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“El que quiere de esta vida
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Francisco de Quevedo

Preface
It is about today (beginning of October 2015) and six years ago that I arrived
for the first time in Nijmegen (The Netherlands). I started that trip thinking of
a sentence that my father told me before I left: “Si lo que más deseas es hacer
el doctorado, ve a Holanda, se tú mismo y lo conseguirás”. After a long and
tiring day of interviews (in English Keiko) at the High Field Magnet Laboratory
(HFML) I went to the final round with those who, later, became my supervisors.
I would like to thank them for trusting me and giving me the opportunity to join
their group. Looking back, today I feel much more mature both professionally
and personally, thus I believe that coming to Nijmegen was the right choice.
However, as a naive beginner, you have to learn that: “the life is not easy”
as someone very wise told me once, or actually, plenty of times. Doing a PhD
is not feeling lonely in a dark room, but it is to bring light to that room by
illuminating yourself. In my case, I am in debt to many people that directly
or indirectly contributed to “bring”light to my PhD and resulted in this great
adventure. To them, I personally would like to express my thanks.
Any measurement at the HFML would be impossible without magnets, a
lot of cool water and a great technical staff team. Among them, I would like
to thank those who are (were) making sure that the installation is running
perfectly well: Harry, Stef, Jos P. (Hallooo!!), Frans W., Frits, Hung ()
¨ and
Arjan (Goedemiddag!). Special thanks goes to Arjan who always was willing to
come to the lab in the late evening to fix any installation issue. Hung, the joking
master, always helpful, fixing computer issues while making jokes, that I could
not always understand, but it was funny to see you laughing. Any cryogenic
measurements would not be possible without the “Golden Hands” couple Lijnis
and M. Peters or Frits and Jos R. Special thanks goes to Lijnis who, always
friendly, helped me with “wet” and shaking cryostats, fixing sample holders and
inserts and even with my bike!!. Frits and Lijnis, thanks a lot for periodically
measuring the Helium level, believe me, it is so annoying to do it. I am also
grateful to the organisation staff, Ine and Thera, who made the bureaucracy
veeeery easy and Martin (Hola, cómo estás?), who takes great care of almost
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everything in everyday matters.
The optical experiments presented in this thesis could not have been possible
without the invaluable help of Peter Albers. I cannot imagine how many times
you helped me with fixing cameras, lasers, spectrometers,... and finding optical
equipment. You also helped me a lot in the lab just when I started, when I
needed the most. I will never forget the technical support but most importantly,
our long chats and personal advices. Thanks for that. I believe that I leave
behind a friend rather than a technician. I wish you the best!
Further, I would like to acknowledge the PhDs, Post-Docs and recently
senior staffs colleagues who gave me a wonderful time to look back at: G. Pettinari, Veerendra, Erik van E., Suruchi, Masoumeh, Alix, Genia, Erik K., Victor,
Ramon, Papori, Bhawana, Roger, Peter van R., Alan, Jonas, Steffen, Sergio,
Mariana, Maarten, Jonathan, Rava, Saman, Thomas, Andreas, Francesca, Inge, Salvatore, Dmytro, Mike, Andrea, Bence, Alexandros, Lucas, Olga, Maryam,
Lisa, Alessandro, Jan B., Stevan, Peter R., Arend, Laurens, Szymon, Ben and
Wei.
A huge thank to G. Pettinari for your patience introducing me to the fascinating world of optics and for the joint measurements that resulted in a chapter
of this thesis. I still remember that “your set-up has to be the best of the world”.
Exactly!! Mr. Guduru, finally the two child dreams become true. It was my great
pleasure to have met you within four very important years for us, being always
friendly, helpful, supportive and good listener. Thanks a lot for that. I thank
Erik van E. for being an excellent office-mate, always cheerful and valuable,
easy to joke with and singing while “working in the night”. Pity that we could
not watch together the football match on 11th July 2010, perhaps next time!
().
¨ Masoumeh, someone kind and quiet can also be a brave warrior as you
showed me! Keep smiling!. I thank Alix for being an example of professionalism and dedication. Good luck in your career!. Together with Peter van R. I
always had a funny time drinking a beer, in particular in Milan, cheers man!.
Bhawana...we spent plenty of time together in the optical lab, measuring many
materials, as flakes or colloidal dots. One of our joint experiments resulted in
a chapter of this thesis and I would like to thank you for that. To Roger for
pleasant conversations. Jonas and Sergio, besides the lab we shared a good time
at UVV4 or 3 or whatever. Steffen, thanks for funny chats during lunch and
long magnet measurements. Thanks Dima, now I know absolutely all, but really
all the history of former soviet union countries. I will stop here since the list
is way large, but lastly, I would like to wish the best to all my PhD, Post-Doc
and Junior-Senior staff colleagues. Good luck guys!!.
The work presented in this manuscript could not have been possible without colloidal nanocrystals samples. A special thanks goes to our collaborators
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with who I had the pleasure to work side-by-side: Dr. Esther Groeneveld, Dr.
Francesca Pietra, Dr. Celso de Mello Donegá and Professor Dr. Daniël Vanmaekelbergh at Utrecht University. Drs. Esther and Francesca, I am infinitely
indebted to you for the ultra-high quality colloidal nanocrystals samples and
their regular supply. Dr. Celso, our periodic and fruitful scientific discussions
helped me a lot in the understanding of the complex matter of nanocrystals
and to improve the quality of this manuscript. Thanks a lot for that.
Further, I would like to thank to the other senior staff members at the
HFML: Hans, Uli, Nigel, the former d......., Andries and Peter. Uli, thanks for
useful comments during my seminars, and Hans, for make such a nice software
to measure between others things, and unexpectedly, Helium lines!!. Nigel, I
am grateful for the given quasi-Post-Doc time and showing to me, that also the
English gentlemen can play tiqui-taca football. Andries, forever friendly and
elegant, it was my pleasure to share time with you in our daily breaks (we will
stop ()).
¨
Dear P. C. M. Christianen: It was really an honour to have you as my daily
supervisor. I highly value our long discussions about results, models, management, improvements and corrections. I appreciate your guidance, the freedom
I got during my PhD and your patience. You have polished and taught me and
have worried to increase my understanding and curiosity. You definitely made
an strong imprint in my approach to scientific research. For all of that, thank
you.
I would like to express my gratitude to the members of the manuscript
committee for their time to read this manuscript.
I must not forget to acknowledge to all my colleagues from outside the
HFML with who I had the pleasure to work hand-by-hand and spend a lot
of nights shifts: Dr. Joost van Bree, Dr. Oleksandr Mikhnenko, Dr. Paulina
Plochocka, Dr. Anatol Mitioglu, Dr. Antonio Polimeni, Dr. Marta de Luca,
Davide Tedeschi, Dr. Nadine Hauptmann, Dr. Dario Ballarini, Dr. Fabrizio
Moro, Gerd Plechinger, Philip Nagler and Dr. Ashish Arora. From all, I learned
and got many insightful lessons that helped me to improve and grow. After many
down moments and hard working (also called perseverance), I believe that we
also had some amusing time. Special thanks goes to Dr. Paulina with whom
I had a lot of fun within the experiments and a fantastic working synergism.
You always provide me with good advice and invaluable help to move on in
my professional career. For the same reason, I would like to thank Dr. Antonio
Polimeni.
As well as the people that I met at the HFML, life in Nijmegen was very
funny because of all the friends with who I spent my time and I would like to
acknowledge: the people of one of the best teams ever, UVV4, Miguel, Henar,
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Ozan, Alberto, Jokin, Adolfo, Iria, Dingena, Nacho, Anita and Frank.
I would like to thank my paranymphs Suruchi, Paco and Jorick, for being
over these years always good colleagues. I always could find you Suruchi to have
a memorable and intense chat in my cloudy days. I thank you for that, for your
never ending smile and your always charming mood. Keep it like that! Thanks
Jorick, for trying to teach me some good Dutch, although we never got it there.
Seriously, thanks for making my life easier in the Netherlands and for tracking
me out to the real world. My Nijmegen bag is full of memories and one of them
is your friendship. Best wishes!! Now it is time to move to Spanish.
Paco, me llevo unos cuantos recuerdos de Holanda, y entre ellos es tu amistad. Siempre has sido y espero que ası́ siga siendo, un amigo, para lo bueno,
pero también para lo malo, que lo ha habido. Te deseo lo mejor y que sepas
“que eres más salado que el c... una sirena”.
El apoyo vallisoletano en estos últimos años se me antoja imprescindible,
entre ellos el de mi buen amigo Roberto, el de la playa de Las Moreras. Gracias
por escucharme y preocuparte siempre, sobre todo en esos momentos grises o de
algún otro color. Se te ha echado de menos por aquı́. Aunque me repita, como
recuerdo de Holanda también me llevo tu amistad, y seguro que nos vamos a
ver muchas veces más en Valladolid. Mucha suerte.
Me gustarı́a agradecer a mis amigos del Johnny, que siempre estarán en mi
corazón. A pesar de que en los últimos años no nos hemos visto demasiado,
cada vez que nos encontramos parece como si el tiempo no hubiera pasado. Se
os echa de menos chavales, siempre.
Por supuesto, no de he de olvidar a mis amigos de Albox con los que he
vivido tan memorables momentos siempre que los he visitado en los pasados
veranos. En especial a mi buen, y por siempre amigo, Juan Carlos, y a sus
primos, Pedro el Quaresma y Juanjo el Pescaero.
A Rodolfo y Manolo me gustarı́a darle las gracias por lo bien que me han
tratado siempre que hemos coincidido y por su opinión constructiva y sincera,
en los proyectos que tengo junto a su genial hermana.
A mi familia, que incluye tı́os y primos: aprecio profundamente vuestra
cercanı́a y calor siempre que estamos juntos, en particular a los pequeños, que ya
no lo son tanto, y con algo más de énfasis para el mayor de los menores. Gracias
Pepe por hacerme reı́r tanto, en general, y en tú última visita a Nijmegen en
particular. A mi abuela Pili, te doy las gracias porque cada vez que estoy en tu
casa me siento como un niño.
También un recuerdo sincero para los que no están ya. Con especial cariño
a mi abuelo Pepe, con el que me habrı́a encantado tomarme un chato vino y al
que me hubiera gustado darle más abrazos de los que tuve ocasión. Me gusta
pensar que todavı́a, siempre vas conmigo.
12

