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Chapter 1

Motivation

The awarding of the Nobel prize in physics in 2014 to Akasaki, Amano and Nakamura for
the development of blue light-emitting diodes (LEDs) accounts for the great importance
of lighting applications in modern society, which is also obvious from the huge share
of lighting in power consumption [1] or the wide distribution of display technologies in
notebooks, televisions, tablets or smartphones. Thus, fundamental research in this area
to exploit opportunities for efficiency and ecological sustainability is highly desirable. In
this regard, the achievement of group Ill/nitride based blue LEDs enabled to produce
white light sources with unprecedented efficiency and lifetime. [2] Apart from the ma-
terial, the optical emission wavelength of semiconductors can be altered by varying the
crystal size, if this size is comparable to the de Broglie wavelength of the excited carriers.
This phenomenon is termed the “quantum size effect”. [4-8] One type of semiconductor
structures, which utilize this effect, are colloidal nanocrystals (NCs). These structures
have been intensely theoretically and experimentally studied throughout the last three
decades, because of their great potential for application in optoelectronic devices, in-
cluding LEDs, photodetectors or solar cells. [1,3,9-14] Notably, the first commercial
television, which utilizes colloidal NCs, appeared on the market in 2013. [15]

From a different perspective NCs are especially interesting because many of the elec-
tronic and optical processes occuring in these structures are closely related to quantum
mechanics, which has become the fundament of modern physics throughout the 20th cen-
tury. The ability to fabricate nanometersized structures with a high degree of precision
greatly extends the possibilities to explore and to make use of quantum mechanical effects,
which include for example the already mentioned quantum size effect, the generation of
entangled photons [16] or spin related phenomena, such as the exchange interaction. [7]
The study and understanding of these phenomena eventually may help to develop novel
devices utilizing quantum computing or spin electronics (spintronics), [17-22] concepts,
which are just beginning to enter and will maybe revolutionize information technology.

Historically, the ample interest in colloidal NCs began with the observation of the
quantum size effect. Like for many other physical phenomena, its experimental discov-
ery in 1983 occurred by accident, when Louis E. Brus and co-workers studied redox
reactions on the surface of photoexcited semiconductors. Notably, in order to increase
the surface to volume ratio Brus used colloidal dispersed semiconductor clusters and he
observed a decrease of the optical band gap over time. He attributed this effect to a
change of particle size, due to aggregation of the particles, leading to a varying confine-
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ment energy, which results from the Heisenberg uncertainty principle. [4,23] This newly
discovered effect turned out to be useful for optical applications, since it allows to tune
the optical band gap of the emitting or absorbing particle by just varying its size, while
its material composition remains unchanged. [24] Because NCs, due to the confinement
exhibit discrete absorption spectra, they are termed “artificial atoms” and are considered
to constitute, in a sense, a new type of matter. [25]

The study by Brus et al. was followed by many experimental and theoretical studies
exploring the consequences of the dielectric confinement for photoexcited charge carri-
ers in colloidal NCs, especially for excitons. [5-8,26-28] The description of the exciton
energy structure and its dependence on the NC size, shape and material was of central
interest, since it decides fundamental optical properties of NCs. Notably, in this re-
gard the experimental and theoretical discovery of the “dark exciton”, which constitutes
the exciton ground state in spherical NCs made of cadmium selenide (CdSe) and which
therefore strongly affects exciton radiative recombination in NCs, is a milestone in NC
research. [28,29]

The persistent interest in NCs was driven by the continuously improving methods
for NC fabrication. For example, apart from high degrees of monodispersity, which could
be achieved by colloidal synthesis, [30] methods for growing heteronanostructures, which
consist of several materials, [31] or techniques for synthesizing NCs with anisotropic
shape, such as nanorods [32| and dot-in-rods (DiRs) [31] have been developed. Impor-
tantly, the growth of a shell of different material with a larger band gap around a spherical
core led to a considerable improvement of the radiative properties of the NCs, [33-35]
which suffered from photoluminescene (PL) intermittency (also known as “blinking”) due
to Auger processes for a long time, resulting in poor luminescence quantum yield. [25]

Although the benefits of core/shell structures for the luminescence quantum yield
were realized already in 1987, [33] the consequences for excitonic processes, notably the
exciton relaxation and recombination dynamics as well as the construction of the fine
structure are still being investigated nowadays. This thesis aims to contribute to a better
understanding of these aspects. Its content and structure is described in the following.

In chapter 2, essential findings of preliminary studies on CdSe colloidal NCs are sum-
marized, in order to provide the knowledge required for understanding the experimental
and theoretical results presented later on.

The description of the experimental methods and an overview of the investigated
samples as well as details on their synthesis are provided in chapter 3.

One central point of interest of this study is, how the construction of a NC affects
its optical properties. The use of a core/shell design for the NC allows to manipulate
the dielectric confinement of the electron or the hole individually. Thereby their location
inside the nanostructure can be controlled by using specific material combinations. This
eventually gives the ability to control the degree of their interaction and thereby affect
the exciton fine structure as well as exciton recombination dynamics and greatly extends
the possibilities to taylor the optical properties of a NC. [8,24,36-38] The experimental
study presented in chapter 4 elucidates the role of the shell shape in this regard. To
this end, spherical CdSe cores of several sizes, which are surrounded by cadmium sulfide
(CdS) shells with varying shapes, were studied by time-resolved PL spectroscopy at low
temperatures, at which fine structure effects in this material can typically be observed.



Chapter 5 presents a study of exciton spin relaxation and PL polarization in core/shell
NCs subject to an external magnetic field. The application of a magnetic field leads to
a Zeeman splitting of fine structure states and gives rise to spin relaxation processes of
excitons and circular polarized PL. Spin relaxation in nanostructures is of great inter-
est nowadays, because this process is of fundamental importance for spintronic appli-
cations. [19,20,39-41] In general, nanostructures with confinement in all three spatial
dimensions (e.g. quantum dots or NCs) are promising candidates for spin-memory appli-
cations, since the interaction of the carrier spin with the environment, due to the discrete
energy level structure inside of the NCs, is comparatively weak. [40] However, the pro-
cesses, which lead to the relaxation of the charge carriers spin are still poorly understood.
Especially studies on colloidal NCs in this regard are rare, although NCs offer a couple
of advantages over self-assembled substrate-bound quantum dots, such as an improved
spatial confinement, resulting in more effective isolation from the environment, or a more
flexible processability. [42] Thus, studies, which elucidate the mechanisms giving rise to
spin relaxation in NCs, are needed. In this thesis it is examined how spin relaxation
in an external magnetic field depends on the geometrical parameters in core/shell NCs,
i.e. the core size and the size and shape of the shell. Such information can be useful for
the design of spin-preserving environments and the usage of NCs in spin-based storage
devices. The dependence of the ensemble PL polarization on magnetic field, tempera-
ture and NC shape was subject to several magneto-optical PL experiments [43-45| and
has been mathematically described for spherical NCs. [43] However, some experiments
reported surprisingly low circular polarization degrees (DCPs) compared to theoreti-
cal predictions. [44,45] In DiRs, as will be shown in this thesis, this is also the case.
Therefore, the common model for describing the circular polarization of ensemble PL in
magnetic field requires modification. In this thesis it is shown that the strongly varying
DCPs observed in experiments can be explained by a theoretical model, which extends
the common model and takes into account the exciton fine structure as well as a di-
electric enhancement effect, which can occur in anisotropic NCs or core/shell NCs with
anisotropic shell shapes. [46,47]

Chapter 6 is dedicated to the discussion of mechanisms, which enable the radiative
recombination of the dark exciton. The exciton ground state in spherical CdSe NCs is
termed “dark”, because its radiative recombination is principally forbidden in the electric
dipole approximation. This results from the necessity of conservation of angular momen-
tum during the transition from the excited to the vacuum state: The exciton ground
state in spherical NCs has an angular momentum projection of F' = +2, whereas a pho-
ton has an angular momentum of 1. Therefore, recombination accompanied solely by the
emission of a single photon cannot fulfill the momentum conservation requirement. This
theoretically results in an infinite lifetime of an exciton in its ground state. However, it
has been shown, that the radiative recombination is possible by coupling of the exciton
to acoustic and optical phonons, which take a part of the angular momentum, or by the
mixing of optically-forbidden (dark) and optically-allowed (bright) states by a magnetic
field. [28] The observation of a zero phonon line, which increases with the application of
an external magnetic field, in fluorescence line narrowing (FLN) experiments on CdSe
NCs demonstrated the importance of the latter mechanism. [48| Since the zero phonon
line can be observed also in the absence of an external magnetic field, internal fields
have to be present, which lead to the mixing of dark and bright excitons. The origin of
these fields still remains unclear, although it has been widely debated in the past three
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decades. A recent theoretical study proposes dark exciton radiative recombination re-
sulting from the interaction between excitons and surface dangling bonds. [157] Here, the
radiative recombination occurs by a simultaneous spin flip of electron and dangling bond
spins, converting the initial dark state into a virtual bright state, which can radiatively
recombine. Further, this theory predicts the formation of a state termed “dangling-bond
magnetic polaron” (DBMPs), due to dynamical dangling bond spin polarization resulting
from the carrier-dangling bond interaction. It is assumed, that this polarization leads
to a suppression of dangling bond assisted dark exciton radiative recombination at low
temperatures. In this work, experimental results are presented, which support the pic-
ture of dangling bond-assisted dark exciton radiative recombination and the formation
of a DBMP in CdSe NCs.

In chapter 7 a summary of the results and an outlook on future studies is given.



Chapter 2

Fundamentals of CdSe nanocrystals

This chapter summarizes essential results of previous scientific work on CdSe based semi-
conductor NCs, which are important for the understanding of the relevance and the dis-
cussion of the experimental findings presented in this thesis. In the beginning of this
chapter the architecture and synthesis of colloidal NCs are briefly described. As was
stated in the motivation, the focus in this thesis is laid on processes related to the exci-
ton fine structure, therefore in the second part of this chapter emphasis is given to the
discussion of its origin. On the one hand, this requires the description of the crystal
structure of the material, since it determines fundamental electronic and optical proper-
ties. On the other hand, quantum mechanical effects, such as quantum confinement and
the electron-hole (eh) exchange interaction, which occur and are enhanced in nanometer-
sized crystals and therefore strongly affect excitonic processes, are equally important.
The study of exciton spin dynamics and PL polarization is accomplished by application
of an external magnetic field, therefore its effect on the exciton fine structure is discussed
as well. In the third part of this chapter exciton dynamics in NCs is reviewed with special
attention to spin relaxation processes. Finally, the dependences of the PL polarization
on the exciton fine structure and on the shape of the nanoparticles are discussed.

2.1 Synthesis and structural properties

Nanocrystals are tiny crystals with spatial extensions in the range of nanometers and
typically such crystals consist of hundreds to a few thousands of atoms. If the size of
the electronic host material encounters the regime of the Bohr radius of the excited
carriers, quantum mechanical effects, such as quantum confinement, start to occur and
offer new abilities for electronic and optical applications. One important result of this
confinement is the size dependent energy gap: By varying the size of the NC, one can
modify the absorption and emission energies of the particles without changing their
chemical composition. [24]

Nanometersized crystals can be fabricated by different methods, such as molecular-
beam-epitaxy or metalorganic-chemical-vapor-deposition. However, in the last two decades
the production of NCs by colloidal or “wet chemical” synthesis has become more and more
popular, since it provides an alternative to the aformentioned techniques, which is com-
paratively easy to accomplish, cheap and very suitable for mass production. In this
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technique metal-organic precursors are injected into a hot coordinating solvent, resulting
in thermal decomposition of the precursor reagents and supersaturation of the solution.
This process is followed by nucleation of particles, whose growth is further controlled
by adding additional monomers with sufficiently small concentration to prevent further
nucleation. [30] A more detailed description of the chemical synthesis of the particles
investigated in this thesis is given in chapter 3. The outcome of this synthesis are “free
standing” nanoparticles dispersed in a solvent. This is one aspect, which makes them very
different from typically substrate-bound epitaxial produced nanostructures and favours
processability for fabrication of NC based devices, for example by NC printing. [49]

Figure 2-1 (a) shows the common design of a colloidal NC. It consists of a core,
which is typically overcoated by a second material of small lattice mismatch and with
larger band gap. This shell confines excited carriers to the core and protects them
from dangling bonds (i.e. unsatisfied valences at the surface atoms) or defects at the
surface of the NC, which can act as carrier traps and therefore enhance nonradiative
processes and thereby reduce the quantum yield. [35, 50| Passivation of the surface is
further obtained by the addition of organic ligands, which constitute the outermost part
of the NC. Apart from the chemical and electronic passivation of the surface, they prevent
clustering of nanoparticles, determine the distance between neighboring NCs and they
can be used as a “handle” for synthesizing NC assemblies such as superlattices or artificial
solids. NC superlattices make use of the properties of individual NCs in combination with
optical and electronical interactions between NCs in an ensemble. These interactions
can be controlled by varying the interparticle spacing by choice of specific ligands. [24]
The continuous improvement of NC growth techniques nowadays allows to produce NCs
with size dispersions below 5%. [51] A typical transmission electron microscopy (TEM)
image of an ensemble constituted by spherical NCs is depicted in Fig. 2-1 (b). Also
complex structures, such as tetrapods, nanorods or heteronanostructures, which combine
a spherical core with a rod-shaped shell, commonly termed dot-in-rod (DiR), can be
fabricated by directional growth techniques. [31] A typical TEM image of DiRs is depicted
in Fig. 2-1 (c).

@ s (b)

Ligands

Figure 2-1: (a) Sketch of a spherical colloidal core/shell NC and TEM images of (b) spherical
CdSe NCs (adapted from Ref. [24]) and (c) core/shell CdSe/CdS dot-in-rod NCs.
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2.2 Electronic structure

During the past three decades CdSe has been the material of choice for the synthesis
of NCs and it is the most studied material system for NCs nowadays. It allows to tune
the optical band gap by changing the particle size throughout the full visible spectral
range, [13] narrow size dispersions can be achieved, [30] it can be combined fairly easy
with a wide range of other materials and due to its anisotropic crystalline form in case
of wurtzite CdSe is suitable for directional growth. [52]

CdSe is a II-VI binary compound semiconductor and it occurs in three different
crystalline forms, namely in zincblende-, NaCl- and wurtzite-structure. In the following
only the wurtzite type will be discussed, since all crystals investigated in this thesis
exhibit this crystal structure.

2.2.1 Crystal- and energy band-structure

Figure 2-2 (a) shows a sketch of the crystalline architecture of wurtzite CdSe. Each
rhomboedric unit cell contains four atoms, two Se?~ anions located at t; = (0,0,0)
and t2 = (ap/V/3,0,c0/2), as well as two Cd*t cations at tz = (ag/V/3,0,cp/8) and
t4 = (0,0,5¢0/8). The lattice constants are ag = 4.2985 A for the hexagonal side and
co = 7.0152 A along the z-direction. Each ion has four next neighbors forming tetrahedal
s-p>-bonds. [53,54] Figure 2-2 (b) shows the first Brillouin zone with high symmetry
points.

@ =z (b)

-

[
|
|
|
|
|
I
e ~ N
- y
®/ x
Figure 2-2: (a) Wigner-Seitz cell and (b) first Brillouin zone of wurtzite CdSe. Empty circles

are cation sites, solid circles are anion sites. The numbers are indices of the four unit cell atoms.
Capital letters denote the high symmetry points of the Brillouin zone. Adapted from Ref. [53].

According to Bloch’s theorem a particle inside a crystalline solid can be described in
terms of Bloch-functions

¢nk(r) = eikrunk(r), (2.1)

where u,k(r) = upk(r + T) is a function with the periodicity of the crystal lattice with
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Figure 2-3: Semi-empirical tight-binding calculation of the band structure of wurtzite CdSe.
Adapted from Ref. [53].

the Bravais-lattice vector T. The wavevector k lies in the first Brillouin-zone. [55] By
solving the single particle Schrédinger equation

. K2
H¢nk(r) = <_27n0v2 + Wattice(r)> wnk<r> = Enk¢nk(r) (22>
for the carrier wavefunction ,k(r), the energy eigenvalues E,x can be calculated. In
Eq.(2.2) Vigttice(r) = Viattice(r + T) is the crystalline periodic potential. The energy
values E,x for fixed n are called energy bands.

Within the tight-binding model, it is assumed, that electrons are tightly bound to
their ionic cores and that the interaction with other atoms is small. In this case the
Bloch-functions for electrons inside the crystal are taken to be linear combinations of
localized atomic wavefunctions ¢y (r):

Unk = > axrdn(r + T). (2.3)
T

Figure 2-3 shows a tight-binding calculation of the CdSe energy band structure. Most
important, the energetically lowest conduction band state and the highest valence band
state occur at k = 0, the center of the Brillouin zone, which is termed I'-point. Therefore,
CdSe has a direct band gap and the optical properties of CdSe can be described by
considering only the dispersion in the vicinity of I', which is done in the following.

Two effects lead to a rather complex structure of the valence band at the I'-point,
namely the crystal field splitting and the splitting due to the spin-orbit interaction. The
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Figure 2-4: (a) Effects of the crystal field and the spin orbit coupling on the energy level
structure at the I'-point of CdSe. The left part shows the crystal field impact, the right one the
combined case of crystal field splitting and the spin orbit coupling. Adapted from Ref. [57]. (b)
Sketch of the band structure in the vicinity of the I'-point. Adapted from Ref. [58].

origin of the crystal field splitting lies within the anisotropy of the hexagonal lattice and
the spin orbit interaction is induced by coupling of the electron (or hole) spin with the
magnetic moment induced by the carrier motion. The valence band states are derived
from the 4p orbitals of Se and therefore have an orbital angular momentum [ = 1, while
the conduction bands origin is the 5s orbital of Cd and has [ = 0. As a result the lowest
conduction band state is spatially isotropic and is twofold degenerate with respect to
the electron spin. As was calculated by Hopfield within a quasi-cubic model, the p,-
orbital in the valence band is subject to an energy shift different from that of the p,- and
py-orbitals due to the crystal field along the z-direction, which arises from the crystal
asymmetry. [56]

The spin orbit interaction Hamiltonian can be expressed as

Hy=———0-px(VV), (2.4)

a 4mdc?
where o is the spin operator and p the momentum operator. The spin orbit interaction

splits the valence band states with total angular momentum J = 1/2 and J = 3/2, where
J=L+S5.[59

The result of both combined effects are three valence subbands labeled A (T'g), B (I'7)
and C (I'7), ordered in decreasing energy, as depicted in Fig. 2-4 (a). [57] The expres-
sions I'; are the irreducible representations in Koster-notation, describing the symmetry
transformation properties of the bands. [60] The order of magnitude of these effects are
Acr =~ 24 meV for the crystal field splitting and Ay, ~ 430 meV for the spin-orbit
splitting. [61] Due to the magnitude of the latter splitting, band C can typically be ne-
glected when the radiative recombination of excitons in CdSe is discussed. As sketched
in Fig. 2-4 (b), the valence bands as well as the conduction bands are approximately
parabolic near the I'-point. [58] The curvature of the bands in this regime is related to
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the effective mass of the particles by the equation

1 1 6%E(k)

<m€ff>z‘,j - 2 OkiOk;

Band A, constituted by holes with total angular momentum projection |M| = 3/2, is
called the “heavy hole (hh)” band and band B with |M| = 1/2 is called the “light hole
(Ih) band”. Band C is often referred to as the “split-off (so) band”. Typically, the effective
masses are highly anisotropic in wurtzite type crystals, leading to a lower effective mass

i = 2,92 (2.5)

k=0

perpendicular to the hexagonal c-axis in comparison to the parallel case. [58]

2.2.2 Quantum confinement in heteronanostructures

The basic optical properties of bulk CdSe can be understood with the model described
above. However, when the size of the crystal is decreased into the nanometer-range, quan-
tum mechanical effects occur and can strongly affect the optical and electronic properties.
The most prominent one is the quantum size effect, which is discussed in the following.

Heisenbergs uncertainty principle states, that it is impossible to know the exact
position and the exact momentum of a particle at the same time. This may be expressed
as AxAp > h/2. If an energy barrier, constituted for example by the surface between a
crystal and its surroundings, confines a particle in space to the length x, the uncertainty
of its momentum is on the order of A/x. This uncertainty in momentum leads to an
additional kinetic energy term and this is called the “confinement energy”. If the extension
of the potential well is comparable to the de Broglie wavelength of the particle, the
resulting energies for the particle are quantized and are inversely proportional to the

quadratic size of the well

1

B, o ., (2.6)

where z is the size of the potential well and n the state index. [62] As a consequence,
one can alter the particle energies and thereby optical emission and absorption energies,
which were previously determined by the material composition, by changing the size of
the potential well (i.e. the crystal size). |5, 6|

The quantum confinement in core/shell colloidal NCs can analytically be investigated
by a method described by Haus et al. in Ref. [8], which is based on a single band effective
mass approximation and is sometimes referred to as the ”particle in a box model”. This
approach is applicable as long as the carrier envelope function slowly varies on the length
scale of the crystal lattice. |63,64]

In the strong confinement regime, the Coulomb interaction between electron and
hole can be neglected as a first approximation, because the confinement energies yield
the dominant part of their energy. Electrons and holes are represented by their envelope
wavefunctions. The Schridinger equation for the respective envelope function in each
band reads

h2V ! V+V = 2.7
<—2 'mia + a(r>> wa_ awaa ( . )

where m, is the effective mass and the subscript a = e, h denotes electron (e) or hole
(h). The effective mass can depend on the region of the hetero-nanostructured particle.
Figure 2-5 (a) depicts a sketch of a spherical particle with regions n = 1...N with different
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(a)

Wea

‘Vha

Figure 2-5: (a) Sketch of a spherical NC with N regions. (b) Conduction and valence band
alignment for a core/shell particle. Adapted from Ref. [8].

potential values and different effective masses in each region. For a spherical symmetric
particle the general analytical solution of Eq.(2.7) is

o = (AP 51 (kanr) + Bing (kant)]Yim (0, ¢), (2.8)

where j;(z) and ny(z) are the spherical Bessel and Neumann functions and Y, (6, ¢) are
the spherical harmonics. The particle wavevector kg, can be written as

1
2man(Eq —V, 2
kan — < an( haQ an)) ; (29)

where my, is the effective mass of the electron or the hole and V,,, is the valence band
or conduction band potential in region n.

At the interfaces between succeeding regions of the particle, the following continuity
equations for the wavefunction and the probability current must be fulfilled:

AP 51 (kanmn) + By (kantn) = AP 51 (kans1mn) + BE 0y (kans17mn) (2.10)
and
k .

— ( %]l/(kanrn) + Bﬁ?ng(kanrn)) =

an
k .

WL (AP i (Kan 1) + By ) (Kan417n)) - (2.11)
Man+1

Typically NCs are surrounded by a medium with a small dielectric constant. There-
fore one can assume that the carrier wavefunctions vanish at the boundary between the
NC and its environment:

ALY Gi(kanrn) + B ni(kanry) = 0. (2.12)

Through a recursion formula the wavefunction coefficients of the outer shell wavefunction
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are related to the inner ones. For a NC consisting of a core with radius R, which is
surrounded by a single shell, as depicted in Fig. 2-5 (b), the coeflicients of the shell are
related to those of the core by:

Mma2 (ka2 R 2 kq . ka . a
gt = e (B ) - P R ) AT (213
a2 Ma2 Ma1
and
Ma2(kaaR)? [ koo . , kat . , .
B2 = 2(k 22 ) < Z]{(k:GQR)]l(kalR)— lljl(k‘agR)]l/(k‘alR)> Asl o (2.14)

Here, the indices 1,2 denote the core and the shell, respectively. By substituting these
coefficients into Eq.(2.12) the energies E, can be calculated. Often one is interested in
the lowest lying 1S states with [ = m = 0. In this case the radial part of the carrier
wavefunctions can be rewritten to

No Sin(kar) for0<r <R
W) = rsin (ka1 1) = 2.15
(r) {N“W foo R<r<R+S, (219)

where the upper equation describes the electron or hole wavefunction in the core and
the lower equation the respective wavefunction in the shell. S is the thickness of the
shell and N, is a normalization constant, which is derived from the condition, that the
probability to find the carrier inside the NC volume is 1. The energy values for the 15
transition then can be derived as the lowest root from

ma2

(1 — k1R cot (k‘alR)) =1+ kgoRcot (k‘aQS), (2.16)

Mal
which follows from Eq.(2.12). |8, 36]

The described approach allows to approximate the quantum size levels of electrons
and holes in core/shell NCs and also gives the ability to study their probability of presence
inside different parts of the NC. Depending on the conduction and valence-band offsets
[Ve2 and Vo in Fig. 2-5 (b)] between core and shell, the confinement of electrons and
holes can be different, leading to a spatial separation of the carriers. This gives the
ability to taylor the overlap of electron and hole wavefunctions and thereby control the
strength of their interaction and probability of recombination. [8,36,65,66] This field of
research is sometimes referred to as ”band gap engineering” or "wavefunction engineering”.
By proper choice of materials with certain band gaps specific conduction and valence
band alignments between core and shell can be achieved. This considerably extends the
possibilities to tune optical properties of colloidal NCs, as will be discussed in detail in
chapter 4.
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2.2.3 Band-edge exciton fine structure

The particle-in-a-box model, which approximates the conduction and valence states as
single isotropic and parabolic bands, can give only a rough approximation to the realistic
electronic behaviour, since, as described in section 2.2.1, the real CdSe valence band
structure is rather complex due to the internal crystal anisotropy and the spin-orbit
interaction. Moreover, NCs in reality are never perfectly spherical and also the Coulomb
interaction between electron and hole has been neglected so far.

