P273-P301
+ P312 +

P330-P308 +
P313

(b)

Gold Not a hazardous according to (EG) no. 1272/2008 (b)

n-Hexane

H225-H304-
H315-H336-
H361f-H373-

H411

P202-P210-
P273-

P301+P310-
P303+P361+P353-

P331

(c)
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Table A.3.: Safety and disposal information of the chemicals used in this work.216,217

Chemical
GHS

Symbol
P-Sentences H-Sentences Disposal

LOR-5A Lift-Off
Resist219

H226-H315-
H319

P210-P260-
P280-

P301+P310-
P305+P351+P338-
P333+P313-
P337+P313-
P370+P378-
P403+P235-

P501

(a)

MICROPOSIT
MF-319

developer220

H311-H315-
H319-H371-

H373

P260-P264-
P280-

P302+P352+P312-
P308+P311-
P337+P313

(d)

MICROPOSIT
Remover 1165

H315-H319-
H335-H360D

P202-P261-
P264-

P302+P352-
P305+P351+P338-

P308+P313

(c)

MICROPOSIT
S1805 positive
photo resist221

H226
P210-P233-
P240-P241-

P242-P243-P280
(a)

Poly(methyl
methacrylate),
MW=35 k

Not a hazardous according to (EG) no. 1272/2008 (b)

2-Propanol
H225-H319-

H336

P210-P305 +
P351 +

P338-P370 +
P378-P403 +

P235

(a)

Titanium Not a hazardous according to (EG) no. 1272/2008 (b)
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Table A.3.: Safety and disposal information of the chemicals used in this work.216,217

Chemical
GHS

Symbol
P-Sentences H-Sentences Disposal

Toluene
H225-H304-
H315-H336-
H361d-H373

P210-P260-
P280-P301 +
P310-P370 +
P378-P403 +

P235

(c)

Zinc selenide
H301+H331-
H373-H410

P273-P301 +
P310 +

P330-P304 +
P340 +

P311-P314

(b)

Zinc sulfide Not a hazardous according to (EG) no. 1272/2008 (b)

Disposal information:
(a) Container for halogen free solvents.
(b) Container for contaminated equipment.
(c) Container for halogenated, carcinogenic and toxic solvents.
(d) Container for inorganic bases.

Table A.4.: List of used CMR chemicals, with their respective applications, amounts and
categorization.217

CAS
Number

Compound Name
(IUPAC)

Usage and Amount
CMR Cate-
gory(GHS)

1306-24-7 Cadmium selenide
Spincoating of
nanocrystals for
analysis, µg scale

C: 1B

1306-23-6 Cadmium sulfide
Nanocrystals solution

spin coated for
analysis, µg scale

C: 1B

872-50-4
N -Methyl-2-
pyrrolidone

Remover solution for
lithography

R: 1B
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