Preface
A la señora Carmen, a pesar de no haber tenido el placer de conocerla, me
gustarı́a darle las gracias por las lecciones de vida, de pundonor y coraje que
desconocı́a por completo y que profundamente me conmovieron.
A la vallisoletana más salada, guerrera, sincera, valiente.... Alexandra: has
sido el faro que ha iluminado mi camino en estos años y profundamente quiero
y deseo que ası́ siga siendo en los venideros. Si venir a Holanda me ha traı́do
entre otras muchas cosas, satisfacción personal, tú, sin duda, eres la mejor de
ellas. A pesar de que ha habido momentos complicados, tú, cada uno de esos
dı́as te has levantado y caminado con una sonrisa. Te admiro por ello. Andar
contigo el camino es mucho más fácil, divertido y maravilloso.
A mi hermana, Marı́a del Pilar, la simpática, alegre, dicharachera y vivaz, te doy las gracias por estar incondicionalmente a mi lado, ayudándome,
escuchándome, dándome cariño y apoyo, aunque haya sido a unos miles de
kilómetros. Aunque nuestros caminos inevitablemente se separen siempre serás
mi hermanita pequeña, pase lo que pase. I love you sister!!
A mis padres, que puedo decir, os lo debo todo. Os doy gracias por ser
vuestro hijo, por quererme tanto, por apoyarme y confiar en mı́ siempre. Mi
padre, Juan Rafael, me has enseñado a ser un luchador y a no rendirme jamás,
frente a lo que o quién sea, eso no importa, a creer, ser fuerte, disfrutar y apreciar la vida. Gracias Papá!. Mi madre, Ana Marı́a, pura bondad y dulzura, me
has mostrado como ser paciente, tranquilo, honesto, justo y humilde. Gracias
Mamá!. Si he podido llegar hasta aquı́ es gracias a esos valores que los dos
siempre me habéis inculcado, y este manuscrito, tiene mucho de eso. Allı́ donde
quiera que esté, a vosotros y a mi hermana, os llevaré en mi corazón y en mis
pensamientos, siempre. Vuestro hijo y hermano, que os quiere un montón.