The internal crystal anisotropy, the shape anisotropy and the eh-exchange interac-
tion, which is found to be enhanced in nanostructures compared to bulk material, lift the
degeneracy of the band-edge exciton ground state and give rise to an exciton fine struc-
ture, which gouverns the optical properties of the NC especially at low temperatures.
The origin of the exciton fine structure in CdSe was extensively theoretically studied
with different approaches, including tight-binding [67] or many-body pseudopotential
calculations. [68] The following discussion, however, is based on the multiband effective
mass theory, as reported by Efros et al. in Ref. [28].

Similar to the approach in the preceding section, the multiband effective mass ap-
proach starts from the spherical approximation (i.e. a spherically symmetric NC with
cubic lattice structure). The conduction band ground state 1S, is doubly degenerate
with respect to its spin projection, while the valence band ground state is assumed to
be of the type 153/, and is fourfold degenerate with respect to its angular momentum
projections M = 3/2,1/2,-1/2,-3/2. The exciton ground state 1S3/91S5 is therefore
eightfold degenerate in the spherical approximation.

As was discussed in section 2.2.1 the internal crystal field lifts the degeneracy of the
valence band states with respect to | M| and splits the hh and 1h band by A,y = 24 meV in
bulk CdSe. However, in NCs the magnitude of this splitting is reduced by approximately
a factor of five compared to the bulk value. In case of NCs the splitting may be expressed
as

Aint = v(B)Acy, (2.17)

where v(3) is a dimensionless function, which depends on the ratio of the 1h and hh
effective masses (3, which is f = 0.28 in CdSe. |69] The evolution of v(5) is described in
Ref. |28].

Real NCs are always slightly asymmetric, which leads to an additional splitting
between hh and lh states. The asymmetry of the NC is quantified by the ellipticity
i =">b/d— 1 where d and b are the minor and major elliptical axes, respectively. In case
of small ellipticity the resulting splitting of the lh and hh bands can be expressed as

Ash = 2pu(B) Ez2(5). (2.18)

Here, FE3/5(3) is the energy of the hole ground state 1S3,5, which, due to quantum
confinement, is inversely proportional to the square radius of the crystal. As a result,
the splitting of the hole states, due to the shape asymmetry, is sensitive to the size of
the NC. [70] The total splitting of the hh and lh bands is given as the sum of the crystal
field splitting and the shape splitting A = Agp, + Ajpe. Notably, the function u(3), which
is also given in Ref. [28], can have negative values. In case of prolate NCs (u > 0) this
leads to a decreasing splitting between the hh and lh states with decreasing size. In small
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Figure 2-6: Dependence of the CdSe exciton fine structure on the NC radius a, calculated
for various crystal shapes. Dashed lines correspond to optically inactive states, solid lines to

optically active states. The indices U, L serve as labels for upper and lower states, respectively.
The insets illustrate the geometry of the particle. The image is adapted from Ref. [74].

NCs hh and 1h bands may even change the ordering, leading to an exciton ground state
with |M| = 1/2. In the spherical and oblate (u < 0) case, however, the exciton ground
state is always constituted by the heavy hole.

The exciton fine structure is further affected by the eh-exchange interaction, which
can be considered as originated by the Coulomb interaction becoming spin-dependent. It
arises from the necessity of an anti-symmetric wavefunction of two fermions with respect
to interchange of location and spin. [71] The exchange Hamiltonian can be expressed as

A

Hopen = —gemh(ao)%(re — o T, (2.19)
where ag is the lattice constant, €., is the exchange strength constant and o and J are
the electron and hole spin operators. The exchange interaction splits spin singlet and
triplet states into an optically active state with total angular momentum |F| = 1 and an
optically passive state with |F| = 2. In wurtzite crystals the magnitude of this splitting
may be expressed as

8 ag 3
hWST = g (Clex) €exch (220)

where ae, is the bulk exciton Bohr radius. For bulk CdSe the exchange splitting is
hwsr = 0.12 meV. [72] In NCs, however, since the strength of the interaction is pro-
portional to the eh-wavefunction overlap and electrons and holes are closely spaced,
the exchange splitting is strongly enhanced in nanostructures. As it was calculated by
Takagahara and experimentally confirmed by Chamarro et al., for small NCs this en-
hancement is inversely proportional to the cubic NC radius. For a CdSe NC of size 3 nm
the exchange energy calculates to fuwgy = 24 meV. [7,73]

Altogether, the former 8-fold degenerate exciton ground state is split by the described
effects into five exciton states, which constitute the exciton fine structure. The level
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ordering and the magnitude of the splitting between succeeding states strongly depends
on the size and the shape of the NC, as shown in Fig. 2-6. [28] In spherical as well as
oblate (u < 1) NCs the exciton ground state has a total angular momentum projection
F = 42, which is split from an energetically higher lying F' = +1% state by a couple
of meV (see (a) and (b) in Fig. 2-6). The state with |F| = 2 is often referred to as the
“dark exciton”, since due to momentum conservation requirements it is optically inactive.
However, as explained before, in prolate NCs the situation can change. In this case, for
sufficiently small NCs the valence bands A and B switch their ordering and a lh state
|M| = 1/2 becomes the hole ground state (see (c) in Fig. 2-6). This is a consequence of
the anisotropy of effective masses in hexagonal crystals, as was pointed out at the end of
section 2.2.1.

The dark exciton ground state plays a crucial role for the optical response of CdSe
colloidal NCs, since in the electric dipole approximation radiative recombination from
these state is forbidden, which should theoretically result in an infinite long radiative
lifetime of the exciton ground state. Experiments, however, clearly demonstrate radia-
tive recombination of these states with long but finite lifetimes on the order of us at low
temperatures. [48] The origin of dark exciton radiative recombination is not fully eluci-
dated yet. Possible recombination pathways are, for example, optical phonon assisted
recombination, where phonons take up a part of the angular momentum. However, fluo-
rescence line narrowing experiments clearly demonstrate the existence of a zero phonon
line (ZPL), suggesting an alternative recombination pathway apart from phonon assisted
transitions. [28] One additional pathway for dark exciton radiative recombination occurs
in the presence of an external or internal magnetic field. This aspect will be discussed in
the following section.

2.2.4 Exciton fine structure in external magnetic fields

Due to the internal crystal anisotropy in wurtzite lattices and in NCs with shape anisotropy
the rotational symmetry of the exciton spin is broken. As a result the hole and electron
spins point in the direction of the hexagonal c-axis. Thus, the impact of an external mag-
netic field B is dependent on the angle between the field direction and the c-axis. [43] It
can be described by the Hamiltonian [28§]

. 1
Hgp = §ge,uBO'-B—gh,uBJ-B, (2.21)
where g. and g are the electron and hole g factors of the 1S, electron and the 1535
hole state, respectively. pup is the Bohr magneton and ¢ and J are the electron and
hole spin operators. If the magnetic field can be treated as a pertubation, i.e. when the
Zeeman-splitting is small compared to the splittings between fine structure states, the
resulting perturbation matrix

By = (Y| p5 Hp o arr) (2.22)

can be used to analyze the effect on the fine structure. Here, o and M denote the elec-
tron and hole angular momentum projections. The matrix elements can be written as
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£3/2 112 1=1/2 1,-3/2  1,3/2 L1/2  -1/2 |,-3/2
+,3/2 Bz(gc;figh) —i\/§2,qth 0 0 % 0 0 0
p1/2 | BBy Balgemgn) _jop 0 geB- 0 0
h-1/2 0 igyBy Blgte) Bl 0 2.5 0
1,-3/2 0 0 i\/§92h3+ Bz(962+3gh) 0 0 0 %
13/2 | %l 0 0 0 “Beloctim) —ivImb. 0 0
1,1/2 0 QEQB+ 0 0 i\/§g2;,B+ —Bz(92e+9h) —ignB_ 0
L=1/2] 0 0 geBs 0 0 ignBy Belses) —iViaB
1,-3/2 0 0 0 9By 0 0 iﬁ%h& =Be(g:=31)

, where B4 = B, +iB,. Components of the magnetic field, which are perpendicular
to the hexagonal c-axis (it is assumed to be the z-axis here) of the crystal lead to an
admixture of the dark F' = 42 with the bright F' = 41 exciton states. Due to this
admixture the dark exciton states gain oscillator strength and can radiatively recombine.
This aspect will be of great importance for results presented in chapter 6.

A magnetic field parallel to the hexagonal c-axis lifts the degeneracy of the F' = +2
and F' = £1 states and leads to a Zeeman-splitting, which is proportional to the exciton
g factor and the magnetic field strength

AEy7 = geppupBcos O, (2.23)

where © is the angle between the magnetic field and the hexagonal c-axis of the crystal.
The exciton g factor g, is different for bright and dark exciton states and can be derived
from the perturbation matrix, Eq.(2.22). Notably, for the dark exciton ground state it
calculates as gez2 = ge — 3gn. [75] The F' = 0 states exhibit no splitting in a magnetic
field.

2.3 Exciton dynamics

The optical response of a NC strongly depends on the dynamics of excitons after ex-
citation, as illustrated in Fig. 2-7. In general, the generation of eletrons and holes in
semiconductors can be realized by different methods, for example by electrical injection
or by optical excitation with a laser, which is considered in the following. When a semi-
conductor is excited by an incident light beam with an energy hwex > Ey, where E is the
band gap energy, electrons are promoted from the valence to the conduction band and a
hole is left in the valence band. If the energy of the incident light is larger than the en-
ergy of the lowest optically allowed excited state, one speaks of non-resonant excitation.
The carriers are then promoted to energetically higher lying states and can be subject
to several intraband relaxation processes before recombination. During the excitation
process a photon of energy hwex = Ey + AFE¢;. is absorbed. The excess energy AFe;, is
distributed among the electrons and holes in form of kinetic energy. The relaxation of
the system then occurs in three steps. In the beginning, on timescales below 100 fs the
carriers thermalize, i.e. they achieve a thermal equilibrium among themselves via carrier-
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Figure 2-7: Illustration of photoexcitation, relaxation and subsequent radiative or nonradiative
recombination of electrons and holes in semiconductors. Adapted from Ref. [77].

carrier scattering. If the temperature, which corresponds to the Boltzmann-distribution
temperature of the carriers in thermal equilibrium, is higher than the temperature of
the surrounding lattice, one speaks of “hot carriers”. In the second stage these carriers
achieve thermal equilibrium with the lattice, this process is termed “carrier cooling”. In
I1-VI semiconductors, such as CdSe, this relaxation occurs due to interaction with longi-
tudinal optical phonons (LO phonons) and longitudinal acoustic phonons (LA phonons).
In the last step the carriers recombine radiatively or nonradiatively, with characteristic
times 7, and T,,, respectively. [76]

The focus of this thesis with respect to exciton dynamics lies on processes, which
belong to the second and the third stage, namely the build-up of thermal equilibrium with
the crystal lattice and subsequent radiative or nonradiative recombination. Importantly,
in the presence of an external magnetic field spin relaxation, i.e. spin flip processes
between Zeeman-split fine structure states, can be observed during the establishment of
thermal equilibrium. These are of prominent interest in this study. In the following, the
processes of intraband carrier relaxation, radiative and nonradiative recombination and
exciton spin relaxation are reviewed in more detail.

2.3.1 Intraband relaxation

In bulk II-VI semiconductors the most important energy relaxation mechanism is the
coupling to LO phonons via the Froéhlich-interaction. In NCs, however, phonon scat-
tering is strongly suppressed because of restrictions imposed by the requirement of the
conservation of momentum and energy. [78] While in bulk material the energy bands
consist of a quasi-continuum of states in low-dimensional structures the energy levels are
quantized and even in case of weak confinement are separated by at least a few meV.
As will be explained in the following, this decreases the carrier-phonon scattering rate,
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which can be determined by Fermi’s golden rule
_ 2m i
= [ M@ PSE ~ B~ b (N, + 1), (2.24)

where i and f denote the initial and final state and E* — Ef = hQ corresponds to the
energy spacing of the initial and final state, respectively. fiw, is the phonon energy for a
phonon with wavevector ¢ and M (q) is the electron-phonon scattering matrix element.
Ny, is the thermal phonon distribution function. The energy spacing, because of energy
conservation, defines the phonon energy and thereby the possible phonon wavevector
g. As was shown in Ref. |79] for high ¢ (i.e. ¢L > 1, where L is the lateral size of
the NC) the interaction matrix element M (q) for the scattering of the phonon and the
carrier decreases, leading to a decreasing scattering rate for increasing energy spacings.
[79,80] In case of strong confinement the spacing between subsequent energy states can
also easily exceed the typical LO phonon energy, which is 25 meV in CdSe NCs. [4§]
Therefore transitions can be mediated only by multi-phonon processes, which occur with
much smaller probability, especially at low temperatures. [81] Moreover, the NC size also
changes the phonon density of states (DOS), therefore low energy and long wavelength
acoustic phonons are suppressed due to boundary conditions. [82-85] Both of these effects,
although different in their origin, are sometimes referred to as a “phonon bottleneck
effect”. They are however similar in a way, that they hinder the energy relaxation of
hot electrons and holes by phonons. For holes, though, because of their relatively high
effective mass, the energy spacings between quantized states are one order of magnitude
smaller compared to electrons and therefore hole-phonon scattering is believed to be
much more efficient. |78, 86|

Nevertheless, experiments employing ultrafast transient absorption pump-probe tech-
niques evidenced efficient electron energy relaxation on sub-picosecond timescale, which
is the same order of magnitude compared to electron-phonon scattering in bulk mate-
rial. [87,88] Notably a faster relaxation was found for smaller NCs, which excludes a
phonon-assisted mechanism, since the energy level spacings are much larger in this case.
The fast relaxation rates were attributed to the occurrence of Auger-like thermalization,
where the electron energy is transferred to the hole via the Coulomb interaction. The
hole is then lifted to a higher energy state and subsequently relaxes via phonon-scattering
through the quasi-continuum of valence band states. In NCs, due to their small size, the
Coulomb interaction between electron and hole becomes much stronger compared to
bulk material, therefore this type of eh-scattering plays a crucial role in these struc-
tures. [25,86,89] Both types of energy relaxation in NCs, namely phonon-assisted and
Auger-relaxation, are illustrated in Fig. 2-8 (a) and (b), respectively.

2.3.2 Radiative recombination

Typically the intraband relaxation times in NCs are small compared to the radiative
lifetime of excitons. [88] Thus after relaxation the excitons are in thermal equilibrium
with the lattice and distributed within kg7 from the exciton ground state. Subsequently,
the excitons recombine spontaneously, either radiatively or nonradiatively for example
via Auger-processes.
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Figure 2-8: Illustration of (a) phonon-assisted electron relaxation and (b) Auger-relaxation.

In general, the spontaneous emission of excitons can be described by the rate equation

% = —A21 Ny, (2.25)
where Nj is the number of excitons, the index denotes the inital (2) and final (1) state
and Ao is the Einstein coefficient for this transition. The probability for detecting
a photon is proportional to the number of excitons in the excited state and to the
Einstein coefficient. The solution of the rate equation is a single exponential decay
Ny (t) = N2(0) exp (—Aa1t) = No(0) exp (—t/7,), where 7, = 1/A9; is the radiative life-
time and N3(0) the initial population of the excited state at time ¢t = 0. The radiative
decay time of the excited state depends on the optical selection rules. [90]

The probability for radiative recombination of an exciton state with angular momen-
tum projection F' in the dipole approximation is

P=|(0le-plvr)[* (2.26)

where |0) = d(re — rp), e is the polarization vector of the emitted light and p is the
momentum operator. ¥g is the exciton wavefunction. The radiative lifetime of the fine
structure states can be obtained from Eq.(2.26) by summing over all light polarizations.
As shown in Ref. [28] the radiative rate for the F' = 0U state calculates as
2

1_ 8w 7K I; . (2.27)

) 9 x 137Tm§c
Here, my is the free electron mass, w the frequency of the emitted light, n, the refractive
index and P = (S| p, |Z) the Kane interband matrix element. Importantly, the radiative
rate is proportional to K, which is the square of the eh-overlap integral, and it does
not depend on the crystal radius. The radiative rates of the |F| = 1Y% states are
proportional to 1/7p, with a prefactor, which depends on the eh-exchange constant 7
and the splitting between hh and 1h states A, which are size dependent. As mentioned
before, radiative recombination from exciton states with F' = =2 is forbidden in the
electric dipole approximation, since photons cannot have an angular momentum of 42,
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resulting in an infinitely long radiative lifetime. In the presence of a magnetic field,
however, it gains oscillator strength due to the admixture of optical allowed states. This
leads to a shortening of the F' = +2 radiative lifetimes with increasing magnetic field. [28]

2.3.3 Spin dynamics

Spin dynamics occur throughout the equilibration of an excited spin system. In, general
one distinguishes two processes: spin relaxation and spin dephasing. These two processes
are characterized by a specific time T7 and T» (the spin relaxation time and spin dephas-
ing time), respectively. These can be derived from the phenomenological Bloch-Torrey
equations, which describe the evolution of a magnetiziation M in time, in the presence
of an external magnetic field. Neglecting diffusion, these can be written as

oM, M,

=y(M x B), — —~ 2.2
5 = 1M x B - %, (2:28)
oM, M,
OM, M, — M?
5 = 7(M x B), — T (2.30)

where v = pupge/h is the electron gyromagnetic ratio with Bohr-magneton up and elec-
tron g factor g.. MY is the equilibrium magnetization in direction of the magnetic field
(z-direction). |20] Spin relaxation is the change of the magnetization along the magnetic
field direction and occurs by coupling to phonons. After relaxation the spin system is in
thermal equilibrium with the lattice. Spin dephasing describes the loss of phase in an
ensemble of spins, which were initially precessing in phase around the magnetic field. In
the following only spin relaxation is considered in more detail.

In semiconductors there are four mechanisms, which are typically made responsible
for spin relaxation. These are the D’yakonov-Perel, Elliot-Yafet, Bir-Aronov-Pikus and
the hyperfine interaction mechanism.

The D’yakonov-Perel mechanism occurs in non-centrosymmetric structures, such as
wurtzite CdSe, where the inversion symmetry is broken due to two distinct atoms in
the Bravais lattice. The lack of inversion symmetry gives rise to an effective magnetic
field ©2(k), about which the electrons in the conduction band precess. By momentum
scattering processes this effective magnetic field progressively changes its direction and
this, in combination with the electron spin precession, causes spin relaxation.

In contrast, the Elliot-Yafet mechanism also occurs in centrosymmetric structures
and results from the admixture of electronic states with opposite spin due to spin-orbit
interaction, which is caused by the lattice ions. While in the absence of spin-orbit in-
teraction the single-electron Bloch-functions are eigenstates of o, in the presence of
spin-orbit coupling the eigenstate is a mixture of spin-up and spin-down. The strength
of the admixture depends on the strength of the spin-orbit coupling, therefore in narrow
gap semiconductors this effect is dominant. Spin relaxation in this case is caused by the
variation of the admixture of the distinct spin-states, which occurs during momentum-
scattering processes with impurities, boundaries or phonons. [20,91]

The Bir-Aronov-Pikus mechanism describes the coupling of electron with the hole
spin via the exchange interaction. The electron feels an effective magnetic field gener-
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ated by the hole spin and the electron spin precesses about this field, which fluctuates
and therefore gives rise to electron spin relaxation. The strength of the interaction
between electron and hole depends on the eh-wavefunction overlap and is therefore es-
pecially relevant in nanometersized structures or heavily p-doped semiconductors at low
temperatures. [20]

Finally, the hyperfine interaction gives rise to spin relaxation due to the magnetic
interaction between electron spins and nuclei magnetic moments and is especially im-
portant in quantum confined structures, where the electron is strongly localized. Since
electrons in bulk material travel long distances and experience the fields of many atoms,
this effect averages out.

In low-dimensional semiconductors the D’yakonov-Perel and Elliot-Yafet mechanism
are believed to be ineffective, due to the stong localization of the electron, which sup-
presses spin-orbit coupling. [20] In NCs, the hyperfine interaction and relaxation via the
eh-exchange interaction were proposed to be most relevant. [92-95] However, only the
long-range part of the eh-exchange interaction (anisotropic part) can mix opposite spin
states. [96] While the anisotropic exchange interaction plays an important role for self-
assembled quantum dots this type of interaction is typically neglected in fine structure
calculations based on the effective mass approximation approach in spherical or nearly
spherical NCs. [70] On the other hand, more recent studies predict a non-vanishing
long range part also for CdSe NCs [97,98] and several experimental studies evidence
anisotropic exchange splittings in zero magnetic field, which were formerly observed only
for self-assembled quantum dots. [99-102]

The aforementioned mechanisms could be relevant for relaxation between different
spin states |+1, +2) during the thermal equilibration of the system. In the presence of an
external magnetic field additional relaxation between the Zeeman-split sublevels occurs.
In general, since during the relaxation process energy and angular momentum need to
be conserved, spin relaxation requires an interplay of phonons and one of the described
mechanisms. As will be discussed in chapter 5, in NCs and at low temperatures LA
acoustic phonons play a central role in this regard.

2.4 Photoluminescence polarization

A specific polarization of the PL arises from the spin orientation of excitons, since an-
gular momentum needs to be conserved during radiative recombination. Thus, the level
ordering in the fine structure strongly affects the polarization properties of the PL at low
temperatures, at which only the lowest lying exciton states are populated.

Transitions from exciton states with total angular momentum F' = 0 to the ground
state are linearly polarized parallel to the hexagonal axis of the NC. This is one reason
for the high linear PL polarization typically observed for CdSe nanorods. [32,47] In
these structures, the linear polarized transitions are dielectrically enhanced, due to their
anisotropic shape. This aspect will be discussed in more detail at the end of this section.

The PL from the F' = 41 exciton states is circularly polarized. However, since states
with similar absolute value of angular momentum but opposite sign are energetically
degenerate in general, the transitions from either one of these states occur with equal
probability and thus the degree of circular polarization (DCP) of the low temperature
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Figure 2-9: Sketch of a Zeeman-split fine structure state with relaxation and recombination
pathways. Blue color corresponds to a o- and red color to a o+ polarized transition.

PL detected in the experiment is typically zero. This changes with the application of
an external magnetic field. As discussed in section 2.2.4, a magnetic field parallel to the
hexagonal axis of CdSe NCs lifts the degeneracy of the F' = £1 and F' = £2 exciton
states, giving rise to circular polarized PL. Its mathematical description is described in
the following.

2.4.1 Circular polarization in external magnetic fields

The mathematical derivation presented here is adapted from Ref. [74]. Figure 2-9 shows
a Zeeman-split exciton state at a given non-zero magnetic field. The magnitude of the
splitting is denoted as AFE, the states |[+) and |—) are the Zeeman-sublevels with opposite
spin orientation and |G) is the vacuum state. The rates 't and I'~ are the spin relaxation
rates from |+) to |—) and vice versa. The radiative recombination rate I', is assumed to
be equal for both states.

The dynamics of this three level system is described by the rate equations

dN* + + -- +
dN_ _ _ +1+ —

where Nt and N~ are the populations of the Zeeman-sublevels and G () and G~ (¢)
are excitations from the vacuum state to either the upper or the lower Zeeman-sublevel,
respectively. In the steady state regime, i.e. dN*/dt = 0, the degree of spin polarization
Pex in this system can be expressed by

_N_—N+_ Tr
NNt

Pea (2.33)

T+ Ts
where 7, = 1/T,. is the radiative decay time of the exciton states, 7, = 1/(I't +T'7) is the
spin relaxation time and pg = (I'" —T'7)/(I'" +T'7). In case of nonresonant excitation
by an infinitely short d-pulse, where Nt (¢t = 0) = N~ (t = 0) = Ny/2, with the initial
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number of excitons Ny, the time evolution of the spin polarization is described by

N~ - Nt

=V nF - poll —exp (—t/7s)]- (2.34)

Pex(t)
For large t, pe.(t) — po, where pg is the spin polarization in equilibrium. It can be
described by a thermal Boltzmann-distribution

po = tanh (AE/2kpT). (2.35)

The circular polarization of the PL of NCs in magnetic field arises from the exciton
population of the Zeeman-split sublevels. For spherical CdSe NCs it is generally assumed,
that the population of the dark exciton ground state is the relevant thermodynamic
quantity, that radiative recombination occurs by coupling to the F' = +£1 states and
that the coupling between F' = +2 and F' = +1 states and between the ' = —2 and
the ' = —1 states occur with equal probability. [43] According to the electric dipole
approximation, the probability for detecting circular polarized light at an angle © with
respect to the magnetic field axis is proportional to (1 4 cos ©)2. [28] Thus, the o+ and
o— polarized intensities become angle dependent

I* =14 2% 7 22po(B, z,T), (2.36)

where © = cos(0). [44] As discussed in section 2.2.4 the magnitude of the Zeeman-
splitting due to the crystal anisotropy is angle dependent as well, therefore pg is a function
of z. In thermal equilibrium the DCP of a single NC can be written as

It —1I- 2 B,z, T
P = __ 2B T) (2.37)
It +1 1+ 22
The time-dependent DCP after pulsed excitation is then described by
pe(t) = pSi[l — exp (—t/75)]- (2.38)

In many experimental situations, one investigates not only single NCs but ensembles
of many NCs with varying orientations, depending on the NC shape and the method
of sample preparation. In case of spherical NCs one assumes a random distribution of
c-axis orientations with respect to the magnetic field. In this case, one has to integrate
expressions (2.37) and (2.38) over all possible angles:

pea _ _fol 2zpo(B,z,T)dx (2.39)
‘ fol(l + 2?)dz -

and
P.(t) = PEI(1 — exp (—t/7,)). (2.40)

Generally, an NC oriented parallel to the magnetic field axis can emit 100% circular
polarized light. In contrast, a NC oriented perpendicular to the magnetic field shows no
circular polarization, due to the vanishing Zeeman-splitting. In an ensemble of spherical
NCs, where the angles between the hexagonal c-axis and the magnetic field are uniformly
distributed between 0° and 90°, the maximal DCP, which can be observed, is 75%. [43]
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Figure 2-10: (a) Ilustration of the depolarization effect in ellipsoidal nanoparticles. (b) De-
pendence of the depolarization coefficients a!l and a* on the aspect ratio. Images are adapted
from Ref. [104].