Andrés Granados del Águila
October 2015
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Chapter 1

General
Introduction

1 General Introduction
The interaction of light with matter has been and still is a central research
topic for understanding the structural properties of solid-state materials. Atoms
are the building-blocks of matter, which in addition are composed of a nucleus
and electrons. In a crystalline material these atoms are very well ordered into a
crystal and able to form stable structures on a macroscopic length scale. Currently, on demand of the technological needs of human society and to gain fundamental understanding of Nature, scientists are able to create reliably artificial
structures of nanoscale dimensions (1 - 100 nm), in various geometrical shapes,
including quantum wells, nanowires, atomically-thin materials, quantum dots,
nanotubes and colloidal nanocrystals. In that nanoscopic world, many new
physical phenomena appear where the interaction of the nanomaterial with
light is fundamentally different from that of the bulk-material. Therefore, it is
of great fundamental and practical interest to unravel the physical properties
of novel nanomaterials and to use this knowledge for the development of new
devices with a specific functionality.
Nanostructures spatially confine electrons within dimensions comparable to
or lower than their de Broglie wavelength, giving rise to quantum-size effects.
Quantum confinement provides an extra degree of freedom to tailor the optical,
electronic, magnetic and mechanical properties of the nano-objects. An important class of nanomaterials are colloidal semiconductor nanocrystals (NCs) [1].
These hybrid systems are composed of a small crystalline core, the inorganic
part, surrounded by a layer of organic molecules, the organic part. The inorganic part is fabricated with almost atomic precision during colloidal synthesis.
Wet chemistry methods are fast, relatively easy, providing high processability
and allowing for an elegant control of the size, shape and morphology of the
nanoparticles. This flexibility and the remarkable optical properties of the NCs,
are very promising for potential applications [2], in light-emitting devices [3],
lasers [4] and biomedical tagging [5]. Recently, an astonishing result has been
reported by Boneschanscher et al., [6], who show the possibility to fabricate a
two-dimensional honeycomb lattice (graphene-like) made out of fused NCs with
a crystallographic oriented attachment. This paves the way to design and control unusual nanoscale architectures with colloidal nanomaterials and for new
physical phenomena. Additionally, the optical and electronic properties of this
system are also expected to be completely different from those of the individual
nanocrystals.
Quantum confinement results in an energy shift of the electronic energy
levels leading to a discrete energy spectrum that resembles that of atoms. This
is the reason why NCs are often denominated as ”artificial atoms”. One can
make use of the quantum-size confinement effect to vary the color of the optical
emission (fluorescence or luminescence ) of the nanocrystal material, by simply
22

varying the size of the nanoparticle as illustrated in Fig. 1.1.
The luminescence in these nanomaterials arises from spontaneous radiative
recombination of coupled electron-hole pairs (excitons) that occurs in the NC
core. Light emission of semiconductor colloidal nanocrystals, however, is a
complex process where a multitude of energy scales can be distinguished: 1)
Quantum confinement energy, 2) electron-hole interactions, including the direct (electrostatic) and the exchange (spin) Coulomb interactions energies, 3)
intraband energy splittings due to lattice anisotropy and 4) lattice vibration
energies, including optical and acoustic phonon modes. These interactions lead
to energy splittings in the exciton level structure, the so called exciton finestructure. A prototypical and well studied system is the CdSe nanocrystal. In
wurtzite CdSe NCs the bulk exciton manifold splits into five distinct levels, each
characterized by its net angular momentum projection (Fm ). Three of those
states are optically active (the so called bright states) and two are optically
forbidden (the so-called dark states) for direct radiative recombination. The
optically active states may be expected to dominate the optical response and
to be responsible for the bright luminescence of NCs. However, this turns out
to be only partially true, since the low temperature luminescence in these nanomaterials originates from the dark states. The precise brightening mechanism
for dark exciton states is a long standing question in the field.

Figure 1.1: Visual Illustration of the Quantum Confinement Effect.
Suspensions of colloidal CdSe nanocrystals of different sizes under UV illumination. From left to right, the nanocrystal size increases leading to changes in
the fluorescence color, from bluish to reddish.

The optical properties of NCs also depend on the semiconductor composition. Different materials have different energy gaps and crystal structures,
leading to a change in the exciton level structure. Advances in the nanoparticle
synthesis have permitted create heteronanocrystals (HNCs). HNCs are made up
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of two or more materials with varying energy gaps and band offsets. They open
exciting opportunities for wave-function engineering, creating a new degree of
freedom to manipulate nanoscale excitons. Specifically core/shell heterostructures allow to vary the spatial overlap between the electron (e) and hole (h)
wavefunctions. Based on the core/shell band alignment, we distinguish three
classes of materials: type-I, with e and h in the same material (spatially direct
excitons), type-II with e in one material and h in the other (spatially indirect
excitons). The third type is the intermediate regime [7] (type-I1/2 or quasitype-II HNCs (spatially 1/2-direct excitons)), with mixed properties between
the other two regimes.
In this thesis, we try to address three fundamental questions: 1) How do
the different energy interactions affect the light emission of NCs? 2) How does
the electron-hole overlap influence the optical properties of NCs and 3) What
is the physical origin of the brightening of dark exciton states?. This thesis is
organized as follows. In the first part, (chapters 2 and 3) we investigate the
exciton response with and without magnetic fields in spherically shaped colloidal quantum dots (QDs) and we introduce the effective mass approximation
(EMA) model of Efros et al. [8]. In chapter 2, we explore the importance of
the nanoscale dimensions in the optical response of organically capped CdSe
and CdTe QDs. We introduce three distinct spectroscopic techniques that are
widely used in this thesis to investigate the main features of the exciton levels.
The results are discussed in the framework of the EMA [8]. In chapter 3 we
will show that a high magnetic field is a powerful and versatile tool to unravel
the fundamental physics of the exciton states of nanocrystals. Application of
a magnetic field leads to a Zeeman splitting of the exciton levels with non-zero
angular momentum. The nature of the exciton states can be revealed, as well
as their spin properties, such as the gyromagnetic g-factors and spin relaxation
times. A second important effect is the magnetic brightening of the dark exciton states. This occurs because of the magnetic field induced relaxation of the
optical selection rules of these dark exciton states. A simple model containing
both magnetic field effects is developed to describe the circular polarization of
the emitting state of ensembles of CdSe QDs.
The second part of the thesis deals with the study of core/shell HNCs. In
chapters 4, 5 and 6 we investigate the optical properties of CdTe/CdSe and
CdSe/CdS HNCs. In chapter 4 we employ non-resonant excitation techniques
on CdTe/CdSe core/shell NCs in which the electron-hole (e-h) separation is
systematically varied. We find that by varying the e-h overlap, one can modify
the exciton energy structure. We find a fundamental and non-trivial relationship between the electron-hole overlap and the electron-hole exchange energy.
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The latter energy is responsible for the exciton fine-structure of NCs. Furthermore, we directly show how the exchange energy dependence (i. e., the
size-dependence) affects the dark exciton radiative recombination lifetimes.
Chapter 5 provides a detailed description of the different interactions and energy scales that are involved in the light emission of NCs. We used high-quality
CdSe/CdS dot-in-rod HNCs, consisting of a spherical CdSe core embedded in
a rod-like CdS shell. These samples spontaneously self-assemble in solution
and they can be macroscopically oriented with respect to the laboratory frame.
We employ a high resolution resonant excitation spectroscopy technique, the so
called fluorescence line-narrowing (FLN) technique. The FLN spectrum shows
an unprecedented number of very narrow peaks, which are fully characterized
and identified by using high magnetic fields, allowing us to characterize the full
exciton- and phonon fine-structure of the dot-in-rods. Besides the previously
reported optical phonon replicas, we identify a clear signature of an acousticphonon assisted transition, separated from the zero-phonon emission line (direct
recombination from the dark level), evidencing the importance of vibrational
modes for exciton recombination in NCs. Additionally, we find a reduction
of the electron-hole overlap, thus, a lower electron-hole exchange energy. The
exchange-overlap relationship is consistent with anticipated predictions made in
chapter 4, showing that the overlap-exchange relationship is universal and that
the exchange-exciton model is fundamental to describe the optical properties
of many nanomaterials.
The aim of chapter 6 is to unravel the orientation-dependence of the optical
and magnetic response of wurtzite HNCs, by using macroscopically oriented
self-assembled CdSe/CdS dot-in-rods. Those unique samples allow us to make
a full characterization of the polarization properties of the lowest-energy exciton
levels of NCs. We demonstrate how the angular-momentum selection rules for
light originating from an optically spin-forbidden (dark) exciton are explicitly
broken. The symmetry lowering of the state opens a channel for direct dark
exciton radiative recombination to occur, which explains the low temperature
brightness of nanocrystals. The proposed mechanism resolves the long standing
debate about the origin of the relatively short radiative recombination time of
dark excitons.
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Chapter 2

Exciton Luminescence
of Semiconductor
Colloidal Nanocrystals:
Size Matters
Abstract
Semiconductor

colloidal

nanocrystals

exhibit

size-tunable electronic and optical properties, arising

from a crystalline inorganic unit whose dimension
can be controlled with almost atomic precision by an

organic component during chemical synthesis.

Those size-dependent properties emerge as a result
of quantum mechanical size-conﬁnement eﬀects.

We report a simple theoretical framework in the
eﬀective mass approximation to describe the basics
of

the

excitonic

energy

landscape

of

spherically-shaped colloidal semiconductors. The
theory shows that the light emission of nanocrystals

at low temperatures originates from an optically
(spin) forbidden exciton (coupled electron-hole

pair) transition. We present a set of optical
experiments that conﬁrms this statement. Our

experimental data provides direct evidence that the
recombination time of the long-lived excitonic
ground state is strongly size-dependent, which
cannot

be

explained

by

the

eﬀective

mass

approximation theory. We attribute this discrepancy
to an additional exciton mixing.

Exciton Luminescence of NCs: Size Matters

2.1

Introduction

Semiconductor colloidal nanocrystals (NCs) are nanomaterials composed of a
few nanostructured crystal units, the inorganic part, surrounded by a layer
of organic molecules, the organic part [1]. The organic part is the driving
force during colloidal synthesis for the exquisite control of the size, shape and
morphology of the NC. Furthermore, chemical processability allows solubility
in organic solvents and surface chemistry, important for new functionalities to
use, for instance, in biomedical applications [2, 3]. The high degree of accuracy
during NC growth permits to tailor the physical properties of the NC, such as
the electronic and optical response, that are fundamentally different from those
of the bulk material.
The crystalline inorganic part, however, dictates the electronic and optical
properties of the hybrid inorganic-organic nanostructures, which are defined
by the size, the shape and the composition of the NC. In this thesis, we report extensive investigation of the optical response of a class of Cd-based IIVI semiconductor compounds (e. g., CdSe, CdTe, CdSe/CdS, CdTe/CdSe),
which can crystallize in wurtzite (e. g., CdSe) or zinc-blende (e. g., CdTe)
crystals. In this chapter, we introduce the basic size-dependent properties of
nearly-spherical NCs (QDs), based on the prototypical type-I wurtzite CdSe
and zinc-blende CdTe QDs. We start with a basic theoretical treatment of
the effect of quantum confinement in a semiconductor material. Secondly, we
introduce the basic optical properties of QDs, resulting in the exciton finestructure. Finally, we discuss a set of optical experiments that provide direct
evidence of the exciton-fine structure, including optically allowed and forbidden transitions, corresponding to the so-called bright and dark excitons. From
those experiments, we demonstrate that the dark exciton lifetime scales with
the electron-hole exchange energy, indicating mixing between bright and dark
exciton levels, even in the absence of an external high magnetic field.