In experiments with continuous wave (CW) excitation or if one is not interested in
exciton dynamics, the time-integrated DCP is measured. It can be shown that this is

equal to

pint — quTTi. (2.41)
T S

In the limit 7, >> 74, Pcint and Pt are equal. If, however, 74 is comparatively large the

time-integrated DCP can significantly deviate from the equilibrium DCP. [103]

2.4.2 Dielectric enhancement

Nanocrystals are never perfectly spherical. On the one hand, TEMs of spherical NCs
reveal slight ellipticities, which typically become stronger for larger NCs. On the other
hand, as mentioned already in section 2.1 NCs with more complex shapes, such as a rod
shape for instance, can be fabricated by anisotropic growth methods.

Deviations from the spherical symmetry affect both light absorption and light emis-
sion by the so called "dielectric enhancement effect”, which results from the large differ-
ence of the dielectric constant between the nanoparticle and the surrounding medium.
This leads to a depolarization of absorbed and emitted light. The origin of this effect is
illustrated in Fig. 2-10 (a). The NC is approximated as an ellipsoid. An external electric
field Ey parallel to the long axis of the NC induces an opposing field Ep = —aHP/ €0
inside the NC by polarization. Here, P is the polarization and ol is the depolarization
coefficient parallel to the long axis of the ellipsoid. Inside the NC the effective field (local
field) Ejc is therefore smaller compared to Ey. The strength of this effect is described

by the local field factor f!F, which can be written as

I 1

LF — (1 _ O[”) + Oé”:‘is//ﬁ}m? (242)

where rs and kK, are the dielectric constants of the semiconductor and the surrounding
medium, respectively. Due to the anisotropic shape, the described effect is different
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for the semi-major axis b and the semi-minor axis d of the ellipsoid, as illustrated in
Fig. 2-10 (b). This figure shows the depolarization coefficients as a function of the aspect
ratio (b/d) of the ellipsoid, as they are reported in Ref. [105]. In case of a sphere, the
depolarization is equal for both directions, parallel and perpendicular to the light electric
field. However, for fields perpendicular to the semi-major axis, the depolarization is
stronger compared to fields parallel to it. In other words, the electric field along the
semi-major axis is enhanced over the field perpendicular to it. The magnitude of this
effect is described by the dielectric enhancement factor

p = el _ (W (1 —waL)Q (2.43)
‘ ‘f[J,_F|2 Km + (Rs - ﬁm)a” . -

According to Refs. [47,105|, for ellipsoids with b > d the depolarization coefficients can
be written as ot = (1 — al)/2 and ol = d?[In (2b/d) — 1]/b2.

Notably, it has been shown, that the dielectric enhancement effect increases the lin-
ear polarization of the PL of CdSe nanorods, since the transitions with dipole moments
parallel to the c-axis are favored. [47] Furthermore, this effect can lead to a selective exci-
tation of nanoparticles with c-axis parallel to the electric field of the incident light. This
aspect will be addressed in more detail in chapter 5, where the dielectric enhancement
effect and its impact on the PL polarization is discussed for the case of DiR NCs.






Chapter 3

Experimentals

In this chapter the experimental methods, which were used in this study, are described. A
common tool for characterizing semiconductor nanostructures is PL spectroscopy. This
technique involves the generation of eh-pairs by a laser source and the detection of the
light, which is emitted in their recombination process. Structural and electronic proper-
ties lead to certain signatures in the emitted light, which can be identified by analyzing
spectral- or polarization characteristics of the PL or by detecting the arrival of photons
over time. Notably, for investigating exciton dynamics, time resolution of the PL is cru-
cial. Since most of the results, which are discussed in this thesis, are related to exciton
dynamics, in the following emphasis is given to time-resolved PL spectroscopy.

Typically, when spectral characteristics of the PL of NC ensembles are studied exper-
imentally, the size and shape dispersion leads to an inhomogeneous broadening, which
conceales signatures of - for instance - phonons or multiexcitons. A method to prevent
this, is to excite a subensemble of the NCs resonantly, which leads to a narrowing of
spectral lines. Thus, this technique is named fluorescence line narrowing (FLN).

In the beginning of this chapter time-resolved PL spectroscopy and notably the time-
correlated single photon counting technique (TCSPC) is introduced. Afterwards the the
time-resolved PL setup is presented. Following that, the FLN technique is described
in more detail and the corresponding experimental configuration is shown. Finally, an
overview over the studied samples and details on their synthesis are described.

3.1 Time-resolved photoluminescence spectroscopy

In time-resolved PL spectroscopy the time-evolution of the optical response of the ma-
terial of interest is used to get insights into the microscopic carrier dynamics, which
accompany the process of light emission. For this purpose the material is driven from its
equilibrium state by a perturbation, which is a laser pulse in this case. In a semiconduc-
tor, which is excited by an incident light beam of sufficient energy, electrons are promoted
from the valence to the conduction band. The excited electron and the hole, which is
left in the valence band, may spontaneously recombine after some time. In this case the
excess energy can be released in form of light, the PL, or in nonradiative processes, such
as phonon emission or by transferring energy to other particles (Auger recombination),
as described in section 2.3.2.

27
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Figure 3-1: Illustration of the principle of a TCSPC measurement. The inset contains a sketch
of the construction of a typical TCSPC module.

The goal of time-resolved PL spectroscopy is to elucidate the relevance and mech-
anisms of possible recombination pathways of an excited state by detecting the spon-
taneously emitted photons over time. Depending on the probability for the occurrence
of radiative or nonradiative processes, the signal, which is measured in the experiment
can strongly deviate from the monoexponential decay, which results from spontaneous
recombination. The luminescence decay time 7 measured in experiments then depends

on the rates of all processes
1

T=0",
Fr+Fnr

where I, = 1/7, and Ty, = 1/7,, are the radiative and nonradiative rates, respectively.

(3.1)

[58] Furthermore, when ensembles of NCs are investigated or several excited states of a
single NC are involved, due to fluctuations in radiative and nonradiative rates between
different NCs and different states, the measured decay is typically multiexponential.

3.1.1 Time-correlated single photon counting

There are several methods for acquiring an optical waveform over time and these can
be categorized in analogue recording and photon counting techniques. Photon counting
offers a number of advantages over analogue techniques in terms of noise, time resolution,
aquisition time etc. For a detailed discussion the reader is referred to Ref. [106].

Figure 3-1 illustrates the principle of a TCSPC measurement. The sample is excited
by a train of laser pulses, whereupon it can emit a photon. The time between the
excitation pulse and the photon, which is seen by a detector, is measured. This process
is repeated many times and from the measured times between laser pulse and subsequent
photon arrival a histogram is build up, whose envelope (shown as a red curve in Fig. 3-1)
corresponds to the optical waveform. The TCSPC technique requires the probability for
detecting a photon in each excitation period to be small, therefore it is suitable for high
excitation repetition rate experiments with a low intensity response. The probability
for detecting a photon in one excitation cycle must be less than one, since only a single
photon can be detected per cycle.

Technically, TCSPC is realized as depicted in the inset of Fig. 3-1. The pulsed laser,
which is used for excitation, as well as the detection electronics are triggered by a synchro-
nisation source, i.e. the same pulse, which triggers the laser serves as a time reference.
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Figure 3-2: Sketch of the time-resolved magneto-photoluminescence setup. Abbreviations:
APD - avalanche photodiode, L - lens, BS - beam splitter, M - mirror, DM - dirchoic mirror, GF
- gray filter, LP - long pass filter, CCD - charge coupled device. The inset shows the instrumental
response function of the system.

If in one excitation cycle a photon is seen by the detector, a voltage pulse is sent to
the detection electronics. Both, signal and trigger pulse-trains are cleansed by constant
fraction discriminators (CFD) to suppress noise. A time-to-amplitude converter (TAC)
generates a voltage signal, whose amplitude is proportional to the time delay between
the time reference pulse and the pulse induced by the photon. This voltage signal, after
further amplification, is converted by an analog-to-digital converter (ADC) and depend-
ing on the amplitude is saved into a specific digital time channel.

3.1.2 Time-resolved magneto-photoluminescence setup

In Fig. 3-2 a sketch of the experimental setup, which was used for time-resolved PL
measurements, is depicted. The sample of interest was cooled with liquid helium in an
optical cryostat. Thereby, temperatures as low as T' = 2.2 K could be achieved and by
electrical heating the temperature could be increased up to 70 K. The cryostat offered
direct optical access and incorporated a superconducting selenoid, which was capable of
generating magnetic field strenghts up to 17 T. For excitation a pulsed semiconductor
diode laser (I, see Table 3-1), emitting at 405 nm (= 3.06 V) with repetition rates
between 1 Hz and 5 MHz and a nominal pulse duration of 37 ps, was used. The laser
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power was adjusted with a variable gray filter (GF). The beam was directed along the
optical axis by a dichroic mirror (DM) and focused onto the sample by a lens (L), which
also served for collecting the emitted PL. In the detection path remaining scattered laser
light was removed by a longpass filter (LP). For analyzing the polarization in experiments
with an external magnetic field a combination of a quarter wave plate and a Glan-
Thomson-prism (GTP, Polarization Optics in Fig. 3-2) was used. A video camera served
for imaging the sample and laser beam adjustment. The signal was split by a beam
splitter (BS) and was sent, either via a multimode fiber to a monochromator (Ila/b in
Table 3-1) with a nitrogen-cooled charge-coupled device (CCD, IIla/b in Table 3-1) for
spectral resolution, or to the time-resolution detection electronics, which consisted of a
single photon detector (APD, IV in Table 3-1) in combination with a TCSPC module
(V in Table 3-1).

The time-resolution of the system is a crucial parameter, since it limits the capability
for measuring the dynamics of the process of interest. Processes occuring on shorter
timescales than the lower limit of temporal resolution of the setup cannot be resolved.
The time-resolution can be estimated by measuring the instrumental response function,
which is affected by the respective time-resolution of each component used in the setup.
It was measured by directing scattered excitation light onto the detector. The result is
depicted in the inset of Fig. 3-2. The curve has a full width at half maximum (FWHM)
of approximately 250 ps, which corresponds the limit of temporal resolution of the setup.

The bottom part of the insert, which was used for mounting the sample into the
cryostat, is depicted in Fig. 3-3. It contains the excitation/detection lens, the sample
holder and a positioning system (VI in Table 3-1), allowing for precise positioning of the
sample with sub-nm resolution. Typically, for NC ensemble measurements, a lens with
a focal length f = 50 mm was used. For high resolution measurements, the lens was
exchanged by either a microscope objective (numerical aperture: NA = 0.8, working
distance: WD = 0.4 mm) or an aspheric lens (f = 6 mm).

Index | Device Model Specifications/Details

Repetition rate: 1 Hz - 5 MHz
Nominal pulse duration: 37 ps

I Pulsed laser ALPHALAS PICOPOWER-LD-405 | Wavelength/Energy: 405 nmn/3.06 eV

ITa Monochromator 1 YOBIN IVON SPEX, TRIAX 550 Focal length: 550 mm
Gratings used: 600 g/mm
Slit width: 0.2 mm

IIb Monochromator 2 PRINCETON INSTRUMENTS Focal length: 500 mm
SP25001 Gratings used: 150 g/mm

Slit width: 0.2 mm

I11a CCDh 1 HORIBA, SpectrumONE CCD-3500 | Nitrogen cooled

IITb CCD 2 ROPER SCIENTIFIC SPEC-10:400 | Nitrogen cooled

v APD MPD-1CTC Time resolution: < 50 ps

A% TCSPC module PICOQUANT PICOHARP300 Histogram time bins: 65536
Minimum width per bin: 4 ps

VI Positioning system | ATTOCUBE ANP(x,y,z)101 Pecision: < 1 nm

Table 3-1: Devices belonging to the time-resolved magneto-photoluminescence setup.
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Figure 3-3: Photograph of the sample holder and the positioning system.

3.2 Fluorescence line narrowing

When an ensemble of NCs is excited non-resonantly, (the laser energy is larger than the
energy of the first absorption peak) the PL spectrum has a gaussian shape and is inhomo-
geneously broadened, due to the shape and size dispersion within the ensemble, typically
to several tenth of meV. This makes it impossible to resolve signatures of the exciton
fine-structure, phonons or multiexcitons. In fluorescence line narrowing experiments the
laser energy is tuned to be in resonance with only a small fraction of NCs. This leads to
selective excitation of these NCs and considerably narrower lines in PL spectra. [48]

In Fig. 3-4 typical PL spectra of a CdSe NC ensemble, obtained with non-resonant
and resonant excitation at a temperature 7" = 4.2 K, are shown. The black curve is
a spectrum obtained by non-resonant excitation at Ajager = 405 nm (3.06 eV). It has a
gaussian shape and a FWHM of approximately 100 meV. If the sample is excited at a
wavelength of Ajaser = 532.177 nm (2.33 €V, the laser line is indicated as a green line)
several narrow peaks can be observed in the FLN spectrum, which is shown as a red
curve. The first peak on the low energy side of the laser corresponds to the zero phonon
line (ZPL). Further, in the low energy regime several phonon replicas can be observed,
each shifted by multiples of the bulk LO-phonon energy of 25 meV. [4§]
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Figure 3-4: Comparison of PL spectra of bare CdSe NCs obtained by non-resonant excitation
at an energy 3.06 ¢V (black curve) and resonant excitation at an energy 2.33 €V (red curve) at
T = 4.2 K. The laser line for the case of resonant exciation is shown as a green line.

3.2.1 Fluorescence line narrowing setup

The setup, which was used for FLN, is depicted in Fig. 3-5. The sample was mounted
in an optical cryostat and was cooled with liquid helium. The temperature was varied
between 1.6 K and 40 K. For excitation, a continuous wave (CW) diode-pumped solid-
state laser (I, See Table 3-2) operated at a wavelength of 532.177 nm was used. The
excitation power was varied with a gray filter. In order to suppress laser stray light in
the signal a cross-polarized excitation/detection scheme was used. The laser was linearly
polarized by a GTP and was then focused onto the sample. In the detection path another
GTP, rotated by 90° with respect to the GTP in the excitation path, removed laser stray
light from the signal. A video camera was used for imaging of the sample and for laser
beam adjustment. For spectral resolution the PL was sent through a triple spectrometer
(IT in Table 3-2) and was imaged by a nitrogen cooled CCD (IIT in Table 3-2). The triple
spectrometer consists of three single monochromator stages (S1, S2 and S3) and it can be
used in either additive or subtractive mode. The subtractive mode was used, because it
allows for good stray light rejection. It is illustrated in Fig. 3-6. In this configuration the
first two stages (S1 and S2) are used as a tunable bandpass filter. S1 disperses the signal
and images the spectrum onto the output slit. By adjustiing the slit width the spectral
range of interest can be selected. In stage S2 the resulting signal is focused onto the
output slit, thereby unwanted stray light is rejected. The stage S3 is used for dispersion
of the signal and it projects the spectrum onto the CCD.

3.3 Samples

The nanoparticles, which were studied in this thesis, were fabricated by Raquel Gomes
and Tangi Aubert in the department Physics and Chemistry of Nanostructures of Ghent
University in 9000 Ghent, Belgium. An overview is given in Table 3-3. The spherical core
is made of CdSe and, in case of the core/shell type, is capped by a CdS shell of either
spherical shape or rod shape (dot-in-rod). The core sizes were determined by UV-Vis



3.3 Samples 33

MH GTp L ﬁ

BS GTP Z = ———

VAl VAl vA L/‘_'B L [I
Triple spectrometer L —

aoso

Cryostat

D Video camera

Figure 3-5: Sketch of the fluorescence line narrowing setup. Abbreviations: GF - gray filter,
BS - beam splitter, M - mirror, L - lens, GTP - Glan-Thompson prism, CCD - charge-coupled
device.
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Figure 3-6: Illustration of a triple spectrometer operated in subtractive mode. The arrows
indicate the light path.

spectrometry from the first absorption peak energy and by using a sizing curve published
in Ref. [107|. The length, width or thickness of the shell was determined by TEM image
inspection. Typical TEM images of DiRs and spherical core/shell NCs are shown in
Figs. 3-7 (a) and (b). Typically, in DiR NCs the core is centered at around 1/3 of the
rod length, as indicated in the sketch of the DiR geometry in Fig. 3-7. The hexagonal
c-axis is parallel to the long axis of the rod. [108] To obtain the sizes listed in Table 3-3
several particles were measured in TEM images and a fit of the resulting histograms by
a gaussian distribution function yielded the average particle size.

The DiRs were fabricated by the seeded growth approach, as described in Ref. [108].
In this method, ready-made bare CdSe NCs are used as a seed for the growth of the
anisotropic CdS shell. In the beginning CdO is decomposed in the presence of phosphonic
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Index | Device Model Specifications/Details
I CW laser LIGHTHOUSE PHOTONICS Wavelength/Energy: 532.177 nm
SPROUT-G Max. average output power: > 10 W
Output power used : < 0.2 W
II Triple spectrometer | PRINCETON INSTRUMENTS | Operated in subtractive mode
TRIVISTA 555 Focal length: 500 mm

Gratings (S1/S2/S3):
900,/900/900, in g/mm

I CCD PRINCETON INSTRUMENTS | Nitrogen cooled
SPEC-10:2K /LN

Table 3-2: Devices belonging to the fluorescence line narrowing setup.
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Figure 3-7: Transmission electron microscope (TEM) images of (a) DiRs (sample #4) and (b)
spherical core/shell NCs (sample #R5). The NC geometry is illustrated by the sketches above.

acids and the mixture is heated up to 350 — 380°C. A separate solution containing sulfur
dissolved in trioctylphosphine as well as CdSe NCs, which have been previously prepared,
is quickly injected into the heated flask. After the injection the CdS binds preferentially
to the CdSe cores instead of forming seperate nulcei, since the activation energy for
attaching to CdSe is lower. The growth is further controlled by the duration, in which
the heating is kept running. The morphology of the NCs can be controlled by adjusting
the seed diameter, the growth temperature and the amount of precursors and seeds which
are injected.

The spherical core/shell NCs have been synthesized using the so-called "flash” syn-
thesis, as reported in Ref. [109]. Similar to the DiR synthesis, this method utilizes a
seeded growth approach. Instead of using phosphonic acids, however, in this method
carboxylic acid is used, which promotes isotropic growth of CdS on the CdSe seed.

For experimental investigation a droplet of 1 uL. NCs, which were dissolved in toluene
(the concentration was a few uM), was transferred on a 6 x 6 mm or 3 X 3 mm glass-slide
and afterwards dried.



DiR NCs

# | Core diameter | Shell length | Shell width | Material
D (nm) L (nm) W (nm) | Core/Shell
1 2.5 28.9(1.5) 5.3(0.5) CdSe/CdS
la 2.5 20(1) 4.5(0.5) CdSe/CdS
2 2.5 22(2) 3.8(0.3) CdSe/CdS
3 2.5 22.8(1.8) 3.4(0.2) CdSe/CdS
3a 2.5 62(2) 3.1(0.2) CdSe/CdS
4 3.2 60(5) 4.1(2) CdSe/CdS
4a 3.2 41(2) 4.1(0.2) CdSe/CdS
5 3.2 32(1) 4.1(0.3) CdSe/CdS
6 3.7 20.4(1.3) 6(0.6) CdSe/CdS
7 3.7 26.5(2.7) 5(0.3) CdSe/CdS

’ Spherical NCs ‘

# | Core diameter Shell thickness Material
D (nm) S (nm) Core/Shell

R1 3.1 2 CdSe/CdS

R2 2.7 0 CdSe/no
R3 2.7 0.8 CdSe/CdS
R4 2.7 3.7 CdSe/CdS
R5 2.7 5.3 CdSe/CdS

Table 3-3: Parameters of studied samples. Shell length, shell width and shell thickness were
deduced from TEM images. Numbers in brackets denote standard deviations. The core size was

derived from the first absorption peak energy in combination with the sizing curve reported in
Ref. [107].
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Chapter 4

Exciton fine structure and

recombination dynamics in

CdSe/CdS nanocrystals - Role of
the shell shape

In this chapter the effect of the shell shape of CdSe/CdS NCs on the exciton fine structure
and exciton dynamics is studied at low temperatures. As discussed in section 2.2.3 some
of the fine structure states are optically forbidden in the electric-dipole approximation.
Depending on the ordering of the fine structure states, especially at low temperatures,
at which only the lowest fine structure states are thermally populated, the type of the
exciton ground state (spin singlet or triplet) determines the optical response of the NC.
The energy splitting between spin singlet and triplet states depends on the eh-exchange
interaction, which is strongly enhanced in NCs compared to bulk material. The exchange
strength constant 7 is inversely proportional to the cubic NC radius in spherical NCs. [28§]
The experimental results, which are presented in this chapter, indicate, that the eh-
wavefunction overlap can be tuned by changing the size and shape of the CdS shell, due
to a significant leakage of the electron wavefunction into the shell material. This affects
the exciton fine structure as well as exciton recombination dynamics.

The chapter is structured as follows: In the upcoming section findings of preceding
experimental and theoretical studies relevant to this topic are discussed. Later on, the
experimental approach is described and the results are presented and interpreted. Finally,
a summary of the findings is given.

Some of the experimental findings, which are discussed in this chapter, have been
previously published in Ref. [110] and some have been presented in a Master’s thesis, [111]
which was supervised by the author.

4.1 Introduction

The growth of a shell with material having a larger band gap (E, ~ 2.5 eV for CdS at
helium temperature) than the core material (£, ~ 1.75 eV for CdSe at helium tempera-
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ture) leads to the formation of a potential well in the core region. A scheme of the band
alignment for this configuration is depicted in Fig. 4-1 (a). The potential well constituted
by the core affects the spatial spread of the carrier wavefunctions due to confinement.
Depending on the difference in valence band and conduction band alignment between the
shell and the core material, the degree of confinement can be different for the electron
and the hole, leading to an effective spatial separation of the carriers. This affects the
strength of their interaction.

The magnitudes of the conduction and valence band offsets are not well known,
although they were subject to several theoretical [112] and experimental studies. [66,112—
115] While for the valence band the consens is a positive band offset with values between
AE, ~ 0.3 ¢V and 0.78 eV, [66,112-114] corresponding to a type-I band alignment, the
situation for the conduction band is less clear. The suggested values for the conduction
band offset vary between AE, = —0.3 eV and 0.32 eV. [66, 113-115] Negative offset
values in the conduction band correspond to a quasi type-II band alignment, for which
the electron is preferentially localized in the shell region.

Figure 4-1 (b) shows the calculated spatial probability distribution P(r) o< 72|t 5 (1)|?
as a function of the distance from the core center for the electron and the hole, assuming
a conduction band offset of AE, = 0.32 ¢V and a valence band offset AE, = 0.42 eV [as
shown in Fig. 4-1 (a)| for various shell thicknesses around the CdSe core. Here, W.(r) and
U, (r) are the electron and hole envelope wavefunctions. These calculations are based
on the single band effective mass approximation (EMA) approach, as described in sec-
tion 2.2.2 as well as in Refs. [8,36,65,66|. The effective masses of electron (e) and hole
(h) were taken to be m¢ = 0.13mg, m¢ = 0.21mg, mP = 0.45my and m” = 0.68my,
where myg is the free electron mass and the indices ¢, s denote the core and the shell,
respectively. |36, 65,66 The calculations indicate, that the hole is predominantly con-
fined in the core region, whereas the electron wavefunction significantly leaks into the
shell, due to the smaller height of the potential barrier in the conduction band formed
by the core/shell interface and because of its lower effective mass. With increasing shell
thickness, the electron gets further delocalized over the shell, obvious from the spread
of the electron spatial probability distribution into this region [compare the green, red
and orange shaded areas in Fig. 4-1 (b)|. In contrast the hole wavefunction (grey shaded
area) remains almost unaffected and as a result the eh-wavefunction overlap decreases
with increasing shell thickness.