2.2

Bulk Band structure

In an isolated atom, electrons have discrete energy levels. In a crystallinesolid with ∼ 1023 atoms/cm3 , the atoms are packaged in an ordered, periodic
structure and their electron states are arranged in energy bands separated by
forbidden energy regions, the so-called energy gaps. A semiconductor material
(SM) has a filled valence band (VB) and an empty conduction band (CB) separated by a finite energy gap (Eg ). The band gap corresponds to the minimum
energy to excite an electron from the ground state valence band to the conduction band. The Eg for semiconductors varies typically between ∼ 0 and 3
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eV [4] depending on composition and temperature (T ). For instance, for CdSe,
CdTe and CdS, the respective bulk energy gaps are 1.85 eV, 1.6 eV and 2.5 eV
at low-temperatures [5].
According to quantum mechanics, when an electron moves in the periodic
potential of a bulk crystal, its wavefunction can be expressed in terms of Bloch
waves as [6]
Ψn,k (r) = un,k (r)eik̃·r̃ ,

(2.1)

where un,k (r) is a periodic function with the periodicity of the crystal lattice
potential, n labels the type of band ( c for conduction and v for valence bands)
and φ = eik̃·r̃ is a plane wave with wavevector k. The wavefunction Ψn,k (r)
can be understood as a plane wave with a modulated amplitude and k = |k|
in accordance to the periodicity of the lattice potential. The electron energy
dispersion relation gives the electronic band structure of the crystal, with the
electron state characterized by the quasi- or crystal- momentum p = k. In a
simple form, for conduction and valence bands these energies take the form of
a parabola when plotted versus k
2 k 2
,
2m∗c
2 k 2
,
Ev (k) = −
2m∗v

Ec (k) = Eg +

(2.2)
(2.3)

where  is the reduced Planck’s constant and m∗c,v are the effective masses
of the electrons, holes. m∗ describes the interaction of the particle with the
periodic crystal potential, in the so-called effective mass approximation (EMA).
In a solid, the carrier effective mass is a complicated function of energy and
differs from that of a free electron [4, 7]. However, m∗ can be considered as a
constant in the vicinity of a given extremum of the energy dispersion relation,
whose value, defines the curvature of the parabolic band.

2.2.1

Elementary Excitations and Quasiparticles: Holes and
Excitons

Illuminating a semiconductor, among the large variety of light-matter interactions that can occur, photons of energy equal or larger than the band gap are
absorbed. Those photons can promote negatively charged electrons (e) from
the filled valence band to the empty conduction band, leaving a deficiency of
negative charge at the VB. The e vacancy at the valence band can be regarded
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as a positively charged hole (h). The photon absorption, brings the crystal from
its vacuum state (no electronic excitations) to an excited state by the formation
of one e-h pair, requiring energy and momentum conservation,
ωP hot = Eg + Ee (k) + Eh (k),

(2.4a)

kP hot = ke + kh ,

(2.4b)

When an electron-hole pair is created, they electrostatically interact due to
their opposite charges. The Coulomb interaction lowers the e-h pair energy to
form a bound state denoted as exciton. Essentially, the Coulomb attraction
correlates the relative electron and hole motions, while the exciton center-offmass freely travels throughout the periodic structure. The annihilation of an
exciton is accompanied by the emission of a photon of a characteristic energy,
the so-called photoluminescence (PL), due to radiative recombination of the
electron with the hole.
The exciton is often regarded as a hydrogen-complex embedded in a dielectric medium, since the relative motion of the electron and the hole in the
exciton is similar to that of an electron and a proton inside the hydrogen atom.
In analogy to hydrogen, the exciton Bohr radius (aB ), which defines the natural length scale of the e-h correlation in a bulk semiconductor, and the exciton
Rydberg or binding energy (Ry ) can be written as
mo  r
ao ,
µex
µex
Ry ,
Ry =
mo 2r o
aB =

(2.5a)
(2.5b)

where r is the dielectric constant of the host material, mo is the free electron mass, 1/µex = 1/m∗e + 1/m∗h is the reduced mass of the exciton, ao is
the Bohr radius of the hydrogen atom (ao = 0.053 nm) and Ryo is the hydrogen binding energy (Ryo = 13.6 eV). Considering typical values r ∼ 10 and
µex /mo ∼ 0.1 for a semiconductor, an order of magnitude estimation for the
exciton ground state radius yields aB ∼ 5 nm, with the exciton Rydberg energy
of Ry ∼ 10 meV. These low exciton binding energies, relative to the hydrogen
atom, means that excitonic effects only dominate the optical response of bulk
semiconductors at sufficiently low-temperatures, when the thermal energy is
too low to ionize/dissociate the exciton (kB T ≤ Ry , where kB is the Boltzmann
constant). In the opposite case, when kB T  Ry , the exciton is ionized and the
optical/electronic response is governed by free carriers. The precise values of
Bohr radius and Rydberg energies are strongly sensitive to the semiconductor
composition.
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2.2.2

Symmetry of the Band Structure

To describe the electronic band structure, the symmetry properties of the atoms
that constitute the semiconductor must be considered, since the Bloch function
un,k can be determined as a linear combination of the atomic orbitals [4]. For
direct band gap semiconductors, such as CdX (X = Se, Te, S) compounds studied in this thesis, the conduction band arises from cadmium (Cd) 5s orbitals,
while the valence band is composed by p orbitals arising from the X element
(see Fig. 2.1) [8].
Direct Gap Semiconductor

Symmetry

CB
|s>-type state

Energy

Bandgap

VB

so, C

hh, A
lh, B

k

0

ear combin
combinations
natio of
Linear
|p>-type states

Figure 2.1: The Importance of the Lattice Symmetry. Schematic
picture of the band structure of a zinc-blende semiconductor with a single
conduction band and multiple valence sub-bands near k = 0. For direct-gap
semiconductors, the conduction band state at k = 0 is a |s >-like state. The
valence band states are linear combinations of |p >-like orbitals.

The conduction band edge possesses spherical symmetry (|s-like state) and
can be well described by a single parabola, while the top of the valence band is
not, since those states are linear combinations of |p-like orbitals. The VB has
a more complex structure since p-states are 6-fold degenerate (including spin
(s)). Because of spin-orbit interactions, the total angular momentum of the
single particle i (i = e, h) Ji = li + si is the only good quantum number, with
li its orbital momentum and si its spin. Thus near the band-edges (k = 0),
the |s >-like electron states are described by Je = 12 (l = 0 and se = 12 ) with
z-projections mJe = ± 12 .

For the hole-states one obtains Jh = 32 , 12 (l = 1 sh = 12 ) that combines to
three hole sub-bands. The Jh = 12 is named as the split-off (so or C) hole-subband, which is due to spin-orbit interaction and lies at much lower energy and
which is not considered here any further. The Jh = 32 sub-band has projections
mJh = ± 32 and mJh = ± 12 , commonly referred to as the heavy-hole (hh or
A) and light-hole (lh or B) sub-bands, respectively. The notation heavy and
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light holes arises from their respective effective masses. The Bloch functions
(uc,v = |J, mJc,v ) can be written in terms of the orbital angular momentum
and spin for conduction electrons as [9]
uc0,+1/2 = |S| ↑,

uc0,−1/2 = |S| ↓,

(2.6a)
(2.6b)

for valence heavy-holes as
1
uv3/2,3/2 = √ |X + iY | ↑,
2
i
uv3/2,−3/2 = √ |X − iY | ↓,
2

(2.7a)
(2.7b)

and for valence light-holes states as
i
uv3/2,1/2 = √ (|X + iY | ↓ − 2|Z| ↑),
6
1
v
u3/2,−1/2 = √ (|X − iY | ↑ + 2|Z| ↓),
6

(2.8a)
(2.8b)

where |S, X, Y, Z represent the orbital-periodic eigenfunctions, while ↓ (↑)
is the projection of the electron spin mJe = -(+) 1/2.

2.3
2.3.1

Exciton and Energy Structures in Semiconductor Colloidal Quantum Dots
Quantum Size-Confinement Effects

In an infinitely big defect free crystal, electronic excitations, described as Bloch
waves, can propagate freely in the periodic lattice potential. However, when the
crystal becomes small enough, its finite size imposes a boundary condition to the
wavefunction, leading to spatial confinement. In response, the electronic energy
spectrum is heavily modified. This is known as the quantum size-confinement
effect.
Colloidal semiconductor nanocrystals (NCs), sometimes also referred to as
colloidal quantum dots, are nanometer-size crystalline solid-particles that contain a few 100 to 10000 of atoms, where their nanoscale dimensions induce
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a strong, and truly, three-dimensional spatial confinement in the conduction
and valence bands. They can be fabricated with almost atomic precision with
a rich variety of crystal structures (compositions) and morphologies, ranging
from simple spherical quantum dots (QDs), cylindrical quantum rods (QRs)
to more complex architectures [1, 10, 11]. NCs are ideal candidates to study
quantum confinement effects in semiconductors since they can be thought as a
tiny bulk-like crystal, where the electronic, optical, spin and also the vibrational
spectra, can be tailor made with a careful design of the nanostructure.
To describe the effect of spatial confinement on the electronic structure of a
NC, the simplest approach is to obtain first the carrier envelope wavefunctions
(ψe,h ) in the single-particle model [12]. The single-particle envelope wavefunctions sensitively depend on the confinement potential dictated by the geometry
(symmetry) of the NC. Let us consider the case of a spherical potential box of
radius a, where the motion of a free i-particle with effective mass m∗i , is confined by impenetrable barriers. The Hamiltonian for a spherically symmetric
potential V (r), whose solutions are considered in many standard textbooks (see
for example [7]), is given as

Hi = −

2 2
∇ + V (r).
2m∗i

(2.9)

Considering the symmetry of the problem, one may make use of spherical
coordinates, where the single-particle envelope wavefunction is written as

i
ψn,l,m
(r, θ, φ) =

Ai  χn,l 
jl
r Yl,m (θ, φ) ,
r
a

(2.10)

where A is a wavefunction normalization constant, {r, θ, φ} represent the
spatial coordinates, jl is the l-th order spherical Bessel function, χn,l is the
n-th root of the l-th jl and Yl,m (θ, φ) is a spherical harmonic function. The
state of the system is characterized by three quantum numbers: {n, l, m}. The
principal quantum number n = 1, 2, 3, ..., denotes the order in energy of the
level in the series of states of a particular symmetry. The orbital number
l = 0, 1, 2, ... (s, p, d, ...) determines the angular momentum (symmetry) of the
envelope wavefunction (ψ i ), and the magnetic number m = −l...l, determines
the angular momentum component parallel to the z-axis.
Solving the Schrödinger equation Eq. (2.9), one find that the energy spectrum consists of a set of discrete levels with energies given by
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Figure 2.2: From Bulk Crystals to Nanocrystals: Quantum Confinement. Schematic illustration of the size quantum-confinement effect in a
semiconductor material in a free space representation for simple parabolic conduction and valence energy bands. In the bulk semiconductor (left panel) CB
and VB are separated by a fixed energy gap (Eg ). In the NC (central panel),
the quantum confinement leads to a discrete atomic-like electronic structure
with energies that are determined by the QD radius. (Right panel) Highest
occupied and lowest unoccupied molecular orbitals, referred as HOMO and
LUMO, respectively.