The spatial separation of the eh-pair has important consequences for the exciton re-
combination dynamics and for the exciton fine structure. On the one hand the radiative
decay rate of the bright exciton, within the EMA, is proportional to the overlap inte-
gral O,y = | [ d3r¥.(r)¥,(r)|% [26,28] An increase in electron and hole wavefunction
overlap leads to an increase of the probability for radiative recombination. On the other
hand, the energy splitting A Epy between bright (singlet) and dark (triplet) exciton states
depends on the short-range exchange interaction, which is related to the envelope wave-
functions by & = [ d3r|We(r)[*|¥n(r)% [7,28] In Ref. [66] Brovelli et al. report, that
changes in shell thickness lead to an proportional change in both quantities and infer
a linear dependence between the bright-dark energy splitting and the overlap integral
AFEp; = AgOe_p, where Ag is the exchange interaction splitting when the e-h overlap is
unity. The effect of a change in shell thickness on the PL decay strongly depends on the
temperature. At high temperatures, where kT > AFy4, the exciton radiative recom-
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Figure 4-1: (a) Band alignment diagram of a spherical CdSe/CdS core/shell NC. (b) Spatial
probability distribution of hole (h) and electron (e) for a NC with a core size of 3 nm and varying
shell thickness S. The calculation is based on the EMA approach similar to Ref. [66].
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bination rate is expected to decrease with increasing shell thickness, due to the reduced
overlap integral ©._p. On the contrary, at low temperatures the thermal population of
the bright and the dark exciton state, which is dependent on the bright-dark splitting,
becomes relevant. In this regime, an increasing shell thickness leads to a decrease of
the exchange splitting and thereby to an increase of the radiative rate due to thermal
population of the optical bright state.

Theoretical and experimental investigations regarding the influence of the shell on the
exciton fine structure, especially on the bright-dark energy splitting, up to now have been
restricted to core/shell NCs with spherical symmetry. [28,66,116,117] Studies on more
complex heteronanostructures, such as DiR NCs, which combine a spherical core with a
rod-shaped shell, are rare. These structures are interesting, since they allow to exploit
the possibilities to control carrier interactions further, and thereby the optical properties
of the NC, by means of tayloring the confinement of individual carriers. In DiR an
electron, which leaks into the shell faces a reduced confinement in the rod axis direction.
As a result an asymmetric spread of the electron wavefunction is expected. This aspect
has been adressed theoretically and in numerous experiments employing very different
techniques. For example, studies utilizing time-resolved PL and transient absorption
measurements report on enhanced electron delocalization into the shell, preferentially in
the rod axis direction, at elevated temperatures. Due to a decreasing eh-wavefunction
overlap the radiative decay rate decreased with increasing shell aspect ratio, i.e. the ratio
of shell length and width, or shell volume and the effect seemed to be independent of the
core size. [113,115,118]

However, none of the aforementioned studies explicitly considers the consequences of
electron delocalization into shells with anisotropic shape for the exciton fine structure
and for exciton relaxation and recombination dynamics at low temperatures. This study
aims to to fill this gap and clarifies, how the shell shape affects the exciton fine structure,
notably the bright-dark energy splitting, which determines exciton relaxation processes
and thereby the optical properties of DiR nanostructures at low temperatures.

Apart from revealing the magnitude of the bright-dark energy splitting for various
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DiR nanostructures and deriving a dependence between the splitting and the shell di-
mensions, the impact of the shell shape on bright and dark exciton recombination rates
is discussed. The physical origin of dark exciton radiative recombination is a long stand-
ing puzzle, which is unresolved yet. In the electric dipole approximation momentum
conversation requirements inhibit the radiative transition from the dark exciton ground
state with angular momentum |F| = 2 to the vacuum state, since the absolute value of
the photon angular momentum is 1. [28] While momentum conversation could be satis-
fied by a LO phonon assisted transistion, where an emitted phonon carries part of the
angular momentum projection, FLN experiments clearly evidenced the excistence of a
weakly allowed ZPL, whose intensity increases with increasing magnetic field. [28,48,119]
This observation suggests the existence of an alternate mechanism. It is well estab-
lished, that an external magnetic field, if oriented perpendicular to the hexagonal axis
of wurtzite type NCs, can mix the optical forbidden exciton states with optical allowed
states. [28,43,103, 120] This mixing gives oscillator strength to the previous forbidden
transitions, leading to a shortening of the PL decay with increasing magnetic field and
an increase of the intensity of the ZPL in FLN experiments. This aspect led to the
hypothesis, that mixing of dark and bright exciton states by internal magnetic fields
may give rise to the observed ZPL. Several origins have been proposed to be capable of
mixing dark with optical allowed states, for example paramagnetic defects, [28] surface
ligands [121] or dangling bonds. [122] However, no experiments were able to clarify the
exact origin of dark exciton recombination. As will be discussed, the experimental re-
sults presented here support a surface assisted mechanism. Besides revealing a strong
correlation between bright-dark energy splitting and the dark exciton radiative rate the
results indicate a strong dependence of the dark exciton lifetime on the shell shape.

4.2 Experimental approach

The experimental approach for investigating the exciton fine structure was used in sev-
eral studies on spherical core/shell NCs [66,116,117,123,124] and is based on the as-
sumption, that at low temperatures, due to the low thermal energy of the excitons,
the exciton fine structure can be approximated by a three level system, as depicted in
Fig. 4-2 (a). It consists of the exciton ground state |G), the lowest excited state |F),
which is optically forbidden (the forbidden transition is indicated by the red dashed ar-
row), and a higher lying optically allowed state |A) (the allowed transition is indicated
by the red solid arrow). The states |A) and |F') are split by the bright-dark energy
AFEp;. The model assumes, that there is radiative recombination from these states with
rates I'y and I'r respectively. The luminescence intensity in this case can be written as
I(t) = nalapa + nrl Fpr, where na,r are the corresponding quantum efficiencies and
pa,r the occupation numbers of the respective levels. Furthermore, the model includes
thermal coupling between the excited states. In this regard 7 describes the spin relax-
ation from |A) to |F) at T'= 0 K and 79 Np = 7, the coupling between these states due
to phonons. Here Ng = 1/(exp(AEy/kpT) — 1) is the phonon occupation according to
the Bose-Einstein statistic.

After excitation by a laser pulse, the following rate equations describe the dynamics



4.2 Experimental approach 41

Intensity (a. u.)

Y A |G>

Figure 4-2: (a) Simplified model of the energy level scheme of the lowest exciton fine structure
states. The red arrows denote optically allowed (red solid arrow) and optically forbidden (red
dashed arrow) transitions. (b) Typical luminescence decays for (1) a single NC at low temper-
ature, (2) a single NC at high temperature and (3) an ensemble of NCs at low temperature.
Adapted from Ref. [116].

in this system:
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With the assumption g > 'y > 'y the luminescence intensity as a function of time
can be written as
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Here, p4(0) denotes the initial occupation of state |A) after the exciting laser pulse. The
time evolution of the intensity has the form of a biexponential decay, where the two

components have the characteristic rates

TS;I%)IT = 70(1 + 2NB>

1 Ta+Tpg <FA—FF) (AEbd> (4'3)
— tanh .

Tlong = 79 2 epT

The short component corresponds to the relaxation rate from the upper to the lower
state, at low temperatures it is Tsi(ljrt ~ vo. Thus, Tghert is @ measure for how long it takes
the system to achieve thermal equilibrium. At long times photons stem from radiative
recombination of excitons from the lower state |F) and thermally excited excitons from
the upper state |A). At high temperatures, at which the upper and the lower state
are equally populated, the short component vanishes for ps(0) = pr(0) = 1/2 and the
decay occurs with a rate 1/mong = (s +I'r)/2. At low temperatures the rate 1/7ong
corresponds to the dark exciton radiative rate 1/ Tlong = L'F.

Typical luminescence decays observed for spherical CdSe/ZnS NCs are shown in
Fig. 4-2 (b). The decay of a single NC [curve (1)] at low temperatures is biexponential
as described by Eq.(4.2). As the temperature is increased the amplitude of the short
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Figure 4-3: Dependence of the normalized PL spectra on (a) rod width W (samples #1,#2,#3
in Table 3-3) and (b) rod length L (samples #4,#4a,#5 in Table 3-3) for a fixed core size of
D =25nmin (a) and D = 3.2 nm in (b).

component vanishes and a shortening of the long component is observed, leading to a
monoexponential decay at elevated temperatures, as shown by curve (2) in Fig. 4.2 (b).
An ensemble of NCs exhibits a multiexponential decay, although the signatures of the
biexponential behaviour are still visible, as can be seen from curve (3) in Fig. 4.2 (b). [116]

From Eqgs.(4.2) and (4.3) it is clear, that by measuring the luminescence decay over
time as a function of temperature, exciton fine structure parameters, such as the bright-
dark energy splitting AFEyq and the radiative recombination rates I' 4  can be extracted
from the experimental data. This technique was used to determine these quantities for
DiR nanostructures and to clarify their dependence on shell shape and core size. The
results are described in the following section.

In this experiment all DiR NCs listed in Table 3-3 have been studied, therefore three
different core sizes with various shell geometries have been available. In order to prevent
any multiexcitonic effects, the samples were excited with low average excitation power
(< 0.02 W/cm?) and with a repetition rate of either 500 kHz or 1 MHz, allowing for
complete decay of the PL before reexcitation.

4.3 Experimental results and discussion

Time-integrated PL spectroscopy

A first clue about the spatial extension of the exciton wavefunction can be obtained by
analyzing exciton PL spectra and their dependence on the geometry of the NC. Charac-
teristic spectra, obtained at 7' = 4.2 K, are shown in Fig. 4-3 (a) for DiRs having a similar
core size and rod length but a varying rod width (samples #1-#3), and in Fig. 4-3 (b)
for DiRs with similar core size and rod width but with a varying rod length (samples
#4,#4a and #5). Tt is obvious from these figures, that an increase in rod width from
3.4 nm to 5.3 nm leads to a shift of the PL maximum to lower energies by approximately
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0.1 eV, whereas a change in rod length from 30 nm to 60 nm leaves the PL maximum
position almost unchanged. These observations suggest that the exciton is confined in
the plane perpendicular to the rod axis, consequently an increase in rod width leads to
lower quantization energies. In contrast, no confinement seems to be present parallel to
the rod axis and a change in rod length does not alter the kinetic energy of the carriers.

As a first approximation the transition energies for a core/shell system can be calcu-
lated with the single band EMA approach, [8,36,65,66] as described in section 2.2.2.
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Figure 4-4: Model of the 1S transition energy for a spherical core/shell NC with core sizes
D =2.5nm and D = 3.2 nm, calculated with the EMA approach. The black and red triangles
correspond to the maximum peak energies derived from the spectra shown in Figs. 4-3 (a) and
(b). The inset illustrates the geometry considered for the calculation.

The 1S transition energies can be derived from the condition, that the wavefunction
vanishes at the shell boundary and for a core/shell NC they can be calculated according to
Eq.(2.16). Figure 4-4 shows the calculated 1S transition energy for a spherical core/shell
NC with core diameters 2.5 nm and 3.2 nm as a function of shell thickness, assuming
similar values for the effective masses, conduction and valence band offsets and bandgap
energies as they are given in Refs. [36,65,66]. From the calculated curves it is obvious,
that the 1S transition energy depends on the core size as well as on the shell thickness.
On the one hand, a change in core size by 0.7 nm leads to a decrease of roughly 0.15 eV
in the transition energy. On the other hand, as the shell thickness is increased from
0.5 nm to 5 nm the transition energy is reduced by approximately 0.6 eV. This change
in energy results from the varying degree of confinement for the electron and the hole
with varying core size or shell thickness. While a change in core size strongly affects
the confinement of both carriers, a change in shell thickness influences predominantly
the confinement of the electron, due to its higher probability to leak into the shell as
a result of the smaller conduction band offset and its lower effective mass, which was
assumed for this calculation. This explains the comparatively large change in energy
with increasing core size. From the curves it is also obvious, that the energy is sensitive
to changes in shell thickness only up to a few nm. This results from the finite leakage of
the electron wavefunction into the shell material. At small shell thicknesses, the electron
still "feels” the boundaries of the NC, while at larger shell thicknesses the electron is not
confined by the NC boundaries anymore. Naturally, the upper boundary of the sensitive
regime is where the overall size of the NC is equal to the bulk exciton Bohr radius,
which is ae; = 5.6 nm in CdSe. [26] It is expected, however, that due to the additional
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confinement potential constituted by the core, the sensitive regime regarding the shell
thickness is smaller, in accordance with the calculated curves in Fig. 4-4.

The maximum peak energies derived from the DiR spectra in Figs. 4-3 (a) and (b) are
also shown in Fig. 4-4 as black and red triangles, respectively. Apparently, the data points
deduced from the spectra deviate considerably from the calculated curves, although the
essential trend seems to be consistent. The deviations could have the following reasons.
Firstly, it is expected, that due to the lack of confinement along the rod axis, the quantum
size effect for the electron is weaker compared to the spherical configuration, where
the electron confinement is present in all three spatial dimensions. This reduces the
confinement energy and could result in the observed redshift of the experimental data
with respect to the calculated curves. Secondly, the core size of the NCs investigated in
this thesis was determined by comparing the 1st absorption peak energy to a sizing curve
given in Ref. [107]. This curve was received by measuring the size of several bare core
NCs in TEM images. However, due to the low contrast between the NC and the carbon
grid, especially the determination of the core size by TEM observation is imprecise and
strongly depends on individual measurement techniques. It is therefore possible, that
the core sizes of the samples investigated here are underestimated.

Finally, it has to be noted that the EMA approach can give only a qualitative under-
standing of transition energies and the spatial distribution of the carrier wavefunctions,
since it utilizes a couple of simplifications, such as the assumption of single parabolic en-
ergy bands for the electron and the hole. It neglects the complex valence band structure,
which is typically found for real semiconductor NCs, as well as effects such as valence
subband-mixing or the eh-Coulomb interaction. [125] Nevertheless, the EMA calculations
can help to understand the essential trends, which could be observed in the spectra shown
in Figs. 4-3 (a) and (b).

The inhomogeneous broadening in ensemble PL spectra, which arises from the NC
size dispersion, does not allow for identification of fine structure states involved in the
radiative recombination process. Therefore, this technique is not suitable to go beyond
the preceding considerations. As was discussed in the previous section time-resolved
PL spectroscopy can give insights into the composition of the exciton fine structure
and exciton recombination dynamics. In the following the results of time-resolved PL
spectroscopy are discussed.

Time-resolved PL spectroscopy

Figure 4-5 shows the typical evolution of the PL decay (i.e. the PL intensity over time)
for DiRs as the temperature is increased from T = 2.2 K to 60 K. At low temperatures
the decay exhibits a clear biexponential shape. The short component has a lifetime of
a few ns, whereas the lifetime of the long component is on the order of hundreds of
ns. As the temperature is increased, the weight of the short component decreases and
simultaneously the lifetime of the long component is reduced. At T = 60 K the decay
is almost monoexponential. As discussed in section 4.2, this behavior is characteristic
for exciton recombination within a system, which consists of a bright state and a dark
exciton ground state with very different radiative rates [Fig. 4-2 (a)].

In Fig. 4-6 (a) the PL decays of DiRs (samples #1,#1a,#2,#3 in Table 3-3), which
exhibit similar core sizes and comparable lengths of the CdS shell, are shown for T' =
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Figure 4-5: Temperature dependence of the PL decay for sample #1 (DiR, D = 2.5 nm,
W =5.3 nm, L = 28.9 nm). Offsets were added to succeeding curves for clarity.

4.2 K. With increasing rod width, the long component of the biexponential decay is
shortened and the weight of the short component is reduced. This aspect is highlighted
in the inset of Fig. 4-6 (a). The shortening of the long component indicates a change of
exciton fine structure parameters, since at a given temperature according to Eq.(4.3) the
long component is affected only by the dark and bright radiative rates and the bright-dark
energy splitting. In contrast, as can be observed from Fig. 4-6 (b) a change in rod length
does not alter the PL decay dynamics significantly (these DiRs correspond to samples
#4,#4a,#5 in Table 3-3). This observation substantiates the assumption of a localization
of the electron and the hole in the vicinity of the core. Therefore changes in rod length
do not influence the eh-wavefunction overlap, which, as discussed in the beginning of this
chapter, determines recombination dynamics and the bright-dark energy splitting, due to
the eh-exchange interaction. In contrast, as is obvious from Fig. 4-6 (a), by altering the
rod width, the recombination dynamics and the fine structure splitting can be modified.

In order to quantify the impact of the rod width in this regard, the temperature de-
pendence of the PL decay is analyzed for DiRs with varying shell shapes and core sizes.
As discussed in section 4.2, the bright-dark energy splitting and the bright and dark
recombination rates can be determined from the evolution of the long component with
temperature [Eq.(4.3)]. To this end, the long component of the PL decay at a given tem-
perature was fitted with a monoexponential decay of the form I(t) = Iyexp (—t/Tiong),
where Iy denotes the initial intensity and 7jong the characteristic lifetime of the long
component. Figures 4-6 (c,d) summarize the evolution of I'y, = 1/7jopg With increasing
temperature for samples #1,#1a,#2,#3 in (¢) and samples #4,#4a,#5 in (d). In order
to determine the fine structure parameters the data points were fitted by Eq.(4.3). The
resulting curves are shown as blue solid lines in Figs. 4-6 (c,d). The insets show the
resulting bright-dark energy splitting AFEp, as a function of rod width in (¢) and as a
function of rod length in (d). As the rod width is increased from 3.4 nm to 5.3 nm, AFEy,
decreases by approximately 2 meV. A change in rod lengths does not change the energy
splitting significantly. The decrease of AFyg with increasing rod width is a result of the
decreasing eh-wavefunction overlap with increasing shell thickness, due to progressive
electron leakage into the shell. As shown by Brovelli et al., a change in wavefunction
overlap leads to a proportional change in the energy splitting AFEpq, as a result of the
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Figure 4-6: (a) PL decay for samples with similar core size (D = 2.5 nm) and different rod
widths (samples #1,#1a,#2,#3 in Table 3-3). The inset shows the decay at early times. (b)
PL decay for samples with similar core size (D = 3.2 nm) and different rod lengths (samples
#4 #4a,#5 in Table 3-3). Evolution of the long component of the PL decay with temperature
for various (c) rod widths and (d) rod lengths. Blue lines are fits according to Eq.(4.3). The
insets show the bright-dark energy splitting obtained from the fits as a function of rod width in
(c) and as a function of rod length in (d).

modified eh-exchange interaction. [66] Consequently, since the rod length does not influ-
ence the electron and hole wavefunctions for the extensions considered here, it does not
influence the bright-dark energy splitting either.

AFEp; was determined for all DiR samples listed in Table 3-3 using the method de-
scribed above. The resulting values are plotted in Fig. 4-7 (a) as a function of shell
thickness. The previously observed trend of a decreasing energy splitting with increasing
shell thickness is consistent for each set of samples with a specific core size and in the
range of shell thicknesses of the samples investigated here (0.3 nm up to 1.5 nm) the
energy splittings vary by approximately 3.5 meV. This change in AFEpg is comparably
large, since in a similar experimental study on spherical CdSe/CdS NCs a change in AFEpq
by 2 meV was determined for a change of shell thickness from approximately 1 nm to
6 nm [38] and for bare CdSe NCs a change of 1 meV was observed for a change of 5 nm in
NC diameter. [117] However, the large energy splittings observed in this experiment are
in accordance with theoretical calculations for bare CdSe NCs, which predict a higher
sensitivity of AEpq on the NC size (0.2 —13.5 meV for a change in NC size from 10 nm to
2 nm, [28] 3— 17 meV for a change in NC size from 7.5 nm to 1.7 nm, [68] or 4.4—16 meV
for a change in NC size from 3.7 nm to 1.9 nm. [67])
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Figure 4-7: Bright-dark energy splitting as a function of (a) shell thickness and (b) inverse
squared rod width W2, Dashed lines are guides to the eye.

In Fig. 4-7 (b) the determined energy splittings are plotted as a function of the inverse
squared rod width W 2. Apparently, there is a quadratic dependence between AEp; and
the rod width, regardless of the core size and rod length. In a bare spherical NC (i.e.
without a shell) the short-range exchange interaction strength and thereby the energy
splitting decreases inversely proportional to the volume of the NC, i.e. AEpg o< 1/R3,
where R is the NC radius. [7,28] Therefore, in a nanostructure with two-dimensional con-
finement a square dependence on the diameter can be expected. However, in a core/shell
structure the situation is more complicated due to the different confinement for the elec-
tron and the hole. The core size is expected to strongly influence the eh-wavefunction
overlap, since it affects the confinement of both carriers. As shown in Ref. [36], this
decides, wether electron and hole show either type-I or type-II behavior. This could
also explain the tendentially lower energy splittings for larger core sizes in Fig. 4-7 (a).
In contrast, the overall diameter (or shell thickness) should predominantly influence the
electron, because the hole is more strongly confined to the core due to its comparably
large effective mass.

It is worth noting, that many-body pseudopotential calculations of the exciton fine
structure in spherical CdSe NCs yielded an inverse square dependence of the energy
splitting between bright and dark excitons states on the NC size. These calculations, in
contrast to the EMA approach of Efros et al., consider the presence of a long-range part
of the eh-exchange interaction, which is made responsible for the discrepancy between
the models regarding the singlet-triplet splitting. [68,126]

Bright and dark exciton radiative rates

Apart from the energy splitting, the fit of the temperature dependence of the long PL
decay component with Eq.(4.3) yields the radiative recombination rates/times I'gy g /74 F
for the bright (A) and the dark (F) exciton state. In the following passage, the depen-
dences of the radiative rates on the shell shape are discussed.

Figure 4-8 (a) shows the radiative recombination time (lifetime) of the bright exciton
state as a function of the rod width W for all studied DiR samples. The times vary
between approximately 3 ns and 7 ns. These lifetimes have a comparable magnitude to
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Figure 4-8: (a) Bright exciton radiative lifetime as a function of rod width W. The red circle
marks a value, which strongly deviates from the trend, which is indicated by the dashed black
and green lines. (b) Dark exciton radiative lifetime as a function of rod width W. The dashed
blue line is is a polynomial interpolation. The inset depicts the dependence of the dark exciton
radiative lifetime on the bright-dark energy splitting A Fpq. Here, the dashed blue line serves as
guides to the eye.

values reported in other experimental studies (74 = 7.7 ns for single CdSe/ZnS core/shell
NCs of comparable size [116] or 74 = 8 ns for bare CdSe NC with sizes around 2 nm [116])
and theoretical predictions of 13.3 ns for the +1% radiative lifetime in bare CdSe NCs
with a size of 1.2 nm, obtained in the framework of the multiband EMA. [28] For a given
core size, with increasing rod width (or shell thickness) the radiative recombination time
increases (strong deviations from this trend are tagged with a red circle). This obser-
vation can be attributed to the decreasing eh-wavefunction overlap with increasing shell
thickness. As stated earlier, in the EMA the radiative rate of the bright exciton is typi-
cally directly proportional to the square of this overlap 'y o< Oc_j, = | [ d3rW.(r)¥(r)[%
With increasing electron leakage into the shell, the spatial overlap between electron and
hole decreases. This effect was also observed in time-resolved PL experiments at higher
temperatures. [38] However, at elevated temperatures the population between the fine
structure states is not affected by changes in the exchange interaction energy due to
the high thermal energy of the excitons. At low temperatures, there is a competitive
effect regarding the PL decay because of variations in the radiative rates as a result of
changes in eh-wavefunction overlap and changes in the bright-dark energy splitting due
to the varying exchange interaction. This aspect has also been addressed in Ref. [38].
Nevertheless, the observed trend, i.e. an increase of the bright exciton radiative lifetime
with increasing shell thickness, can be explained by the decrease of the eh-wavefunction
overlap, due to progressive electron delocalization into the shell.

In Fig. 4-8 (b) the dark exciton radiative lifetime 77 is shown as a function of rod
width and apparently, 77 exhibits a systematic dependence. As the rod width is in-
creased from 3 nm to 6 nm, 77 decreases from approximately 250 ns to 70 ns. Regardless
of the core size the lifetime seems to depend inversely proportional on the square of the
rod width, as indicated by a polynomial interpolation shown as a blue dashed line. This
observation can be qualitatively explained, by considering the changes in the exciton fine
structure as a consequence of the change in nanoparticle shape. The inset in Fig. 4-8 (b)
shows the dark exciton lifetime as a function of the bright-dark energy splitting and it
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clearly follows a linear dependence. As described in section 2.2.4, the exciton ground
state theoretically has an infinitely long radiative lifetime, since it is optically forbid-
den in the electric dipole approximation. One possible recombination pathway for the
dark exciton is coupling to optical allowed states by magnetic field induced mixing. The
strength of this effect, is inversely proportional to the energy splitting between the bright
and the dark states, [28,117] in accordance with the experimental observation described
here. However, since no external field was applied in this experiment, an internal mech-
anism has to be the origin for the observed dependence. In this context the role of
paramagnetic defects [28] or surface dangling bonds, [122] which can give rise to internal
effective magnetic fields, has often been discussed. Remarkably, the magnitudes of the
dark exciton lifetimes deduced from the fits are significantly smaller, compared to values
reported in experimental studies on spherical CdSe/CdS core/shell NCs of comparable
size (600 — 700 ns for CdSe/CdS core/shell NCs with 3 nm core size and approximately
1 nm shell thickness in Ref. [38]). This indicates, that the shell shape gives rise to this
deviation. One important difference between these structures is the surface, which is
experienced by the electron and this indicates a surface-assisted mechanism to be the
origin for dark exciton radiative recombination. This aspect will be addressed in more
detail in chapter 6.