The electron and hole energy levels (Fig. 2.2) can be described by an atomiclike orbital that is confined within the nanocrystal (1Se,h , 1Pe,h ,...), in clear
contrast to the quasi-continuous energy band of the bulk material. Notice, that
the quantum number l is replaced by L, to distinguish from the atomic basis
of the crystal lattice. The ground (n = 1) and excited state (n > 1) energies of
the confined electrons and holes (a → 0) are increased relative to those of the
bulk material (a → ∞). In addition, the energy spacing between these levels
increases with decreasing QD size.
To complete the single-particle Bloch wavefunction, one must include the
periodic-lattice function u(e,h),k (re,h ). Assuming that u(e,h),k (re,h ) depends weakly
on k, the Bloch wavefunction Eq. (2.1) for electrons and holes in a spherical
QD can be written as
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e
Ψe (re ) = ue (re )ψ{n
(re ),
e ,Le ,me }

h
Ψh (rh ) = uh (rh )ψ{n
(rh ),
h ,Lh ,mh }

2.3.2

(2.12a)
(2.12b)

Angular Momentum Structure and Selection Rules

Light-emission in NCs is a very efficient process reaching room temperature
quantum yields close to unity [13–15]. The emission arises from electron-hole
recombination at the band-edges. The probability of the optical transition to
occur is given by the square of the dipole matrix element
M 2 = |0|e · p|Ψex |2 = |Ψ∗e |e · p|Ψh |2 ,

(2.13)

M 2 = |ue |e · p|uh |2 |ψ e |ψ h |2 = PF · θe−h δne ,nh δLe ,Lh ,

(2.14)

where |0 is the ground state (also depicted as |g), e is the canonical light
polarization vector, p is the momentum operator acting only on the valenceband Bloch functions, Ψex (reh ) = Ψe (re )Ψh (rh ) is the exciton wavefunction
in the electron-electron representation [16]. Inserting the single-particle Bloch
wavefunctions of Eq. (2.12), Eq. (2.13) now reads as

where PF = |ue |e · p|uh |2 is the electric-dipole moment strength of the
interband transition, θe−h = | ψe∗ (r)ψh (r)dV |2 is the square of the overlap
integral over the NC volume between the electron and the hole radial part of the
envelope wavefunctions and δij is Kronecker’s delta symbol. The electric-dipole
term PF provides inherent selection rules, related to the intrinsic symmetry
of the crystal. It dictates the allowed or forbidden optical character of the
electron-hole recombination.
From the orthonormality (δne ,nh δLe ,Lh ) of the spherical harmonics part of
the carrier envelope wavefunction in Eq. (2.14), simple selection rules ∆n = 0
and ∆L = 0 are obtained for the particle-in-a-sphere orbital. However, the
total angular momentum of either the electron or hole (defined as Ke or Kh )
has a second contribution, arising from the atomic basis that forms the bulk
bands. The quantum number Ke,h is defined as a sum of the atomic basis
angular momentum of the Bloch wavefunction (Je,h ) and that of the angular
momentum of the envelope wavefunction (Le,h ): Ke,j = Le,h + Je,h .
In the presence of quantum confinement or strain induced band-mixing effects, parity and Ke,h are good quantum numbers [4, 17]. K is conserved just
as the total angular momentum J = l + s would be conserved when spin-orbit
interactions are considered, thus J can be seen to play the role of the spin.
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Neither Lh or Jh are conserved and therefore, each quantum dot hole state is
a mixture of A (hh), B (lh) and C (so) sub-bands (see Fig. 2.1), besides the
envelope orbital contribution. When an exciton is created by Coulomb attraction between electron and holes, only the sum of their respective total angular
momentum Fex = Ke + Kh is conserved, thus Fex is a good quantum number.

2.3.3

Quantum Confinement and the QD Energy Gap

Photoexcitation of NCs leads to a characteristic photoluminescence, arising
from electron-hole recombination from the lowest-energy exciton state (1Se 1Sh,3/2 ). Neglecting for a moment the Coulombic e-h interaction, the sizedependence of the lowest-energy exciton state (QD band gap) described by the
wavefunction Ψex (reh ) = Ψe (re )Ψh (rh ), can be approximately written as
c
En,L
= Eg +

2 χ2n,L
2m∗e a2

+

2 χ2n,L
2m∗h a2

= Eg +

2 χ2n,L
2µex a2

.

(2.15)

An idealized definition describes the electrically neutral exciton as a quantum of electronic excitation energy travelling in a periodic structure, whose
motion is characterized by a wavevector [18]. In QDs, the free exciton picture
is not longer valid, because of the spatial confinement of the exciton center-offmass motion. The strong exciton confinement energy, however, allows to treat
the carrier motion of the exciton as ”free” particles and adding the Coulomb
potential as a perturbation to Eq. (2.15) [12, 19]. This is because the confinement energy dominates with a quadratic scaling as ∝ 1/a2 , while the Coulomb
energy goes as ∝ 1/a.
The effect of quantum-confinement on the band gap can be observed as the
sizeable blue-shift of the PL emission spectra while reducing the QD size. This
effect is clearly illustrated in Fig. 2.3(a) where the PL emission shifts to higher
energies with reducing QD radius, following the scaling given by Eq. (2.15).
The universal law for a colloidal quantum dot (Eq. (2.15)), describing the sizedependence of the band-edge exciton transition is schematically shown in Fig.
2.3(b).
Specifically, quantum effects occur when the size of the nanocrystal becomes
comparable to or smaller than the exciton Bohr radius (aB ) of the bulk crystal.
It is useful to define different confinement regimes according to the NC size
[20,21]. Essentially, QDs with size a ≤ aB fall in the strong-confinement regime,
whereas QDs with a > aB are within the weak-confinement regime. CdSe
(aB =4.9 nm) and CdTe (aB = 7.3 nm) [7] QDs which are investigated in this
thesis, with typical radius of ∼ 1.5 - 2.5 nm, can be categorized to belong to the
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Figure 2.3: Size-Dependence of the Band Gap Energy for QDs: (a)
Representative PL spectra of QDs ensembles for different nanocrystal sizes.
Reducing the QD, the PL emission energy shifts to higher energies. (b)
Schematic representation of the universal size-dependence of the band gap
energy in a colloidal QD.

strong confinement regime. Yet, the rich variety of QDs composition, including
II-VI (CdSe, CdTe, CdS,...), III-V (InAs, InP,...) and IV-VI (PbS, PbSe, PbTe)
compounds, means that the onset of quantum confinement occurs at different
NC dimensions for a given material, as for example, aB = 3 nm for CdS [7], 36
nm for InAs [20] and 18 nm for PbS [7].