As mentioned in section 4.2, at low temperatures the short component of the PL decay
corresponds to the bright to dark spin flip rate ~g. However, the strong multiexponential
shape of the decays at early times, obvious for example from the insets of Fig. 4-6 (a),
makes a determination of 7y difficult. Here it is estimated for several samples by
extracting the time, where the intensity dropped to the fraction 1/e, at T = 4.2 K. In
Fig. 4-9 the resulting short decay rate Tsi(ljrt is plotted as a function of AFEy, for the
samples #1, #1la, #2, #3 and #3a, all of which exhibit a core size of 2.5 nm. The
rates vary between 0.23 ns~! and 1.25 ns~! and they seem to increase with an increasing
energy splitting. This could be related to the existence of an acoustic phonon bottleneck,
which was previously observed for spherical NCs in a magnetic field experiment. [85] As
explained in section 2.3.1, long wavelength acoustic phonons are suppressed in NCs,
because of their limited size. Therefore the transition between states with small energy
splitting is hindered, leading to long spin flip times, in accordance with the experimental
results shown in Fig. 4-9. For the samples considered here, the bright-dark spin flip time
is found to be on the order of 1 —2 ns at T'= 4.2 K.
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4.4 Summary

By means of time-resolved PL spectroscopy it was investigated, how the bright-dark
energy splitting and the radiative lifetimes of the two lowest exciton fine structure states
depend on the shell shape in DiR NCs. The general trend of a decreasing energy splitting
with increasing NC size or shell thickness, which was observed in previous experiments on
spherical NCs, [38,117] could be confirmed. Further, the experimental results indicate,
that in NCs with partial two-dimensional confinement (as is the case in DiRs for the
electron due to its leakage into the shell) the eh-exchange interaction and thereby the
singlet-triplet splitting exhibit an inverse square dependence on the size of the confining
potential, which for the electron is constituted by the shell.

The spectral red-shift of the PL. maximum and the change in the PL decay with
increasing rod diameter in combination with the lack of dependence on the rod length
support recent theoretical predictions of electron localization in the vicinity of the core,
although due to its lower conduction band offset and its comparably low effective mass
it can significantly leak into the shell. [127]

Regarding the radiative lifetimes it was found, that the bright exciton lifetime in-
creases with increasing rod width, because for a given core size an increase of the rod
width reduces the eh-wavefunction overlap and thereby the probability for radiative re-
combination. In contrast the dark exciton lifetime decreased with increasing rod width.
Importantly, a linear dependence between the dark exciton lifetime and the bright-dark
energy splitting was found, which indicates, that the dark exciton radiative recombina-
tion occurs via the mixing of dark and bright exciton states. Thus an increase of the
bright-dark splitting leads to a weaker admixture. The comparably small magnitude
of the dark exciton lifetimes compared to reported values for spherical core/shell NCs
with similar size, highlights the importance of the NC surface for dark exciton radiative
recombination.

By determination of the short decay time, the bright-dark spin flip time was esti-
mated. For the studied structures it was found to be on the order of 1 — 2 ns and to
decrease with increasing energy splitting. This observation was attributed to the excis-
tence of a phonon bottleneck, which occurs in nanometersized structures and hinders
relaxation between states with small energy splitting.



Chapter 5

Exciton spin dynamics and
photoluminescence polarization of

CdSe/CdS nanocrystals in high
magnetic fields

In the preceding chapter special attention was given to the architecture of the fine struc-
ture, notably the splitting between spin singlet and triplet states, and its dependence
on the shape and size of the NC. Furthermore, the dependence of the bright and dark
exciton radiative rates on the shell shape has been addressed.

This chapter deals with the relaxation of the exciton spin and with the magnetic
field induced circular polarization of the PL in CdSe/CdS core/shell NCs, with special
attention to DiR NCs. As discussed in section 2.2.4, the application of an external
magnetic field, leads to a splitting of the fine structure states with nonzero angular mo-
mentum. This gives rise to circular polarized PL from the Zeeman-split sublevels and to
spin relaxation between them. In this regard, the dependence of spin relaxation and PL
polarization on the architecture of the NC as well as on magnetic field and temperature is
experimentally investigated. Furthermore, this chapter provides a theoretical description
of the PL circular polarization in an external magnetic field. The presented model in-
cludes effects related to the shape of the NC shell, the configuration of the fine structure
states and to the orientation of the NC hexagonal axis with respect to the magnetic field.

In the beginning of this chapter essential results of preliminary studies are summa-
rized and the scientific relevance of the experiment is discussed. Following that, some
experimental details and the technique for investigating exciton spin dynamics and cir-
cular polarization in external magnetic fields are described. Later on, the experimental
results are discussed and interpreted. Subsequently, the theory for predicting and analyz-
ing circular and linear polarization of NCs in magnetic field is presented and compared
to the experimental results. Finally, a summary of the findings is given.
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5.1 Introduction

As discussed in section 2.3.2, at low temperatures the optical response of a NC is strongly
dependent on the exciton fine structure, because the small thermal energy of the excitons
at low temperatures leads to a population of the energetically lowest lying states only.
Thus, the optical response depends on the ordering of the fine structure states, which
have a characteristic radiative recombination time and therefore strongly influence the
dynamics of exciton radiative recombination. A recent experimental study evidenced,
that in DiRs, despite the strongly anisotropic shell shape, the band-edge exciton fine
structure level ordering is comparable to the spherical case, [102] which is depicted in
Fig. 2-6 (a) in section 2.2.3. In this case the lowest exciton ground state has a total
angular momentum projection of F' = 42 and the subsequent energetically higher lying
state is of type F' = +£1.

In section 2.2.4 it was shown, that a magnetic field parallel to the hexagonal axis of
CdSe NCs lifts the degeneracy of the F' = +1 and F' = +£2 exciton states, as illustrated
in Fig. 5-1 (a). At zero field each of the dark and bright exciton states, which are denoted
by |F) and |A), respectively and which are separated by the bright-dark energy splitting
AFEyg, is twofold degenerate. In the presence of an external field it splits into a Zeeman-
doublet. Typically, due to its larger exciton g factor, the FF = +2 exciton exhibits a
larger splitting compared to the F' = +1 state. [28] The splitting of the exciton states in
magnetic field has two important consequences, which are of interest in this study. On
the one hand, the Zeeman-splitting affects exciton dynamics, since it leads to additional
spin relaxation processes between the Zeeman sublevels, which occur after excitation and
until thermal equilibrium is achieved. On the other hand, it leads to circularly polarized
PL emission of the NC. These aspects are discussed in more detail in the following.

In zero magnetic field, after nonresonant excitation the excitons quickly relax into the
lowest lying energy states and establish a thermal equilibrium. Notably, the time required
for relaxation from the bright to the dark exciton state [denoted by 74r in Fig. 5-1 (a)]
is important here, since it strongly influences the exciton radiative recombination, as
discussed already in chapter 4. This process involves the spin flip of either the electron
or the hole. It was shown in the previous chapter, that for the samples studied here
the timescales of bright to dark relaxation are on the order of 1 — 2 ns at 4.2 K. In
magnetic field, however, also exciton relaxation between the Zeeman-sublevels occurs,
which involves the simultaneous spin relaxation of the electron and the hole. It is therefore
expected, that this process occurs on a longer timescale [the characteristic spin relaxation
time is denoted by 7 in Fig. 5-1 (a)] compared to the bright to dark relaxation. While the
relaxation between the bright exciton states and also the relaxation from the bright to
the dark exciton states has been experimentally investigated for spherical core only and
core/shell NCs [119,128] and also for DiRs, [110,129-134] there are only a few studies
in magnetic field, dealing with the relaxation between Zeeman-sublevels in magnetic
fields. Up to now, such studies solely investigated the spin relaxation of charged excitons
in magnetic field [103]| or the spin relaxation of excitons in different materials, such as
CdTe. |135] As mentioned in the introductory chapter, the understanding of the processes,
which lead to relaxation of the exciton spin in NCs, is important, since it enables to
design for instance spin-preserving environments, which are required for long-lived spin
memory applications. This study provides new insights in how the spin relaxation of
neutral excitons between the dark exciton states split in magnetic field is affected by the
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magnetic field strength, the temperature and the architecture of CdSe/CdS core/shell
NCs.
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Figure 5-1: (a) Model of the lowest exciton fine structure states for zero and non-zero magnetic
field. (b) Photoluminescence spectra of DiR sample #1 at B = 0 T and 15 T. Red and blue
curves are the o7 and o~ polarized components, respectively. The black curve corresponds to
the unpolarized transition, as illustrated in the inset.

Due to the thermal population of the Zeeman-split sublevels, the PL from these states
gets circularly polarized. In general, the degree of circular polarization P. of the PL is

defined by
Iop — I,

I, +1,°

where I, and I,_ are the PL intensities of the right- and left- circular polarized com-

P. = (5.1)

ponents, respectively. Figure 5-1 (b) shows typical polarization-resolved PL spectra of
a DiR sample at B = 0 T and 15 T. While at zero magnetic field the PL is completely
unpolarized, it exhibits a strong DCP of 0.5 at 15 T, which arises from the transitions
from the Zeeman-split sublevels of an excited state to the ground state in magnetic field,
as illustrated in the inset of Fig. 5-1 (b).

The dependence of P, on magnetic field was subject to several theoretical and experi-
mental studies on spherical core only and core/shell NCs. [43-45,119,120] Notably it has
been shown, that the circular polarization of the PL of an ensemble of spherical NCs can
be very well explained by assuming, that the radiative recombination of the dark exciton
occurs via coupling of the F' = £2 and the F' = £1 states. [28,43] Due to the coupling,
the dark exciton recombines with the polarization properties of the F' = +1 states, al-
though the DCP of the PL is gouverned by the thermal population of the dark exciton
states. As discussed in section 2.2.4, the magnitude of the Zeeman-splitting depends on
the orientation of the NC with respect to the magnetic field, because of the internal crys-
tal structure anisotropy of wurtzite type NCs. This theoretically limits the maximum
PL DCP of an ensemble of spherical NCs to 75 %. [43] However, in several high magnetic
field experiments on spherical core/shell NCs DCPs much lower compared to this limit
have been reported and could not be satisfactorily explained. Moreover, studies on DiRs
in this regard have not been conducted up to now. On the one hand, it is especially
interesting, whether the anisotropic shape of the shell leads to lower circular polarization
of the PL. compared to spherical NCs, due to a presumably intrinsically higher linear
polarization (studies investigating the linear polarization of DiR PL at low temperatures
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are still missing). On the other hand, DiR ensembles are very suitable for the study of
orientation effects, since it was shown, that macroscopic alignment of DiRs with a specific
orientation can be achieved by appropriate sample preparation methods. [108,136-139]
Apart from exciton spin relaxation, these aspects are of central interest in this study. It
includes the experimental investigation of the dependence of the DCP on the magnetic
field strength, the temperature, the orientation of DiRs and the geometry of the NC shell.
Furthermore, a theoretical model is presented, which can be used to predict and analyze
the circular polarization of core/shell NCs in an external magnetic field. It is based on
the common model of dark exciton coupling to the bright exciton F' = 41 states, but
it includes novel aspects, such as an alternative coupling of the dark exciton to F' = 0
states and the dielectric enhancement effect (see section 2.4.2). Both effects enhance the
linear polarization along the hexagonal c-axis of the NC and, as will be shown, thereby
lead to a reduction of the circular PL polarization in an external magnetic field.

5.2 Experimentals

Samples and experimental details

All samples, which are referred to in this chapter, are CdSe bare cores and CdSe/CdS
core/shell NCs with spherical or DiR shape. The samples with corresponding geometrical
parameters are listed in Table 3-3 (all of the listed samples have been studied except for
samples marked by an ”"a” behind the index). For magneto-optical PL measurements,
a solution of NCs with a concentration of few puM in toluene was deposited by drop-
casting method on a glass slide, which was then mounted into the optical cryostat (the
corresponding experimental setup is depicted in Fig. 3-2 in chapter 3). In experiments
utilizing magnetic fields the orientation of the field with respect to the sample is crucial.
In this case, the field was directed parallel to the light detection/excitation axis (i.e. a
Faraday geometry was used) and perpendicular to the substrate. The sample holder was
mounted on top of a stack of three nanopositioners, allowing for precise positioning in
three spatial directions. By scanning over an area of the sample and by simultaneously
exciting the sample and detecting the PL intensity an image of the sample could be
obtained. This technique is called Laser Scanning Microscopy and it yields information
on the distribution of the NCs on the substrate, if scattered /reflected light is suppressed.
The circular polarization of the PL was analyzed by a combination of a quarter wave plate
and a Glan-Thomson-prism. When the quarter wave plate is correctly set, it converts
circular polarized light in linear polarized light and vice versa. Right-handed circu-
lar polarized light and left-handed polarized light result in linear polarized waves, with
their polarization directions oriented perpendicular to each other. Therefore, with the
Glan-Thomson-prism the respective component could be selected and analyzed. In the
experiment described here the time-resolved DCP (TRDCP) was analyzed by measuring
the polarization-resolved and spectrally-integrated intensities I, and I,_ as a function
of time and calculating

PO= E T T 52
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Experimental investigation of the equilibrium DCP and exciton spin
dynamics
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Figure 5-2: A typical polarization-resolved PL decay and the resulting TRDCP for sample #1,
recorded at T'=4.2 K and B =5 T. The green curve is a fit according to Eq.(5.3).

Exciton spin dynamics and the equilibrium DCP can be investigated by analyzing
the TRDCP P.(t), as defined by Eq.(5.2). The experimental procedure for determining
P.(t) is shown in Fig. 5-2. After pulsed excitation (the laser energy is 3.06 eV), the o™
and o~ polarized components are traced over time. The time resolved DCP, which is
shown as a black curve, is calculated according to Eq. (5.2). Just after excitation the PL
is unpolarized, because the nonresonant photoexcited excitons are equally distributed
between the Zeeman-split sublevels. In the following the excitons relax into the energet-
ically lower spin state until they achieve thermal equilibrium, which is evident from the
plateau of the DCP in Fig. 5-2. The characteristic time of the spin flip process involved
can be quantified by determination of the risetime of the TRDCP. In the experiment the
dependence of the equilibrium PL polarization and the spin relaxation time (or rate) on
magnetic field, temperature and shape of the NCs was investigated. To this end, the
time-resolved DCP curves were fitted with the equation

Pe(t) = PE1 — exp(—t/7)], (5.3)

where P;? denotes the DCP in thermal equilibrium and 7, the spin relaxation time. A
typical fit is plotted as a green curve in Fig. 5-2.

5.3 Experimental results and discussion

In this section, the experimental results are discussed and interpreted. In the beginning
the effect of orientation of individual NCs with wurtzite crystal structure on the circular
polarization of the ensemble PL in magnetic field is discussed and experimental evidence
of this effect is presented. Afterwards, the experimental results on exciton spin dynamics
and the equilibrium DCP are shown and discussed.
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Effect of NC orientation on DCP

In NCs with a wurtzite crystal structure, due to the internal crystal anisotropy the exciton
spin is constrained to lie along the hexagonal c-axis of the crystal. [43] As a result, the
magnitude of the Zeeman splitting depends on the angle © between the crystal c-axis
and the direction of the magnetic field: AFE = ge, 4B - ¢ = gexptp B cos ©, where g, is
the exciton g factor and pp the Bohr-magneton. The intensities I,+ in Eq. (5.1) become
angle dependent too. The probability for detecting circular polarized light at an angle ©
with respect to the magnetic field axis is proportional to (1 & cos ©)2. [43] Thus, for an
ensemble of NCs P.(B) is derived by integrating Eq. (5.1) over all possible angles

_ Jo o (z) — Ia—(af)]f()r(x)da}.
T s (2) + Ly (2)] for (2)de

(5.4)

Here, = cos© and fo;(x) is a weighting function describing the orientation properties
of the ensemble.

Assuming a thermal distribution in equilibrium between the Zeeman-split sublevels,
the DCP calculates as
Ji 2z tanh(AE/2kpT) for(z)dz

Fen) = fol(l + x2>f0r(x)dx

: (5:9)

where kp is the Boltzmann constant. For an ensemble of randomly oriented NCs the an-
gles between the crystal c-axes and the magnetic field direction are uniformly distributed
over all angles between 0° and 90°, i.e. for(z) = 1. In this case, the integration over
all z leads to a theoretical limit for the DCP of 0.75 (i.e. 75 %). However, for NCs
with an anisotropic shape, such as nanorods or DiRs the situation can be different. It
is well known, that in DiRs the c-axis of the core is typically parallel to the long axis
of the rod [31] and several methods have turned out to be suitable to prepare nanorod
or DiR ensembles with macroscopic alignment and orientation properties. [108,136-139]
According to Eq.(5.5), it should be possible to probe the orientation of such ensembles
with respect to the magnetic field axis by measuring Pe4(B). If for(z) = §(x), corre-
sponding to the case when the angle between magnetic field and the emitting DiRs is 90°,
the PL polarization at any given field P:4(B) is expected to vanish. On the contrary, if
the angle is 0°, i.e. for(z) = 6(z — 1), the resulting P4(B) is maximal and depends only
on the ratio AE/2kgT. Thus, for fully spin polarized excitons the DCP is P:4(B) = 1.

The effect of DiR orientation on P:%(B) was studied by measuring the magnetic
field induced DCP of DiR samples prepared by the drop-casting method at different
positions. When a solution of highly concentrated NCs is drop-casted on a substrate,
its distribution on the substrate is subject to the so-called “coffee stain effect”. [140-142]
Due to this effect the particles in a drying liquid accumulate in the outermost part of
the droplet, leading to the formation of coffee stain rings, in which the particles are
densely packed. A photograph of a typical coffee stain ring is shown in Fig. 5-3 (a). The
dynamics of evaporation, which lead to this effect are illustrated in Fig. 5-3 (b). The
evaporation of the liquid (evaporated liquid is depicted as a red shaded area) gradually
changes the height of the droplet. At the perimeter, however, the contact line is pinned to
the surface, preventing the droplet from shrinking. The loss of liquid at this position has
to be compensated for, thus a capillary flow of liquid from the inner part of the droplet
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Figure 5-3: (a) A photograph of a dried coffee droplet. (b) Illustration of the evaporation
dynamics leading to the coffee stain ring. (c) Scanning electron microscope image of a coffee
stain ring section of colloidal nanorods. This image is taken from Ref. [140].

to the outer part is generated. Thereby particles are transferred to the outermost part
of the drying droplet. As shown in Fig. 5-3 (c), for colloidal nanorods prepared by this
method, nanorods can be macroscopically aligned in the coffee stain rings. They tend to
lie parallel to each other and parallel to the substrate, whereas in the regions outside these
rings the nanorods exhibit no specific ordering and their orientation is random. [140]

Figure 5-4 (a) shows a laser scanning microscope image of a coffee stain ring section
for sample #5. The spatial resolution is 10 gm. The intensity is coded in a logarithmic
grey scale, white corresponds to high intensities. The observed high intensity in the ring
indicates densely packed DiRs in this area. In the inner part of the ring (grey area)
the DiR density is significantly smaller. It is very small, while still measurable, outside
the ring (black area). In order to deduce information about the rod orientation, the
time-integrated DCP was measured, while scanning over the ring at B = 5 T and at
a temperature 7' = 4.2 K [see Fig. 5-4 (b)|]. As can be seen from Eq.(2.41) the time-
integrated DCP is equal to the equilibrium DCP for the case when the spin relaxation
time is small compared to the radiative recombination time. As will be shown later
on, for the samples investigated here, this is always the case. The green data points
correspond to the overall intensity measured at each position, the open circles represent
the time-integrated DCP calculated from Eq.(5.1). It is obvious that the DCP drops
almost to zero in the middle of the ring stripe and it increases during the transition into
the surrounding areas. The observed DCP decrease is due to rod alignment parallel to
the surface and therefore the angle between the magnetic field and the majority of the
rods in this region is 90°, resulting in a vanishing Zeeman splitting. Outside of the region
of the ring stripe the DiR orientation is random, therefore the non-zero Zeeman-splitting
gives rise to circular polarized PL.

The technique described above is suitable to yield information about nanorod orien-
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Figure 5-4: (a) Confocal laser scanning microscope image of a coffee stain ring section of sample
#5. The red line indicates the region, which was chosen for a linear scan shown in (b). Here,
the overall intensity is depicted as green, solid circles and the DCP as open circles.

tation only with respect to the magnetic field axis, which is in this case oriented per-
pendicular to the sample substrate. However, it could be used for checking the quality
of devices based on colloidal nanorod arrays, for which a large-scale nanorod alignment
is required. Although this method cannot compete with electron microscopy techniques
in terms of resolution, it clearly has some advantages. While for TEM imaging special
carbon grids, which are transparent to the electron beams, have to be used, the method
described here is applicable to a wide range of substrates, such as glass or wafer ma-
terials. Furthermore, while with TEM, the investigatable area is typically limited to a
few microns, the optical technique can be applied on ranges up to the centimeter scale.
The resolution of this method is limited by diffraction to several hundred of nanometers,
depending on the laser wavelength and the numerical aperture of the optical excitation
and detection system.

Analysis of the time-resolved DCP

In order to investigate the mechanism of spin relaxation and the dependence of NC shape
on the equilibrium DCP, the TRDCP was measured as a function of magnetic field and
temperature for NCs of different size and shape. In Fig. 5-5 typical TRDCP curves of
DiRs are shown, which were measured as a function of magnetic field at 7' = 4.2 K in
(a) and as a function of temperature at B =5 T in (b). The red curves are fits of the
experimental data with Eq.(5.3). From these curves the following qualitative observations
can be made: On the one hand, with increasing magnetic field the spin relaxation rate
increases, obvious from the faster increase of the TRDCP at high magnetic fields. At
the same time, the equilibrium DCP increases, which results from the increase of the
Zeeman-splitting and consequently less thermal population of the upper Zeeman-sublevel
at a given temperature. On the other hand, an increase of the temperature leads to a
decrease of the equilibrium DCP, due to the increasing thermal energy of the excitons,
which leads to progressive population of the upper lying Zeeman-sublevel. The relaxation
rate, however, also increases with increasing temperature. This observation indicates a
phonon mediated process, as will be discussed in more detail later on.
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Figure 5-5: (a) Magnetic field dependence and (b) temperature dependence of the TRDCP for
sample #1. The red curves are fits according to Eq.(5.3).

As described in section 5.2, the fit of the TRDCP curves with Eq.(5.3) yields the spin
relaxation time 75 (or rate 1/75) and the equilibrium DCP P:9. In the following sections,
the dependence of 1/75 and P<? on magnetic field, temperature and NC architecture are
investigated in more detail.

Exciton spin dynamics

Figures 5-6 (a) and (b) show the spin relaxation rate 1/7, for sample #1, obtained from
the fit of the TRDCP curves with Eq.(5.3), as a function of magnetic field and tempera-
ture. As can be observed from Fig. 5-6 (a), the spin relaxation rate is strongly dependent
on the magnetic field strength. At T = 4.2 K the spin relaxation rate increases from
1/7s =~ 0.1 ns~! to 3.3 ns™! (this corresponds to a shortening of the relaxation time
from 75 ~ 10 ns to 0.3 ns), as the magnetic field is increased from B = 0 T to 15 T.
The observed long spin relaxation time at low fields confirms the expectation, that spin
relaxation between the dark exciton states occurs on much longer time scale, compared
to the bright-dark spin flip, which was found to occur on the order of 1 — 2 ns (see
preceding chapter). As one can observe from the inset of Fig. 5-6 (a), at low magnetic
fields the spin relaxation rate follows a cubic magnetic field dependence and it starts
to deviate from this trend at B ~ 8 T. At high fields the rate seems to depend lin-
early on the magnetic field. The temperature dependence of the spin relaxation rate is a
linear function, as can be seen in Fig. 5-6 (b). Here, the temperature is increased from
T = 2.2 Kup to 12 K and the spin relaxation rate increases by about one order of magni-
tude. The linear dependence on temperature points towards a phonon mediated process.
For confined phonon energies much smaller than the thermal energy, the Bose-Einstein
distribution for the phonon occupation can be approximated by a linear temperature
dependence: Ny, = 1/(ehva/kBT _ 1) kT /hwy, where w, is the frequency of a phonon
with wavenumber q.

In Fig. 5-7 (a) the magnetic field dependence of the spin relaxation rate is shown for
all studied DiR samples as well as the spherical samples #R1 and #R3. All of them show
qualitatively the same trend, i.e. at low fields the spin relaxation rate follows a cubic
dependence, as highlighted for selected samples in Fig. 5-7 (b), while at higher fields a
linear magnetic field dependence is present. However, the spin relaxation rate seems to
be strongly dependent on the core size and independent of the shell shape. The latter
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Figure 5-6: (a) Magnetic field dependence and (b) temperature dependence of the exciton spin
relaxation rate 1/74 for sample #1. Dashed lines are guides to the eye.

aspect is most obvious from the green and blue data points in Fig. 5-7 (a), which belong
to the spherical NC #R1 and the DiRs with a core size of 3.2 nm. Although their shell
shapes are very different, the measured spin relaxation rates are almost equal.

The sensitivity of the spin relaxation rate on temperature, as could be observed
from Fig. 5-6 (b), indicates an acoustic phonon mediated process. Due to the increasing
number of available phonons with increasing temperature spin relaxation becomes more
efficient. However, in contrast to bulk material, the phonon density of states in NCs is
modified by confinement, as has been studied in several experiments. [82-84] This leads
to the already mentioned acoustic phonon bottleneck, [85] meaning that low-energy, long-
wavelength acoustic phonons are suppressed in nanometer-sized structures due to their
limited size. Because of the similar elastic properties of CdSe and CdS it is expected, that
the phonon confinement is different in DiR compared to spherical NCs. Namely, the lower
confinement along the rod axis presumably gives rise to longitudinal modes in addition to
the torsional and spheroidal eigenmodes observed in spherical structures. [84] This raises
the question, whether the phonon modes, which couple to excitons, are considerably
different in DiRs compared to spherical NCs. In this regard from the data presented in
Fig. 5-7 (a) it can be inferred, that the shell shape does not significantly affect the number
of phonon modes, which interact with the exciton, given that acoustic phonons play a
crucial role regarding the efficiency of the spin relaxation mechanism. This conclusion is
in agreement with the results of a FLN experiment on DiR in high magnetic fields. [102]
Therein the authors found, that the acoustic phonon modes of DiRs involved in exciton
recombination in the presence of a magnetic field are similar to those of confined modes
in an isolated spherical NC.

The magnetic field dependence of the spin relaxation rate is most likely related to
the acoustic phonon bottleneck. For all studied samples the evolution of 74 with B can
be divided into two regimes. In the low field regime the relaxation rate follows a cubic
dependence, whereas at higher fields the dependence becomes linear. From a different
perspective one can argue, that at higher fields the slope of the spin relaxation rate
dependence is increased compared to lower fields. The onset of this increase occurs at
B =8 —10 T. Assuming an average angle between the magnetic field and the crystal
c-axis of 45° and taking g, = 2.7 for the dark exciton g factor, [120] the corresponding
Zeeman splitting calculates as AE ~ 1 meV. This energy matches roughly the vibrational
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Figure 5-7: (a) Magnetic field dependence of the spin relaxation rate 1/7 for the DiR samples
#1-#7 and spherical core/shell samples #R1 and #R3 at T = 4.2 K. (b) Magnetic field depen-
dence of the spin relaxation rate 1/75 for selected samples at low magnetic fields. Dashed lines
are guides to the eye.

energy of the [ = 2 spheroidal mode of a CdSe sphere with a diameter of 5 nm estimated
according to Lamb’s theory. [84] The observed change in the magnetic field dependence
could result from the onset of these spheroidal vibrations at magnetic fields around
8 —10 T. Although the core diameter of the samples studied here is considerably smaller
than 5 nm, due to the very similar elastic properties of CdSe and CdS, the overall size
of the shell might be relevant in this regard. [103] According to the Lamb-theory, the
energy of the spheroidal modes scales as E o 1/D, where D is the sphere diameter.
Therefore it can be expected, that for larger NCs the onset of the linear magnetic field
dependence should occur at lower fields. However, such a trend cannot be verified from
the experimental results. This can originate from the size dispersion inherent to NC
ensembles, which can “blur” the transition from one regime into the other. Nevertheless,
the interpretation above is in accordance with the findings of a recent magneto-optical
experiment on trions in CdSe/CdS core/shell NCs, where spin relaxation was found to
be completely inhibited for small Zeeman-splittings, as a result of the acoustic phonon
confinement. [85]

The red data points in Fig. 5-7 (a), which belong to DiR samples with a core di-
ameter 2.5 nm, indicate, that the shell thickness could have a small effect on the spin
relaxation rate. One can observe, that with increasing shell thickness the spin relax-
ation rate decreases slightly at a given magnetic field. In order to investigate this effect
more systematically, a set of spherical NCs #R2-#Rb5, which have similar core sizes
but different shell thicknesses, was studied. Sample #R2 consists of bare CdSe cores.
The corresponding magnetic field dependences of the spin relaxation rates are shown in
Fig. 5-8 (b). The most striking observation is, that the rate of exciton spin relaxation
in the bare core sample #R2 is approximately one order of magnitude higher (the spin
relaxation time is as short as 75 &~ 300 ps already at low magnetic fields) compared to
core/shell samples (75 ~ 3 ns at low fields). The addition of a CdS shell leads to a vast
drop of the spin relaxation rate, but further increase of the shell thickness from 0.8 nm
up to 5.3 nm reduces the rate only slightly. This weak dependence on shell thickness was
also observed in a magnetic field experiment on spherical core/shell ensembles reported
in Ref. [103]. Here, only slight changes in the spin relaxation rate for shell thicknesses
below 5 nm were observed, whereas for even thicker shells the decrease got more pro-
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Figure 5-8: (a) Dependence of the spin relaxation rate 1/7, on core volume V at different
magnetic fields for the samples also shown in Fig. 5-7 (a). Dashed lines are guides to the eye.
(b) Magnetic field dependence of the spin relaxation rate 1/75 for spherical NCs #R2-#R5 with
different shell thicknesses and similar core size.

nounced. This was attributed to the onset of NC charging at shell thicknesses around
5 nm, leading to very different spin dynamics of negatively charged excitons (trions)
compared to neutral excitons, as they are studied here.

Figure 5-8 (a) shows the spin relaxation rate as a function of core volume for the
samples previously shown in Fig. 5-7 (a). Interestingly, the relaxation rate seems to
be inversely proportional to the CdSe core volume. This observation, along with the
surprisingly fast spin relaxation for bare cores and the weak dependence of 75 on the shell
thickness, substantiates the importance of the NC surface and the CdSe/CdS interface
in core/shell structures regarding the spin relaxation mechanism. The results indicate,
that the spin relaxation rate depends on the strength of interaction of the exciton with
the surface or the interface. As the volume of the core increases, the surface to volume
ratio of the core decreases and the interaction of excitons with the bare core surface or
the core/shell interface is progressively reduced.

As was shown in chapter 4, due to the high valence band offset between CdS and
CdSe the hole is confined to the core, whereas the electron wavefunction, due to a smaller
conduction band offset, can leak into the shell to a certain degree. On the one hand this
could explain the weak dependence of the spin relaxation rate on the shell thickness,
since the overall surface in core/shell NCs is experienced only by the electron. On the
other hand, this aspect and the strong core size dependence of 74 indicate, that the hole
might be the more relevant particle regarding the exciton spin relaxation process.

Additionally, it was demonstrated in chapter 4, that a change of the core volume
or the shell thickness of the NC results in a modification of the eh-exchange interaction
due to the modified carrier wavefunction overlap. Thereby the exciton fine structure,
notably the bright-dark energy splitting, is affected. This influences the mixing of bright
and dark exciton states by the perpendicular component of the external magnetic field.
Nevertheless, considering the wide range of dark-bright energy splittings, which for the
DiR samples investigated here vary approximately between 2 and 5 meV and considering
the small change of the spin relaxation rate with shell thickness, it is likely that the impact
of changes in the exciton fine structure due to the varying eh-exchange interaction on
the spin dynamics is small.
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Figure 5-9: Magnetic field dependence of PS4 for sample #R1 at 7' = 2.2 K and 4.2 K. The
black dashed line indicates the theoretical limit of PS = —0.75 for an ensemble of randomly
oriented NCs. The blue solid lines are fits of Eq.(5.5) to the experimental values, assuming
for(x) = 1. The inset shows the temperature dependence of P4 at B = 3 T. The red line is
calculated taking the exciton g factor determined from the fit of the magnetic field dependence.

The apparent relevance of the core/shell interface for spin relaxation is interesting,
since its influence on optical properties of NCs is yet poorly understood but undoubtedly
important. For example, it was shown in Ref. [143], that a "smooth transition” from the
core to the shell material favours non-blinking emission of NCs.

The interface or surface of semiconductor nanostructures is the focus of the theo-
retical studies of Knipp and Reinecke as well as related work. Therein, the interaction
between charge carriers and acoustic phonons is investigated. [144-147| The authors pro-
pose electron-phonon coupling via the so-called "ripple mechanism”, for which the cou-
pling results from the spatial dependence of the electron effective mass and its potential
energy. The coupling occurs due to the motion of the interface between the nanostruc-
ture and the surrounding medium or between different regions in a heteronanostructure.
Notably, the authors predict this effect to be dominant over the common deformation
potential coupling for small NCs, as they are studied here. Moreover, they expect the
phonon scattering rate to be strongly dependent on the nanostructure size with higher
scattering rates for smaller NCs. As was discussed for epitaxial grown III-V quantum
dots, the ripple mechanism also strongly affects the electron [148| and hole [149] spin
relaxation in magnetic field. However, the coupling between excitons and phonons in
colloidal NCs is still poorly understood, although it obviously plays an important role
for energy and spin relaxation as well as the recombination of excitons. The aforemen-
tioned studies stress the relevance of the interface between the nanostructure and its
surrounding medium regarding exciton-phonon coupling as well as spin relaxation. The
experimental results discussed here point in the same direction.

Equilibrium circular polarization

In this section it is discussed how the equilibrium DCP P4, which is derived from the
fit of the TRDCP curves with Eq.(5.3), depends on magnetic field, temperature and
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Figure 5-10: (a) Magnetic field dependences of Pt4 for samples of different core size at T =
4.2 K. The black dashed line indicates the theoretical limit of PS4 = —0.75 for an ensemble of
randomly oriented NCs. (b) P24 for the DiR samples #1-#7 and the spherical core/shell sample
#R1lat T =4.2 K and B = 15 T as a function of aspect ratio. The inset schematically illustrates
the corresponding change of NC shape. The dashed lines are guides to the eye.

NC shape. In Fig. 5-9 the magnetic field dependence of P is shown for the spherical
core/shell sample #R1 at T = 2.2 K and 4.2 K. At low magnetic fields P:? exhibits a
steep increase, whereas at high magnetic fields it saturates. The blue solid lines are fits of
the experimental data with Eq. (5.5), assuming a randomly orientated NC ensemble, i.e.
for(z) = 1. In this case, the theoretical limit for P:% is expected to be —0.75, which is
indicated as a black dashed line. The fit yields an exciton g factor of g., = 2.5, which is
close to reported experimental values for the dark exciton g factor of ge, = 2.8 in a FLN
experiment [102| and ge; = 2.7 in a single-NC PL experiment, [120] although values of
Jez = 2.4 — 2.6 have been also reported for the bright exciton. [100] At a given magnetic
field PS% decreases with increasing temperature, as can be observed from the inset of
Fig. 5-9. An increase of the temperature from 2.2 K up to 25 K leads to a drop of | P!
from approximately 0.5 down to 0.1. This is a result of the thermal population of the
upper lying Zeeman-sublevel, corresponding to a reduced exciton spin polarization. The
experimental data can be well fitted with Eq.(5.5) using ge, = 2.5, as can be seen from
the plotted red line.

In Fig. 5-10 (a) P:% is plotted as a function of B for DiR samples #1, #5 and #7
along with the spherical core/shell sample #R1 at T'= 4.2 K. Apparently, the evolution
of P2 with B is quite different for samples of different shape and different core size and
a lower polarization degree is always found for DiRs compared to the spherical NC. The
plotted dependences differ in their slope at low magnetic fields and also seem to have very
different saturation levels, although saturation is not fully reached within the magnetic
field range of the experiment. A varying slope at low magnetic fields could result from
differences in the exciton g factor, which is mainly determined by the variation of the
electron g factor. In the studied structures holes are strongly localized in the core and the
hole g factor in general can be estimated using the expression developed for a potential
of spherical symmetry as g, = —1.09, see Refs. [28,150]. It is independent of the core
size and is therefore expected to be the same for all samples. In contrast, the electron
g factor is subject to an interplay of two effects. On the one hand, the increase of the
CdS shell leads to a decrease of the electron quantum confinement energy and thus to a
decrease of the electron g factor, because of its energy dependence. [151] On the other
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hand, the leakage of the electron wave function into the CdS shell leads to a contribution
from the CdS g factor. For a CdSe NC of core diameter D = 3 nm, the electron g factor
is expected to be approximately g. = 1.5. [75] In CdS it is expected to be close to 2, and
thus the electron leakage into the shell leads to an increase of the electron g factor. [75]
These two effects may partly compensate each other.

Nevertheless, differences in g factor would not affect the saturation level of Ps? at
high magnetic fields. Although the saturation is not reached within the magnetic field
range of the experiment, the data shown in Fig. 5-10 (a) indicates saturation of P:% at
different levels. In Fig. 5-10 (b) P24(B = 15 T) is shown for all DiR samples as well as
sample #R1 as a function of the aspect ratio (the ratio of length to width of the NC shell
given in Table 3-3). The values of Pf9(B = 15 T) vary between —0.66 for the spherical
sample #R1 and —0.4 for DiR sample #7. For a given core size, it is found, that Ps"
is always lower for the NC with higher aspect ratio. This observation indicates, that
the differences in P:? could be related to the geometry of the NC shell. As discussed
in Ref. [152], the circular polarization of the PL in magnetic field can be reduced by an
optical anisotropy, resulting from the linear polarization of individual emitters. Typical
values for the PL linear polarization along the anisotropic c-axis of individual DiRs were
reported to be close to 75% at room temperature. [31,153,154] Values measured at low
temperatures are still missing. The high linear polarization degree of the PL observed for
single DiR NCs at room temperatures may result partly from the exciton fine structure
and partly from the dielectric enhancement effect (see section 2.4.2), [47,155] both of
which are dependent on the NC geometry. The following section provides a detailed
discussion of these effects. It is analyzed how the exciton fine structure and the dielectric
enhancement effect influence the circular and linear polarization of the PL in magnetic
field for NCs with various shapes at low temperatures.

5.4 Theoretical considerations

The mathematical derivation of the theoretical model presented in the following was
accomplished by A.V. Rodina.

Derivation of the model

It is assumed, that the lowest exciton state is the dark exciton with momentum projection
|F'| = 2 on the hexagonal c-axis (which is also the rod axis in DiR NCs). Figure 5-11 (a)
shows a sketch of the exciton energy levels in zero and nonzero magnetic field. Only
the ground state F' = £2 and the bright exciton states F = 1%V and F = 0Y are
shown. The energy splitting, which is typically found between 1% and 1V states, [28]
is neglected here for the sake of clarity. Further it is assumed, that the dark exciton
|F'| = 2 can recombine only via coupling with the bright exciton states. Notably, wether
the coupling occurs with the F = £15U or the F' = 0V state has important consequences
for the orientation of the transition dipole moments. Coupling with the |F| = 15V
states leads to recombination, which is polarized transverse to the c-axis. [156] The
respective recombination rate is denoted by I'J; at zero and I'y; at nonzero magnetic
field. Tmportantly, the coupling with |F| = 1 states can be enhanced by magnetic fields
oriented perpendicular to the c-axis. [28,43] For this reason, I'9; depends on the angle
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Figure 5-11: (a) Schematic of the band edge exciton energy levels in zero and non-zero magnetic
fields. Only the dark exciton ground state with F' = 42 and the bright exciton states F = +£15V
and F = 0Y are shown. The red and blue arrows show the coupling pathways, which may
enable dark exciton radiative recombination. The sketches in the bottom illustrate the respective
orientation of the transition dipole for the different coupling pathways with respect to the crystal
c-axis. (b) Schematic of the experimental geometry for measuring circular and linear polarization
of the PL from a DiR or spherical NC with anisotropy c-axis. Note, that in the ensemble the
angles © and @, which determine the direction of ¢ with respect to the light vector k and the
linear polarizer axis e, are uniformly distributed.

O between the magnetic field direction and the c-axis. In contrast, coupling of the dark
exciton |F| = 2 with the bright F' = 0Y state leads to recombination polarized parallel to
the c-axis and the respective recombination rate, which is denoted by I'9q, is independent
of the magnetic field. The experimental geometry assumed in the following is illustrated
in Fig. 5-11 (b).

It should be noted that the usual assumption, which leads to Eq. (5.5) describing the
magnetic field dependence of P<Y, is, that the dark exciton recombines due to coupling
with the |F| = 15U bright states [28,43] characterized by I's; and thus has the same
polarization properties as the |F| = 1 exciton. In this case, the dipole momentum
acquired by the dark exciton is oriented transverse to the c-axis, as illustrated in the
left bottom scheme in Fig. 5-11 (a). The new aspect here is the assumption, that the
dark exciton can recombine with the properties of the F' = 0 bright exciton as well. This
coupling between the |F| = 2 dark exciton and the F' = 0 state described by I'gp could
be mediated by | = 2,m = £2 acoustic phonons. [73,157] It could be also caused by a
shape anisotropy in the plane perpendicular to the c-axis, which mixes the valence band
states [98] but more importantly leads to an anisotropy of the electron wavefunction and
thus to an anisotropy of the Coulomb interaction of the exciton.

In DiRs the recombination polarized along the c-axis can be additionally enhanced by
the dielectric enhancement effect, which was described in section 2.4.2. The enhancement
factor R, is described by Eq.(2.43). Essentially, the rod shaped shell of DiRs acts as a
linear polarizer, which affects the absorption as well as the emission of light. A frequency
dependence of R. is neglected here and the effect is assumed to be similar for excitation
and emission.

The dielectric enhancement effect can lead to the selective excitation of DiR NCs
oriented perpendicular to the magnetic field (the light propagation direction). Accord-
ing to Ref. [46], the probability for a NC to be excited by linear polarized light is
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1+ (Re — 1)(e- c)?, where e is the light polarization vector. For the geometry shown in
Fig. 5-11 (b) and light polarized along the e| direction one can write (e - ¢)? = sin® © cos® ®.
By averaging over all polarizations in the plane (e|, e ) the probability for excitation of a
NC, oriented at an angle © with respect to the light propagation direction, by unpolarized
light follows as

fexe() =14 0.5(R, — 1)(1 — %), (5.6)

where x = cos©®. Taking into account the selective excitation effect, the general ex-

pression Eq. (5.4), which describes the DCP for an ensemble of DiR NCs, transforms

into .

_ fo Lot (%) = Io— ()] for () fexe (7)dx
Jo o () = Lo (2)] for () fese () da

In the following only the case of randomly oriented NCs, i.e. for(z) = 1, is considered.

Pe(B)

(5.7)

When the selective excitation effect is taken into account and the I'yg rate is neglected,
Eq.(5.5) for the magnetic field dependence of the DCP remains unchanged with the
function for(x) replaced by fexc().

When the activation of the dark exciton by a magnetic field applied perpendicular to
the c-axis, which leads to a magnetic field and angle dependence of the rate 'y (B, x),
is taken into account, Eq. (5.5) transforms into

_ Jo (B, 2)20 tanh(AE/2kpT) fexe (@) da
f()1 7(B7 1‘)(1 + xz)fexc(w)da?

P(B) (5.8)

where the factor (B, z) = I'y1(B, x)/T'Y; is a measure of the strength of the magnetic-
field-induced mixing.

In general, the angular and magnetic field dependence of I'9; (B, x) can vary, depend-
ing on the relation between ge,upB%*" and the bright-dark exciton splitting AEpy. B
is the magnetic field where the DCP is saturated. In the case ge, B < AEy; one can
write g () = T9;[1 4+ p(1 — 2?)], where the parameter p describes the dependence on B
and p oc B? in this case. In the opposite case gep B > AEy,; the parameter p becomes
a constant being independent of the magnetic field and T'y1 (z) = 'Y [1+p(1—2)]. [28,158]
In the following only the first case is considered, which means that the Zeeman-splitting
is assumed to be small compared to the bright-dark energy splitting.

Next, the coupling of the |F'| = 2 states to the state F' = 0V is also included. The
transitions polarized along the c-axis contribute equally to I,4(x) and I,_(x) with the
probability I'agR. sin? ©. With account of these transitions the following expression for
an engsemble of randomly oriented DiR NCs is obtained:

_ [ (B, x)2z tanh(AE/2kBT) fexc () dz

Po(B ’
S T BB+ ) +7(1 - 22)] foc(0)l

(5.9)

where r = RI'90/T'%;. Obviously, on the one hand the coupling to the F = 0V state
lowers P:4 at a given magnetic field. On the other hand it leads to a higher degree of
linear polarization for the individual NC, as will be discussed below.

The degree of linear polarization, which can be found for an individual NC, is
pr= (I —11)/(I| + I.). Here I;(I1) is the intensity of light polarized along the ¢ (e, )
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direction. It can be shown that

(1 — 22)(ReI'ap — I'a1) cos(2®)

(I) =
pl(x’ ) (1 =+ $2)F21 + (1 — $2)R€P20

(5.10)

One can see, that after averaging over all angles of a randomly oriented ensemble of DiR
NCs, the overall linear polarization P, = fol dx fo% pi(z, ®)d® is zero. Still it can be
nonzero for the individual DiR NC, with maximum contribution for rods oriented with
® =0° and © = 90° (i.e. x =0). In the following only the maximum linear polarization

P, corresponding to this particular geometry, is considered. For zero magnetic field it
is .
max r—=
= . 5.11
P10 "1 ( )

For the case r < 1, which corresponds to a higher coupling rate to the +1 states T'Y,
in comparison to the dielectrically enhanced rate R.I'aq, pj's* has negative values. This
corresponds to the situation, in which the light is preferentially polarized perpendicular to
the c-axis. In magnetic fields the situation is more complex, because of the enhancement
of the coupling to the F' = 41 states. At high fields, at which the circular polarization
degree is saturated (B = B®%), the maximum linear polarization can be written as
r— (14 p*)
pax(pRty = ——— —— L 5.12

P ( ) r+ (1 —|—psat) ( )
Here, (14 p) = v(B% 1 = 0) = [gy (B%, 2 = 0)/T9;. Tt is a measure for the increase
of I'y; at B = B%* for NCs oriented perpendicular to the magnetic field.

So far, the equations for the circular polarization of the DiR ensemble and the linear
polarization of individual DiRs in magnetic field are derived. In the following section the
correlation between the linear polarization of individual DiRs and the ensemble DCP is
analyzed in more detail and the theory is compared to the experimental results.

Discussion

In the following, it is analyzed, how the saturation level of Ps? (i.e. P5t) is affected by
the different mechanisms, which were introduced in the previous section. To this end, the
discussion is seperated into two parts. Firstly, the effect of selective excitation and the
newly introduced coupling to the F = 0V state are analyzed without account of magnetic
field activation of dark exciton radiative recombination, i.e. p = p** = 0. Later on, the
additional effect of p #£ 0 is discussed.

In Fig. 5-12 (a) the magnetic field dependences of P:? is shown for the DiR samples
#1,#2,#3 and the spherical core/shell sample #R1 at T = 4.2 K. Apparently, the
dependences differ from each other and P5? seems to saturate at different values. The
dashed and dotted lines are calculations done with Eq.(5.9). The parameters used are
Gex = 2.7, Re = 3.2,3.3,3.4,1 and T'go/T'Y; = 0.03,0.13,0.19,0.02 for samples #1,#2,#3
and #R1 respectively. It is assumed, that the ratio between the coupling of the dark
exciton to the F' = 0 state and the coupling to the F' = 1 states are different for the
various NCs. The enhancement factor values R, were calculated according to Eq.(2.43),
where the dielectric constants where taken to be k., = 2 and ks = 6 for the surrounding
medium and the NC, respectively. The values of the dielectric constants are similar to



5.4 Theoretical considerations 69

r
0 1 o
0.8+ (a) Saturation T (b)_ 0.8
BRI T
oY J, ............................................................
0.6 - “‘A A 1 106
‘,c’ e ﬁ #2_ |~ S I
, A DALY e e p st
g, 041 ’Azgiﬁ&@ﬁg #3 s ¥ 1043
&AL o 1
, /% 087 1!
0.2 A ; + 1-0.2
/éé 0.41 11
/; T=42K 10 20 R
00 - T T T T T T T T T T : T 00
0 2 4 6 8 10 12 14 16 -1.0 0.5 0.0 0.5 1.0
. . max
Magnetic field (T) Pro
X X 4
4 ' 4
r=0 r=1 r=0o0

Figure 5-12: (a) Magnetic field dependences of P for the DiR samples #1, #2, #3 and
the spherical core/shell sample #R1 at T' = 4.2 K. The dashed and dotted lines are calculated
according to Eq.(5.9). (b) Saturated values of the circular polarization in high magnetic fields
P52t for an ensemble of arbitrary oriented NCs vs. maximal linear polarization of individual
NCs in zero magnetic field p;§™. Orientation of the transition dipoles with respect to the NC
c-axis is illustrated in the sketches below. The black curve is calculated without considering the
effect of selective excitation (i.e. R. = 1) and the red curve is calculated taking R. = 1000,
which corresponds to an extremely strong effect of selective excitation. The inset shows PS5t
as a function of R, for p;i™ = —1 (blue curve) and pj'§* = 0 (green curve). The dashed
lines in the inset mark the range of calculated enhancement factors for the investigated samples
according to Eq.(2.43). The dashed and dotted lines in the main plot of the right panel are
the saturation values derived from the corresponding calculated curves in the left panel. All of
these calculations were done neglecting the effect of magnetic field activation of the dark exciton
radiative recombination.

those, assumed in Ref. [47]. Apparently, the evolution of the experimentally determined
P54 can be well reproduced by the model derived in the previous section.

The correlation between the linear polarization of an individual emitter and the re-
sulting ensemble polarization is highlighted in Fig. 5-12 (b). It shows a plot of the
saturated ensemble polarization P5$2' (with randomly oriented DiRs) as a function of
the maximal linear polarization of individual DiRs at zero magnetic field pj§™. At this
point, the magnetic field activation of the dark exciton is still neglected (i.e. p** = 0).
Horizontal lines correspond to the saturated values of Ps?, which were derived from the
corresponding calculated curves in the left panel (the black arrows indicate the satura-
tion). The red and black curves are the theoretically predicted dependences of P52 on
pig* with and without considering the effect of selective excitation, respectively. Ob-
Vi7ously, the selective excitation effect leads to an additional decrease of the saturated
polarization value. The dependence of P%' on R, due to selective excitation is shown
in the inset for p$™ = —1 and p;#™* = 0 (see the corresponding blue and green arrows).
The dashed lines indicate the ranée of enhancement factors calculated for the DiRs inves-
tigated here. Clearly, with increase of the DiR aspect ratio resulting in a larger dielectric
enhancement factor, the DCP is progressively reduced. Notably, however, even in the

case of an extremely strong dielectric enhancement effect, the saturation value is not
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’ DiR NCs
4 | Aspect ratio | P2 | g, | Re r
L/W

1 5.5 -0.65 | 2.7 | 3.2 | 0.03
2 5.8 -0.55 | 2.7 | 3.3 | 0.13
3 6.7 -0.49 | 2.7 134 0.19
4 14.6 -0.63 | 1.4 | 3.8 | 0.05
5 7.3 -0.60 | 2.0 | 3.5 | 0.08
6 3.4 -0.57 | 1.4 | 2.8 | 0.16
7 5.3 -0.63 | 1.5 | 3.2 | 0.06

‘ Spherical NCs
# | Aspect ratio | P | gop | Re | 7

L/W

R1 1 -0.74 | 2.7 1 0.02
R2 1 -0.67 | 1.2 1 0.25
R3 1 -0.74 | 24 1 0.02
R4 1 -0.67 | 2.8 1 ]0.25
R5 1 060 | 09| 1 | 05

Table 5-1: Parameters of the studied CdSe/CdS DiR and spherical samples. P53 - saturation

C

level of the DCP, estimated by fitting Eq. (5.9) to the experimental data. g., - exciton g factor,
R, - enhancement factor, and r = R.I'50/T'Y; - parameter defined in Eq.(5.9).

lowered by more than approximately 12%. In contrast, as can be observed from the red
and black curves, the increase of the r value [i.e. the ratio of the coupling rates, see upper
scale in Fig. 5-12 (b)| and the resulting maximal linear polarization of individual DiRs at
zero magnetic field leads to a decrease of the saturation value of the circular polarization
in the ensemble, which can vary between —0.75 and 0. Within this approximation from
the intersection of the dashed and dotted lines (the theoretically derived saturation val-
ues) with the black curve, the maximal linear polarization of the individual rod at zero
field is predicted to be negative for all DiRs considered here (p%a‘” < 0 ), which means
the light emitted from these DiRs is linearly polarized predominantly transverse to the
c-axis at low temperatures, see sketches below Fig. 5-12 (b).

Table 5-1 summarizes theoretically estimated parameters, obtained by fitting Eq.(5.9)
to the experimental data, as well as calculated enhancement factors for all studied DiR
and spherical samples. One can see, that the model can account for strongly varying
saturated DCPs P59 at high magnetic fields, if the coupling of the dark exciton to the
F = 0Y state is taken into account (i.e. » # 0). Notably, however, the exciton g factors
derived by the fitting vary considerably for the samples investigated here. This could be
related to variations of the electron g factor, resulting from the leakage of the electron
wavefunction into the shell, as discussed in section 5.3, although no systematic trend can
be observed for the samples listed in Table 5-1 in this regard. The elucidation of the
origin of these differences requires additional experimental studies.

Next, the influence of the activation of the dark exciton by the magnetic field on the
polarization properties of the DiR NCs is discussed in more detail. Firstly, the effect
on the linear polarization of individual rods is considered. In Fig. 5-13 (a) the maximal
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Figure 5-13: (a) Maximal values of individual NC linear polarization in high magnetic field pj***

vs. maximal values of the linear polarization in zero magnetic field pJ"¢* for p** = 0,1,2,3. (b)
Saturated values of the circular polarization degree in high magnetic fields P for an ensemble
of arbitrary oriented NCs vs. maximal linear polarization values of individual NCs in zero
magnetic field pj3*, taking into account the effect of magnetic field activation of dark exciton
recombination (p** = 0 for the black curve and p** = 3 for the green curve). Calculations are
done without considering the effect of selective excitation (R, = 1).

linear polarization of individual rods at B = B® is plotted against the maximal linear
polarization at zero magnetic field for different values of p*'. For reminding the reader,
the parameter p was assumed to be dependent on the magnetic field. Since the linear
polarization here is considered either at B = 0 or B = B%% p(B%) = p%t = ~(B%* ()—1
is used as a modeling parameter. It is defined by the coupling of the F' = +2 states to
the ' = 41 states at high and zero magnetic fields and for a NC, whose hexagonal axis
is oriented perpendicular to the magnetic field. The magnetic field enhances the coupling
to F' = +1 states, therefore, the amount of transitions polarized transverse to the c-axis
increases with increasing magnetic field. This effect can be observed from the curves
shown in Fig. 5-13 (a). If p®' = 0 the maximal linear polarization is independent of the

magnetic field, i.e. pj"®* = pig*

. However, with increasing p®* the linear polarization in
high magnetic fields shifts progressively to negative values, which means the transitions
polarized transverse to the c-axis are enhanced. This can lead to the case, where the PL
is polarized parallel to the c-axis at zero magnetic field, whereas it is polarized transverse
to it at high fields.

sat

The parameter p
be determined by measuring the linear polarization of an individual DiR at zero and

is unknown for the samples investigated in this study but could

at very high magnetic fields. Its order of magnitude can be estimated by considering
the shortening of the PL decay, which is typically observed in high magnetic field ex-
periments. In Ref. [120], which reports on magneto-optical PL measurements on single
spherical CdSe/ZnS core/shell NCs, the authors observe a shortening of the PL decay
from approximately 180 ns to 50 ns for a NC oriented at © = 75° with respect to the
magnetic field. This corresponds to a ratio of 3.6 for the recombination rates and there-
fore p® is equal to 2.6 in this case. An even lower decay time can be expected for larger
O, thus the upper limit of p** is expected to be around 3. This approximation holds
only, if one assumes, that there is no contribution from the F = 0V states in the PL,
which can reasonably be assumed for NCs, where the saturation value of the DCP in a
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randomly oriented ensemble approaches —0.75 at high magnetic fields.

In the following it is analyzed, how the increased transverse linear polarization due
to magnetic field activation of dark exciton radiative recombination affects the circular
polarization of the ensemble PL. In Fig. 5-13 (b) the saturation value of the ensemble
circular polarization at B = B is plotted as a function of the individual NC linear
polarization at B = 0 for p®' = 0 (black curve) and p* = 3 (green curve). The selective
excitation effect is not considered here (i.e. R, = 1). The horizontal lines are similar to
those in Fig. 5-12 (b) and correspond to the predicted saturation levels for the samples
shown in Fig. 5-12 (a). They are plotted here for better comparability. It is worth noting,
that when the effect of the angular dependence of the dark exciton recombination rate
is taken into account, the predicted level of P53t derived from fitting the magnetic field
dependences P:%(B), will be lower for each sample. One can see that in the region of
small values of r the effect of the dark exciton activation by the magnetic field leads
to a decrease of P53 averaged over the ensemble. This is because the magnetic field
activation depends on the angle and the resulting transitions become stronger for the
NCs oriented perpendicular to the c-axis, for which the Zeeman splitting is smaller. For
larger r, however, the general increase of the I'y; transition becomes more important than
its angular dependence and therefore P%3% increases. As a result, from the intersection
of the dashed and dotted lines with the green curve for p*®' = 3, one can predict the
maximal linear polarization of the individual rod at zero magnetic field to be positive for
the DiRs #2 (pj5™ = 0.10) and #3 (p;¢™ = 0.32). This means, that the light emitted
from these DiRs is expected to be linearly polarized predominantly along the c-axis at
low temperatures and zero magnetic field. However, as can be seen from Fig. 5-13 (a),
the maximal linear polarization of the individual rod at the magnetic field B = B3 is
negative, namely p;"** = —0.53 and —0.38 for the samples #2 and #/3, respectively.

As shown above, the theoretical model, which introduces the coupling of the dark
exciton to the bright exciton state F = 0V in addition to the well known coupling to
the F' = +1 states, can explain the significantly lower DCP, which is observed for DiRs
in magnetic field experiments, compared to spherical NCs. The observed dependence on
aspect ratio highlights the role of the dielectric enhancement effect, which favors emission
polarized parallel to the c-axis in DiRs. The reason for the additional increase of the
ratio Fgo/Fgl with the increase of the DiR aspect ratio can be explained by an increase
of the shape anisotropy in the plane perpendicular to the rod axis or by an increase of
the Coulomb interaction anisotropy. However, the large number of free parameters in
the theoretical model make it difficult to go beyond qualitative interpretations of the
experimental data shown here. Further experimental studies are needed, which elucidate
the relevance of each parameter and its dependence on the NC size and shape.

5.5 Summary

In summary, in this chapter a comprehensive study of PL polarization and exciton spin
dynamics in CdSe/CdS core/shell NCs in external magnetic fields was presented. It
was demonstrated, that it is possible to probe the orientation of NCs with anisotropic
shell shape with respect to the magnetic field axis, by means of measuring the PL. DCP
induced by the magnetic field. This technique could be useful for testing the quality of
nanorod based arrays for instance.
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Regarding exciton spin dynamics it was found, that the spin relaxation of dark exci-
tons is strongly related to the surface of CdSe in bare NCs or the interface between CdSe
and CdS in core/shell systems. This was evidenced by a large decrease of the spin relax-
ation rate after adding a CdS shell. The importance of the interface in core/shell systems
was highlighted by a strong core size dependence of the spin relaxation rate, which de-
creases for increasing core volume. In contrast, the overall NC surface seems to play
only a minor role in this regard, as can be concluded from the weak dependence of the
spin relaxation rate on shell thickness. The temperature and magnetic field dependences
of the spin relaxation rate highlight the importance of confined acoustic phonons in the
relaxation and recombination process of dark excitons. In this regard, DiR NCs show a
very similar behavior compared to spherical core/shell systems and the spin relaxation
rate at low magnetic fields seems to be suppressed by an acoustic phonon bottleneck.

Furthermore, the circular PL polarization of DiRs in magnetic fields was studied.
Despite a notably low equilibrium DCP for randomly oriented DiRs compared to spherical
core/shell NCs the results indicated a dependence of the saturated DCP on the aspect
ratio of the NC. A theoretical model for analyzing and predicting the circular and linear
polarization properties of DiR emission in magnetic field was described and compared to
the experimental data. This model includes the dielectric enhancement effect as well as
dark exciton recombination via coupling to bright exciton states with radiative transitions
polarized parallel or perpendicular to the hexagonal c-axis and it was shown, that it
can explain the strongly varying (almost saturated) DCPs typically observed even for
spherical NCs in high magnetic field experiments.






Chapter 6

Fluorescence line narrowing in CdSe
nanocrystals - Mechanisms of dark
exclton radiative recombination

The understanding of the origin and the consequences of the exciton fine structure is
important, since it determines the dynamics of excitons and thus the optical properties
of NCs, as was demonstrated in the preceding chapters. Notably, the possibilities to
affect exciton spin and recombination dynamics by altering the shape and size of the
core or the shell have been elucidated.

Regarding exciton dynamics the most serious aspect about the fine structure is the
nature of the exction ground state, since at low temperatures almost all radiative recom-
bination occurs from this state. As was discussed in chapter 2, in spherical CdSe NCs
this state is optically forbidden in the electric dipole approximation. [28] Although the
dark exciton was discovered already almost twenty years ago, the mechanisms, which
enable its radiative recombination are still not fully understood. In this chapter several
mechanisms, which lead to dark exciton radiative recombination are discussed. Further,
experimental results are shown, which support a recent theory, [157| that predicts dark
exciton radiative recombination due to the interaction between excitons and dangling
bonds at the NC surface.

The chapter starts with an introduction, which gives an overview over possible ra-
diative recombination pathways and presents the basic idea of dangling bond assisted
radiative recombination. Following that, the theory describing the dangling bond as-
sisted recombination is briefly outlined. Afterwards the experimental results are shown
and discussed. Finally, the results are summarized.

6.1 Introduction

As discussed in chapter 2, in CdSe NCs the initially eightfold degenerate exciton ground
state 153/515, (in the spherical approximation) is split by the crystal field and the eh-
exchange interaction into five energy levels, with total angular momentum projections
F =42 F = 41 and F = 0. A calculation of the exciton fine structure according
to the theory of Efros et al. [28] as a function of NC size is depicted in Fig. 6-1 (a)

75
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for the case of a spherical NC. The exciton ground state is of the type F' = 42 and
is therefore optically inactive in the electric dipole approximation. Separated by the
bright-dark energy splitting AFEpg, which typically amounts to a couple of meV (see
chapter 4), there is an optically allowed state F = 1. As was shown in chapter 4, the
dark exciton can be thermally activated by increasing the temperature, depending on the
magnitude of AF,y. Thereby the bright exciton state gets progressively populated. At
low temperatures, however, thermal activation is suppressed and recombination stems
solely from the dark exciton ground state. Since the angular momentum has to be
conserved, radiative recombination from the dark exciton state is possible only, if it is
assisted by acoustic or optical phonons, which take up a part of the angular momentum,
or by magnetic field induced mixing of dark and bright states by fields perpendicular to
the hexagonal c-axis, as discussed in section 2.2.4.
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Figure 6-1: (a) Exciton fine structure for a spherical NC calculated according to the theory of
Efros et al. [28]. The dashed lines denote optically inactive states. (b) FLN spectrum of CdSe
NCs with core radius R = 1.35 nm at T' = 1.6 K. The x-axis shows the red shift (in energy) of
the PL with respect to the laser excitation energy.

Clear signatures of the different pathways of dark exciton radiative recombination
can be observed in FLN experiments, where only a small fraction of NCs is resonantly
excited and therefore inhomogeneous broadening is reduced. A typical spectrum is shown
in Fig. 6-1 (b) for an ensemble of spherical NCs with radius R = 1.35 nm at a temperature
T = 1.6 K. The x-scale shows the red shift of the PL with respect to the laser excitation
energy (corresponding to 0 meV in the figure). The laser is in resonance with the 1%
bright states of the excited sub-ensemble. The first peak, located at £ = —7 meV, is
the so-called zero-phonon line (ZPL) and the Stokes shift of 7 meV corresponds to the
bright-dark energy splitting AEpq. The ZPL can contain Stokes and Anti-Stokes lines
of acoustic phonons concealed due to inhomogeneous broadening, which cannot be fully
avoided in practice. However, in single NC PL experiments such acoustic phonon replicas
have been observed. [119,159] Notably it has been shown, that an external magnetic field
increases the relative intensity of the ZPL. [29] This is due to the admixture of dark and
bright exciton states by the magnetic field component perpendicular to the hexagonal
axis and this effect is considered a clear prove for dark exciton recombination without the
assistance of phonons. The FLN spectrum in Fig. 6-1 (b) exhibits additional peaks, which
are further redshifted with respect to the laser line and which correspond to LO phonon
assisted transitions. In the spectrum shown three peaks can be identified, corresponding
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Figure 6-2: (a) Sketch illustrating the spin flip-flop assisted recombination of the dark exciton.
(b) Hlustration of the formation of a dangling bond magnetic polaron (DBMP). The image is
taken from Ref. [157].

to the 1 LO, 2 LO and 3 LO phonon lines. The relative energy between the ZPL and
the 1 LO phonon line is 27 meV, which is close to values of the LO phonon energy
Ero = 25 meV reported in the literature. [48]

The relatively high intensity of the 1 LO line clearly shows, that optical phonon
agsisted transitions play an important role for dark exciton radiative recombination. It
has been shown, however, that with increasing temperature the relative intensity of the
7ZPL with respect to the 1 LO line increases considerably and that it dominates already
at temperatures above approximately 5 K. At the same time the raise of temperature led
to a clear blue-shift of the 1 LO phonon line as well as the ZPL, i.e. a decreasing Stokes
shift with increasing temperature has been observed. [48] The origin of this blue shift as
well as the strong increase of the ZPL intensity with temperature could not be identified
until recently.

In their theoretical model, [157] A. V. Rodina and Al. L. Efros consider the activation
of dark exciton recombination by surface dangling bonds, which are unsatisfied valences
at the surface atoms and which interact with the exciton via the exchange interaction.
This interaction induces an electron- and dangling bond- spin flip-flop process, converting
the dark exciton state into a virtual bright one, which can radiatively recombine. This
idea is illustrated in Fig. 6-2 (a). An incident photon creates an e-h pair, which after
relaxation ends up with parallel spins, corresponding to a dark exciton. At temperatures
above a critical point T, the dangling bond spins are oriented arbitrarily and can lead
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to an admixture of the bright and dark exciton states. Due to its lower effective mass,
the electron wavefunction . is more delocalized compared to the hole wavefunction vy,
therefore interaction with dangling bond spins occurs predominantly for the electron.
Due to the admixture with the bright exciton state, the initial dark exciton subsequently
recombines radiatively. As illustrated in Fig. 6-2 (b), at temperatures below the critical
temperature 7., the spin flip-flop assisted radiative recombination and repetitive exci-
tation can lead to the formation of a state, which is termed a dangling bond magnetic
polaron (DBMP), with dangling bond spins aligned along the hexagonal c-axis. This
leads to an increased Zeeman-splitting between the dark exciton F' = £2 states and to
a suppression of dangling bond assisted radiative recombination of the dark exciton at
very low temperatures. This DBMP is assumed to be partly responsible for the enhanced
sensitivity of the ZPL intensity on temperature and the concomitant shift of the ZPL to
higher energies, since at higher temperatures the polarization of dangling bond spins is
lost and spin flip-flop processes are possible. The blue shift then occurs as a consequence
of the loss of the polaron binding energy.

In a previous FLN experiment, the temperature dependent Stokes shift and the in-
crease of the relative intensity of the ZPL with increasing temperature have been ob-
served. [48] This study provides further experimental evidence, which supports the pic-
ture of dangling bond assisted dark exciton radiative recombination and the formation
of DBMPs. In the following, the essential theoretical considerations of dangling bond
assisted radiative recombination, as they are reported in Ref. [157], are briefly reviewed.

6.2 Theoretical considerations

As discussed in the preceding section, dark exciton recombination is assumed to occur
by coupling to optical and acoustic phonons as well as by the interaction of the exciton
with surface dangling bonds. Thus the total radiative rate of the dark exciton can be

written as .
— =T =T + Iin + Fav, (6.1)
T

where F;h with ¢ = 0,a denote the rates for recombination accompanied by emission or
absorption of optical and acoustic phonons, respectively and Iy, the rate for dangling
bond assisted recombination.

In the framework of second order perturbation theory the process of dark exciton
recombination is considered to occur in form of a virtual transition from the |F| =2 to
a bright state and subsequent radiative recombination. The former transition could be
realized by a spin flip of the electron, which can be described by the matrix element
Vo = |(1/2|V.|-1/2)| = |(=1/2|V.|1/2)] or by mixing of hole wavefunctions with
matrix elements Vi, 1 = | (V30| Vi [e1/2) | and Via = | (¥a3/0| Vi [¥51/2) | As shown
in Ref. [28] non-vanishing V},; and V. lead to a coupling between the |F| = 2 and
|F'| = 1 states, whereas V}, o couples the |F| = 2 to a |F| = 0 state. In the first case the
resulting PL is circularly polarized in the plane perpendicular to the c-axis, while in the
second case the PL is linearly polarized along c. Interactions with phonons as well as
with dangling bond spins lead to non-vanishing matrix elements and thereby to radiative
recombination. In the following only the dangling bond interaction will be discussed in
detail.
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The electron interacts with the dangling bond spins via the exchange interaction,
which can be written as

}jss = Zﬁssj = _aza_e : a.j’ (6'2)
J J

where o and o7 are the electron and dangling bond spin operators, respectively. The
coeflicient « in case of a spherical NC, where the 1S electron interacts similarly with all
dangling bonds, can be written as o = @&agé?(a), with the exchange strength constant
@, the lattice constant ag and the square of the electron wavefunction at the NC surface
¢(a)?. In small NCs, for which the eh-exchange interaction is comparably large, the
electron spin is aligned with the hexagonal axis and due to the spin-spin interaction
the dangling bonds get aligned as well. If the hexagonal axis is taken to point in the
z-direction, the exchange-Hamiltonian Fq.(6.2) can be written as

A A . A . a - .
Hy = H), + Héip—ﬂop = —ao.ol — §[aﬁ_aj_ + 007 ], (6.3)

where 057 = 057 +ioy”.

The first term in Eq.(6.3) leads to a contribution of the dangling bonds to the exciton
energy. In case of a spontaneous polarization of the dangling bond spins, this gives rise
to a Zeeman-splitting of the dark exciton state. It can be shown, that this is equal to

AFEex = 20eNgp pab, (6.4)

where Ngp, is the number of dangling bonds and pg, = (Nj, — N )/Nap describes the
dangling bond spin polarization with respect to the hexagonal axis.

The second term in Eq.(6.3) leads to an admixture of the bright exciton states |F| =1
to the dark exciton states and radiative decay, accompanied by a simultaneous spin flip
of an electron and a dangling bond spin in opposite direction. It can be written as
VE = A0S = —a/2) y o%.0%. In the framework of second order perturbation theory
the resulting radiative decay rate is calculated as

3 2

+2 (AT 1 [« I o+ T
Here, the operator (| A¥|?) = a2N$), with Nj{) = Ngb(1 F pab)/2, is averaged over the
dangling bond spin polarization and 7y is the radiative lifetime of the F = 0Y state [see
Eq.(2.27)].

If the dangling bond spins are polarized, the rates for the F' = —2 and F' = 42 dark
exciton differ from each other and the dangling bonds give rise to an exciton polarization
given by pex = (Nex-2 — Nex,+2)/Nex, Where Ney is the average number of excitons.
Assuming a thermal distribution between the dark exciton sublevels, which are split by
the dangling bonds according to Eq.(6.4), and that the spin relaxation time is much
shorter than the exciton lifetime the overall radiative decay rate due to dangling bonds
can be written as

1
— =Tab = YexNab[1 — pdabpex], (6.6)
Tdb

where pex = tanh (AEey/2kpT) is the exciton spin polarization. From Eq.(6.6) it is clear,
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that if pappeq — 1, i.e. if the dangling bonds and excitons are polarized, the radiative
recombination is suppressed. If pg, = peq = 0 the radiative rate is proportional to the
number of dangling bonds.

If a spontaneous polarization of dangling bond spins gives rise to a Zeeman-splitting
A FEq, between the dark exciton states, at low temperatures an exciton polarization occurs
in the case, when the spin relaxation is much faster compared to the exciton recombina-
tion. This leads to dangling bond flip-flops with favorable spin orientation and thereby
to a dangling bond polarization, which in turn increases the Zeeman-splitting: A chain
reaction occurs, which leads to a polarization of both, the excitons and dangling bonds.
This polarized state is termed dangling bond magnetic polaron (DBMP). The formation
of the DBMP at low temperatures leads to suppression of dangling bond assisted radia-
tive recombination of the dark exciton, because the effective magnetic field originating
from the dangling bond spins is always parallel to the hexagonal axis.

The time evolution of dangling bond spin polarization can be derived from the rate

equations
dN, dib _ Nﬂ: =+ T +

g b [29ex Nex, 72 + Yab) + Nap[27ex Nex,+2 + V- (6.7)

Here, 2¥exNex,+2 = YexNex(1 F pex) describes dangling bond spin flips during radiative

recombination of the dark exciton. fyffb is the dangling bond spin relaxation rate inde-

pendent of the dark exciton radiative recombination. Thus, the dangling bond spin

pumping gets more efficient for a high average number of excitons in the NC. The

exciton polarization induces a Zeeman-splitting of the dangling bond states with op-
posite spin orientation, which amounts to AFEgq, = 2apex. Therefore one also has to
consider thermal equilibration of the dangling bond spin system. With the condition
Yab = y(fb exp (—AFEg,/kpT), the time evolution of the dangling bond spin polarization
can be written as

pab

7 —2%ex Nex[pab — pex) — Yab[pab — NexPap)- (6.8)

Here yan = 74, + Yap, a0d Pap = (Y, — Yap)/vdb = tanh (apex/kpT) ~ ap/kpT is the
spin polarization of dangling bonds in thermal equilibrium and in the presence of an
exciton. If no excitons are present it is expected, that the dangling bond polarization
vanishes during the equilibration of the system.

The steady state solution of Eq.(6.8) is

2Pex'7eXNeX + vdab + Nexﬁdb

6.9
2%exNex + Vab ( )

Pdb =
At high exciation intensity, when the number of excitons is large and vgn < YexVex,
Pdb = pPex Can be assumed. In this case it follows, that the exciton thermal-equilibrium
polarization can be rewritten to

(6.10)

ex — .

kgT

This state is the DBMB and it can occur for high excitation intensities and is favorable
in small NCs, for which aNVgy is large.

It is expected, that the formation of the DBMP at low temperatures and high average
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exciton populations, on the one hand leads to the suppression of dangling bond assisted
dark exciton radiative recombination. Therefore at very low temperatures predominantly
phonon assisted recombination occurs and the relative intensity of the ZPL is expected
to be small. On the other hand the polaron binding energy induces an additional Stokes
shift, which should result in a blueshift of the ZPL with increasing temperature. Accord-

ing to the relation
Iexacr(wex) -
hwex

where wex is the excitation frequency, oe(wex) the absorption crosssection at this fre-

Nex = (6.11)

quency and 7 the exciton lifetime, the average number of excitons can be influenced via
the excitation intensity. [163] Thus, it is expected, that with increasing excitation powers
the ZPL shifts to lower energies and that its relative intensity decreases. These aspects
have been addressed in a FLN experiment and the results are presented in the following
section.

6.3 Experimental results and discussion

The NCs used in this study are bare CdSe NCs with a diameter of 2.7 nm (sample #R2
in Table 3-3).

The upper panel in Fig. 6-3 (a) shows a FLN spectrum for these NCs and its evolution
with increasing temperature, obtained for an average excitation power P = 10 uW.
The intensity is normalized to the peak intensity of the 1 LO phonon line. The laser
energy in the figure corresponds to 0 meV. Due to the cross-polarized excitation/detection
scheme, as described in section 3.2.1, the laser is not visible in the spectrum. Two general
observations can be made: On the one hand, with increasing temperature the relative
intensity of the ZPL increases with respect to the 1 LO phonon line. While at 1.6 K the
1 LO phonon line is larger than the ZPL, at 10 K the ZPL contains most of the detected
photons. On the other hand, with increasing temperature both lines, the ZPL and the 1
LO line, shift to higher energies, i.e. they shift closer to the laser energy, as indicated by
the dashed lines and arrows.

In the upper panel in Fig. 6-3 (b) the FLN spectrum is shown for various excitation
powers, obtained at T" = 1.6 K. An increase of the excitation power by approximately
two orders of magnitude, from 5 pW to 3 mW changes the relative intensity of the ZPL
only slightly. Importantly, the increase of power leads to a clear redshift of the ZPL and
the 1 LO phonon line, i.e. the lines shift away from the laser energy.

The lower panels in Figs. 6-3 (a) and (b) show the evolution of the relative intensities
and the spectral positions of the ZPL and 1 LO line with increasing temperature and
power in more detail. As is obvious from the left panel, the intensity and spectral positon
of the ZPL and the 1 LO line is very sensitive on changes of the temperature especially
at very low temperatures below approximately 5 K. Within the measured temperature
range, the ZPL and the 1 LO line shift by 2.7 meV and 7.9 meV, respectively. Below
3 K the peak intensity of the 1 LO line is larger compared to the ZPL, at 3 K the
peak intensities are equal, i.e. Izpr/Iipo = 1. The ratio increases up to a value of
approximately 1.6 and stays almost constant above T' = 20 K. Referring to the lower
panel of Fig. 6-3 (b), an increase of power from 5 W up to 2 mW leads to a redshift of the
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Figure 6-3: Upper panel: (a) Temperature dependence at P = 10 uW and (b) power depen-
dence at T'= 1.6 K of the FLN spectrum of CdSe NCs with a diameter of 2.7 nm. The arrows
and dashed lines indicate the shifts of the peaks with increasing temperature (a) and power (b).
Lower panel: Corresponding dependences of the ZPL energy, the 1 LO energy and the ratio of
Izp1,/Ii1,0 with increasing temperature (a) or power (b). The red dashed lines are guides to the
eye.

ZPL and the 1 LO line by 1.5 meV and 0.5 meV, respectively. The trend is highlighted
by the red dashed lines. In this power range the relative intensity of ZPL and 1 LO line
stays almost constant. Above 2 mW the ratio starts to increase significantly and the
shift of the ZPL and 1 LO lines goes in the opposite direction, i.e. the lines shift back to
higher energies.

The described observations can be understood with the theoretical model of dangling
bond assisted dark exciton radiative recombination, which was outlined in the previous
section. At low temperatures T' < T, the model predicts the formation of the DBMP, due
to the cumulative polarization of dangling bond and exciton spins. This should result in
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a decrease of spin flip-flop assisted dark exciton radiative recombination and thus to a
decrease of the relative intensity of the ZPL at low temperatures, in accordance with the
experimental results plotted in the lower panel of Fig. 6-3 (a). In the described model, the
redshift of both ZPL and 1 LO line with decreasing temperature results from the Zeeman-
splitting of the dark exciton state, induced by aligned dangling bonds. The energies of
the Zeeman-sublevels can be written as E§2 = FEp + AFE.,/2, where Ef is the energy
of the dark exciton states in the absence of the DBMP, i.e. at temperatures T > T..
The thermal population of the Zeeman-sublevels and different rates Ffjfif)_ﬂop, as they are
described by Eq.(6.5), lead to the observed redshift with decreasing temperature. The
formation of the DBMP strongly depends on the average number of excitons in the NC
and is therefore expected to be enhanced at high excitation powers. Thus, with increasing
power a redshift of the ZPL and the 1 LO line is expected, which is in accordance with
the power dependences of the 1 LO line and ZPL energies depicted in the lower panel of
Fig. 6-3 (b). The blueshift of the lines, which occurs at excitation powers P > 2 mW and
which is accompanied by a strong increase of the intensity ratio Izpr /10, most likely
is a result of laser induced heating of the sample. As can be seen from the spectra shown
in Fig. 6-3 (a) and (b), changes in temperature and power lead to shifts of the spectral
lines in opposite directions and thus these effects may partly compensate each other.
While the temperature dependence can be reliably performed with a constant excitation
intensity, the increase of power in the experiment always results in progressive heating
of the sample by the laser light. The experiment was performed in liquid helium to allow
for the most efficient cooling of the sample, however, the effect of laser induced heating
cannot be fully avoided in practice. This can also explain, why for power levels below
2 mW changes in the ratio Izpr,/IiLo cannot be observed [see lowest picture in Fig. 6-
3 (b)]. Theoretically it is expected, that the progressive polarization of dangling bond and
exciton spins leads to a suppression of dangling bond assisted radiative recombination
and thus to a decrease of the relative intensity of the ZPL. Most likely, the increasing
amount of heat, deposited by the laser, compensates for this decrease. Nevertheless, the
observed redshift of the spectral lines with increasing power point towards the progressive
formation of the DBMP, due to the dynamical polarization of exciton and dangling bond
spins.

It is expected, that the polarization of the dangling bond spins resulting from the
exciton-dangling bond interaction vanishes over time, when the sample is not illuminated.
The system acquires a thermal equilibrium, thus the shift of the spectral lines with
power is expected to be reversible. This aspect was experimentally addressed in a time-
dependent pump-probe study. In the first part, the sample was continuously excited
using an excitation power of 1 mW at a temperature T' = 1.53 K. At specific times a
spectrum was acquired and the ZPL spectral position was determined. The result is
depicted in Fig. 6-4 (a). The figure shows the absolute energy shift over time (the line
shifted to lower energies, away from the laser line). Obviously, when the illumination
of the sample is started, the spectral position of the ZPL changes over time. After
approximately 400 s it reaches its final position, which is shifted by 0.9 meV with respect
to the initial position, and stays constant until the illumination is stopped after 900 s. The
red line corresponds to a fit of the datapoints with a monoexponential increase function
A(t) = Ap[l — exp (—t/7)], where A(t) denotes the absolute energy-shift as a function
of time, Ay the maximal energy shift and 7 the characteristic risetime. It is determined
to be 7 = 104 + 28 s, although, due to the small number of available data points, the
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Figure 6-4: Time evolution of the relative ZPL energy shift. (a) shows the evolution after
the start of continuous excitation at ¢ = 0. (b) shows the evolution after the excitation laser is
blocked at ¢ = 0. Only for acquisition of the spectrum the sample was exposed to the laser light.
The red lines are fits of the experimental data, using a monoexponential increase (a) or decrease
(b), respectively. The characteristic times 7 are given in the plot.

uncertainty in this time is rather large. Figure 6-4 (b) shows the evolution of the spectral
position of the ZPL after termination of the continuous illumination. Here, only during
the acquisition of the spectrum the sample was exposed to light for 100 ms in each
case. Apparently, the shift, which was previously induced by the constant illumination
of the sample, gradually disappears over time. The characteristic time 7 for this process
was determined by fitting the experimental datapoints with a monoexponential decrease
A(t) = Apexp (—t/7). The fit yields 7 = 166 + 38 s. Apparently, within the measured
time interval the induced spectral shift does not fully disappear. This could result from
the relatively high excitation power, which was used for probing the spectral position of
the ZPL P =1 mW. It is expected, that, although the acquistion time for each spectrum
of 100 ms is comparably short, the repetitive illumination by the laser counteracts the
relaxation of the system.

Interestingly, the characteristic time for the relaxation of the energy shift is sur-
prisingly long, i.e. 7 = 166 s. This time, in the framework of the described theory,
should correspond to the dangling bond spin relaxation time 1/74, which is indepen-
dent of the exciton-dangling bond interaction (see Eq.(6.7)). However, such long times
point towards the involvement of the nuclear spin system of atoms located at the sur-
face, as it is only weakly coupled to the lattice and thus spin relaxation occurs on long
timescales. [160,161] However, to elucidate the exact origin of the long relaxation time
will be subject to further dedicated experimental and theoretical studies.

6.4 Summary

In this chapter, several mechanisms, which enable dark exciton radiative recombination
have been discussed. Notably, a recent theory, |[157| which proposes dark exciton recombi-
nation by exciton-dangling bond interaction, has been outlined. The essential theoretical
predictions for FLN experiments resulting from this model, namely an increase of the
relative intensity of the ZPL compared to the 1 LLO phonon line with increasing tempera-
ture, a blue shift of the ZPL as well as the 1 LO phonon line with increasing temperature
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and a redshift of these spectral lines with increasing power, could be experimentally
evidenced by means of FLN spectroscopy of bare CdSe NCs. The spectral redshift of
the ZPL and the 1 LO line with increasing power was found to be time-dependent and
reversible, supporting the picture of dangling bond spin equilibration in the absence of
excitons.






Chapter 7

Summary and outlook

This thesis provides new insights in excitonic processes in colloidal semiconductor NCs,
which were experimentally addressed by means of time-resolved PL spectroscopy and
fluorescence line narrowing. Here, the focus is laid on the investigation of the exciton
fine structure and exciton dynamics, which determine the optical properties of NCs at
low temperatures and which strongly depend on the NC material and its architecture,
i.e. its size and its shape.

Heteronanostructured particles are of prominent interest, since they provide a great
versatility regarding the manipulation of optical properties in terms of wavefunction
engineering. This aspect was intensively explored in chapter 4. It was investigated,
how the size and shape of the shell in NCs with core/shell anatomy can be used to
affect exciton recombination dynamics and to control the eh-exchange interaction and
thereby affect the fine-structure splitting between spin singlet and triplet states. To this
end, the PL decay was measured as a function of temperature for NCs with a spherical
core surrounded by a rod-shaped shell with various geometrical extensions. The data
were analyzed and interpreted in terms of a three level system and the fine-structure
splitting as well as bright and dark exciton radiative recombination rates were extracted.
It was found, that the fine-structure splitting strongly depends on the diameter of the
shell, whereas the rod length does not matter in this regard. This was attributed to the
significant but limited leakage of the electron wavefunction into the shell and the resulting
decrease of the eh-exchange interaction. The dark exciton radiative lifetime was found to
decrease with increasing shell diameter. This was attributed to the corresponding change
in the fine-structure splitting, giving rise to a reduced mixing between optical allowed
and forbidden states. An increase of the bright exciton radiative rate was observed
for increasing shell diameter and was ascribed to the decreasing wavefunction overlap
between electron and hole.

From a technological point of view, these findings are valuable for designing and
optimizing optical devices, such as LEDs, based on core/shell heteronanostructures. As
discussed in Ref. [1| one of the main obstacles in this regard is the improvement of the
external quantum efficiency EQE of NC based LEDs, which is EQE o x - npr, where x
is the fraction of excitons inside the NC with spin allowed optical transitions and npy, is
the PL quantum yield associated with these transitions. As was shown in chapter 4, the
use of core/shell NCs provides manifold possibilities to affect these parameters by means
of the energy splitting between optical allowed and forbidden states and their respective
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radiative lifetimes, which determine the competition between radiative and nonradiative
recombination of excitons.

In chapter 5 the experimental investigation of exciton spin dynamics and PL polar-
ization in core/shell NCs in external magnetic fields was presented. Core/shell NCs with
spherical and rod shaped shells of varying size were investigated at low temperatures in
an external magnetic field. The time-resolved degree of circular polarization was mea-
sured as a function of temperature, magnetic field and NC shape. From the curves the
spin relaxation rate and the equilibrium polarization degree of the PL were extracted.

Due to the strong confinement of carriers in NCs, the exciton spin is effectively
protected from environmental perturbations and therefore NCs are appealing candidates
for spin-memory applications, where a long time spin coherence is required. Especially
the dark exciton, due to its comparatively long radiative lifetime can play a key role
in this regard, since it allows the read-out of an optically imprinted spin orientation
on microsecond timescale, as discussed in Ref. [162]. The experimental investigations
presented in chapter 5 elucidate the impact of the geometrical parameters of core/shell
NCs on exciton spin relaxation, i.e. the loss of spin coherence. In this regard it was
shown, that especially the core size strongly affects the relaxation rates between the
Zeeman-split dark exciton states. More precisely, the relaxation rate was found to be
inversely proportional to the volume of the core and for the shell thickness only a weak
dependence was observed. For NCs without a shell, the relaxation rate was found to be
increased by an order of magnitude. These observations led to the conclusion, that the
surface of the NC as well as the core/shell interface play a central role in the process of
spin relaxation and that, also in this regard, wavefunction engineering can be useful for
controlling the interaction of the exciton wavefunction with the surface or interface. The
magnetic field dependence of the spin relaxation rate indicates the existence of an acoustic
phonon bottleneck in these structures, which hinders relaxation between Zeeman-levels
at small splittings and therefore contributes to a long spin lifetime.

In magnetic field experiments the dependence of the circular polarization on the field
strength in an ensemble of spherical NCs could successfully be described by a theoretical
model, which considers radiative recombination of the dark exciton ground state via the
optical bright states with angular momentum projection F' = +1, and predicts the cir-
cular polarization degree of the PL of an ensemble of randomly oriented NCs to saturate
at 75% in high magnetic fields. [43] The experimental results presented in chapter 5,
however, indicated, that the DCP varies strongly with particle shape and also for (pre-
sumably) spherical NCs saturation values significantly lower compared to the theoretical
limit have been previously observed. [44,45] For explanation of these effects the common
theoretical model was extended by taking into account additional coupling to F' = 0
fine structure states as well as a dielectric enhancement effect, which is present in NCs
with anisotropic shape. Both effects lead to enhanced linear polarization of the PL and,
as shown in chapter 5, thereby intrinsically reduce the circular PL polarization. The
presented model is useful for analyzing the PL polarization of NCs in external magnetic
fields can help to understand the size and shape dependence of processes related to the
exciton fine structure.

The understanding of the mechanisms of dark exciton radiative recombination is one
of the central goals in research on colloidal NCs, since, as mentioned earlier, it determines
the optical response of a NC and thus its suitability for application in opto-electronic
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devices. The mechanism of magnetic field induced mixing of bright and dark exciton
states, which enables dark exciton radiative recombination, was found already twenty
years ago. [28,29] Still, the origin of a ZPL in FLN spectra in the absence of an external
magnetic field and its dependence on temperature remains unclarified. The experimental
findings presented in chapter 6 support a recent theoretical study, which proposes dark
exciton radiative recombination as a result of the interaction of excitons with surface
dangling bonds. In this model, dark exciton radiative recombination is enabled by spin
flip-flop processes of electron and dangling bond spins, which convert the initial dark
exciton into a virtual bright one, which can radiatively recombine. Further, at low tem-
peratures and high excitation intensities this model predicts the formation of a state, in
which exciton spins as well as dangling bond spins are polarized. This state is termed a
dangling bond magnetic polaron and it is assumed that it inhibits the radiative recom-
bination of the dark exciton. The essential predictions for FLN experiments following
from this theory, which include shifts of the spectral lines with temperature and power
as well as varying intensities of the spectral lines could be evidenced by means of FLN
spectroscopy on bare CdSe NCs.

The theoretical discussions and experimental findings presented in this thesis high-
light the manifold possibilities to affect and control excitonic processes in colloidal NCs,
especially the recombination and relaxation dynamics of excitons, by means of designing
NCs with a specific size, shape and core/shell architecture. Considering the high exper-
tise in synthesis methods nowadays, which allows production of NCs of almost arbitrary
size and shape and the combination of a variety of materials, the opportunities for using
NCs in commercial opto-electronic applications are obvious. Still, the mechanisms, which
affect exciton recombination and relaxation, are not fully understood. Especially the role
of the core/shell interface or the NC surface regarding these processes remains unclear,
although its importance regarding spin relaxation and exciton radiative recombination
was clearly evidenced by the experimental findings presented in this thesis. Thus, fur-
ther experimental studies elucidating the interaction of excitons with the NC surface or
core/shell interface are needed.

Finally, due to the intrinsic toxicity of CdSe, alternatives to cadmium-based semi-
conductor NCs are generally desirable. [164]| In this regard, III-V semiconductors such
as InP have turned out to be a promising alternative, since they can have comparable
optical properties regarding the spectral window, which can be achieved by tuning the
optical bandgap via the NC size. [165] The fabrication of high quality InP based NCs
unfortunately is more challenging in comparison to II-VI materials and early attempts
resulted in extremely low quantum yields. However, recently progress has been made in
this regard, [165-169] allowing for synthesis of indium-based core/shell NCs with quan-
tum yields as high as 70%. [168,169] This promising development makes it necessary to
extend the research and transfer the knowlegde of CdSe based NCs to other material
systems, in order to ensure the development and production of environmental friendly
NC based devices.
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List of abbreviations

Abbreviation

arb. units/a. u.

CB
CCD
CwW

DBMP
DCP
DLP
DiR
DOS

e-h
EMA

FLN
FWHM

lh
LA
LED
LO

NC
S0
TEM

TCSPC
TRDCP

Meaning

Arbitrary units

Conduction band
Charge-coupled device
Continuous wave

Dangling bond magnetic polaron
Degree of circular polarization
Degree of linear polarization
Dot-in-rod

Density of states

Electron-hole
Effective mass approximation

Fluorescence line narrowing
Full width at half maximum

Light hole
Longitudinal-acoustic
Light-emitting diode
Longitudinal-optical

Nanocrystal
Split-off
Transmission electron microscope

Time-correlated single photon counting
Time-resolved degree of circular polarization
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VB

ZPL

List of symbols

Symbol

Jea

I 1
fre fir

Jor

Valence band

Zero phonon line

Meaning

Radius of a NC or the core in case of a core/shell NC
Lattice constants

Bulk exciton Bohr radius

Einstein coeflicient for a transition between states 2 and 1
Semi-major axis of an ellipsoid

Magnetic field

Speed of light in vacuum (2.9979 - 10719 m/s)

Axis of high symmetry of the hexagonal crystal lattice
Semi-minor axis of an ellipsoid

Core diameter

Light polarization vector

Energy

Zeeman splitting between fine structure states
Bright-dark splitting

Dangling bond Zeeman splitting

Conduction and valence band energy offsets

Band gap energy

Electric field of light

Local electric field

Focal length

Selective excitation factor

Local field factor parallel and perpendicular to the light field

Orientation factor
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Je
Gex

gn

I, I
Tex

Ji
k, k
kg

Meff

e/h
mc/s

Exciton total angular momentum projection
Electron g factor

Exciton g factor

Hole g factor

Planck constant (A = h/27 = 1.05471 - 10~3* Js)
Hamilton operator

Intensities of right and left circular polarized light
Excitation intensity

Hole total angular momentum operator

Bessel function

Wavevector and wavenumber

Boltzmann constant (1.38065 - 10723 J/K)
Angular quantum number

Shell length of DiR NCs

Magnetic quantum number

Free electron mass (9.1024 - 103! kg)

Effective mass

Effective mass of electron/hole in the core/shell
Magnetization vector

Hole total angular momentum projection

Band index

Neumann function

Refractive index

Phonon occupation number

Occupation of exciton Zeeman split sublevels
Number of dangling bonds

Number of excitons

Occupation of Zeeman split dark exciton states
(F =42 and F = —2, respectively)

Occupation of Zeeman split dangling bond states
(Upper (+) and lower (—), respectively)

Momentum operator
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Abbreviations and symbols

aH?J-

Population of the bright state
Population of the dark state
DCP of a single NC
Equilibrium DCP of a single NC
Polarization, Power

Ensemble DCP

Ensemble equilibrium DCP
Time-integrated ensemble DCP
Ensemble DLP

Position operator

Phonon wavenumber

Dielectric enhancement, factor
Shell thickness of a core/shell NC
Lattice translation vector
Temperature

Critical temperature

Spin relaxation time

Spin dephaging time

Core volume, Potential

Width of a DiR

Spherical harmonics

Exchange strength constant
for the electron-dangling bond interaction

Depolarization coefficients parallel
and perpendicular with respect to the c-axis

Ratio of light and heavy hole effective masses

Delta function

Total splitting between light and heavy hole bands in NCs
Crystal field splitting in bulk material

Crystal field splitting in NCs

Splitting due to shape anisotropy
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€0

€exch

+2
I‘ﬂip—ﬂop

2o

a1

I'g

Lap

“Ydb

NAF
Rm

KRs

uB

()e——h

Po

Spin orbit splitting

Vacuum permittivity (8.85419 - 10712 F/m)
Exchange strength constant in CdSe

Electron gyromagnetic ratio

Point of high symmetry in the first Brillouin zone

Dangling bond assisted radiative decay
of the dark exciton (F = +2 or F = —2)

Coupling rate between
F =42 and F = 0 states

Coupling rate between
F=+42and FF= 41 statesat B#0 T

Coupling rate between
F=242and F==1statesat B=0T

Bright exciton radiative recombination rate

Dark exciton radiative recombination rate

Dangling bond assisted radiative recombination rate
Acoustic phonon assisted radiative recombination rate
Optical phonon assisted radiative recombination rate
Radiative decay rate

Nonradiative decay rate

Spin flip rates between Zeeman sublevels

Bright-dark spin flip rate at T =0 K

Dangling bond spin flip rate

Exchange strength constant for CdSe NCs

Quantum efficiencies of the bright and dark exciton state
Dielectric constant of a medium

Dielectric constant of a semiconductor

Wavelength

Ellipticity of a NC

Bohr magneton (5.78838 - 107 ¢V/T)

Angle between the c-axis and the magnetic field
Electron-hole envelope wavefunction overlap

Exciton spin polarization in thermal equilibrium
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Abbreviations and symbols

Pex
Pl

max

Pro
p?lax
Pdb

Pdb

o+, o—
Ocr

TA

TAF

TF

Tdb

Tnr

Tr

70
Tlong

Tshort

Wex

v, ¢, &

Exciton spin polarization

DLP of a single NC

Maximum DLP of a single NCat B=0T
Maximum DLP of a single NC at B#0T
Dangling bond spin polarization

Dangling bond spin polarization in thermal equilibrium
Spin operator

Circular polarization of light (right- and left-hand)
Absorption crosssection

Bright exciton lifetime

Bright-dark spin flip time

Dark exciton lifetime

Dangling bond assisted radiative recombination time
Nonradiative decay time

Radiative decay time

Spin relaxation time

Radiative lifetime of the F' = 0V state

Long decay time

Short decay time

Angular frequency

Excitation frequency

Wavefunctions

Nabla operator
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