2.3.4

Electron-Hole Overlap and Exchange Interaction in Spherical NCs

The electron-hole overlap is a decisive factor in determining the properties of
the exciton in optical experiments since it determines the oscillator strength
of an optical transition. Due to the nanoscale localization of the electron- and
hole- wavefunctions in semiconductor quantum dots, the probability of finding
them at the same spatial location within the NC, i. e. the e-h overlap, is
very large with θe−h approaching unity (θe−h ∼ 1) [22–26], resulting in an
increased optical transition probability for the states that are dipole allowed.
The electron-hole overlap is shown in Chapter 4 as a fundamental parameter
to describe the optical properties of spatially indirect excitons.
Simultaneously, the high e-h overlap leads to an enhancement of the electronhole exchange interaction respect to the bulk, producing a characteristic finestructure at the band-edge exciton (see Fig. 2.4 below). The electron-hole
exchange Hamiltonian reads [16, 27–29]
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Hexch = −ζωST a3B δ(re − rh )σ J,

(2.16)

where ζ is a crystal structure-dependent parameter (ζWzt = π/3 and ζZb =
π/4 for hexagonal and cubic lattices, respectively), σ and J are Pauli matrices
representing electron and hole pseudo-spin. The bulk exchange splitting ωST
satisfies the relationship
ωST

2
=
3ζ



ao
aB

3

exch ,

(2.17)

where ao is the lattice constant and exch is the exchange strength constant.
This pure quantum-mechanical interaction, without a classical analogue, couples the spins of the electron and hole, and the coupled e-h pair can be seen as
an spin-correlated exciton.
The e-h exchange
coupling is proportional
to the envelope wavefunction in

tegral χexch = |ψe (r)|2 |ψh (r)|2 dV = |ψex (r)|2 dV , which simply corresponds
to the inverted exciton volume [24]. Since the QD volume (V ∝ a3 ) (being
type-I) determines the excitonic dimensions (volume), the enhancement factor
of the short-range exchange energy of the ground exciton state in a QD relative
a3
to the bulk value, can be estimated as ηexch ∝ B3 [23]. Considering typical
a
values a ∼ 1 nm and Bohr radius aB = 4.9 nm for CdSe QDs, exchange interactions in QDs is about two orders of magnitude larger than of the bulk
exciton. Therefore, any theory which attempts to describe a NC, must include
exchange effects.

2.3.5

Fine-Structure of the Band-Edge Exciton in Spherical
NCs

Before, we have shown that the conduction band states are fairly well described
by a single parabolic band, while multiple sub-bands are present at the valence
band. Specifically, for zinc-blende semiconductors, such as CdTe, the hole band
is 4-fold degenerate (heavy- and light-holes) near the band-edge (see Fig. 2.1).
For bulk zinc-blende structures, the lowest-energy exciton state is therefore 8fold degenerate, and the states are characterized by angular momentum F = 1
or F = 2. For NCs, the exchange interaction splits up these F = 1 and F = 2
levels as depicted in Fig. 2.4 (right panel).
In semiconductors with a wurtzite phase, such as CdS and CdSe the hexagonal crystal anisotropy lifts the degeneracy at the valence band, resulting in
a splitting (∆cf ) between heavy- and light- holes. For bulk CdSe ∆cf ∼ 25
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meV [16]. The internal anisotropy lifts the degeneracy of the ground exciton
state into two 4-fold degenerate levels as shown in the left panel of Fig. 2.4.
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Figure 2.4: Exciton Fine Structure Scheme Energy level diagram of the
exciton fine-structure. In the spherical approximation the exciton is 8-fold
degenerate for bulk zinc-blende semiconductors. Crystal/shape anisotropies
(uni-axial symmetry) and the electron-hole exchange interaction, lift the spin
degeneracy of the exciton manifold.

Combining the electron-hole exchange interaction and the crystal anisotropy
lifts the spin degeneracy of the exciton levels, leading to five distinct states,
characterized by their spin projection (Fm ) along the nanocrystal c-axis. The
exciton manifold is divided into two subgroups of upper (U) and lower (L) levels, denoting states with the same Fm but different energy. The energy diagram
of the exciton fine-structure is schematically illustrated in the central panel of
Fig. 2.4. The Fm = ±2 and Fm = ±0L states are forbidden for direct radiative recombination in the electric dipole approximation, thus optically passive
(dashed lines in Fig. 2.4), while Fm = ±1L , Fm = ±1U and Fm = ±0U are
dipole allowed, thus optically bright (solid lines in Fig. 2.4).
Although in bulk zinc-blende QDs there is no crystal field anisotropy (∆cf =
0), electron microscopy characterization reveals that in general, QDs are not
perfectly spherical, but rather prolate. Shape asymmetries break the spherical
exciton symmetry and further splits the two exciton F = 1 and F = 2 manifold
in cubic structures, resulting in an exciton fine-structure very similar to the
levels of nearly-spherical wurtzite QDs [16, 30], as shown in Fig. 2.4.

2.3.6

Energy Spectrum of Exciton Levels in Spherical NCs:
Size-Dependence

The exciton Hamiltonian HL&QC should include terms arising from lattice/shape
asymmetries and the exchange Hamiltonian (Eq. (2.17)). Efros et al. [16] de41
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rived a perturbation matrix approach for II-VI spherical quantum dots, allowing
for a description of the exciton energy levels as a function of the nanocrystal
size:
(ke ,kh )
↑ 3/2
↑ 1/2
↑ −1/2
↑ −3/2
↓ 3/2
↓ 1/2
↓ −1/2
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(2.18)
Here, η represents the exchange interaction term for QDs and is given by
 a 3
B

ωst χ(β),
(2.19)
a
where ωst is the bulk exchange splitting, χ is a dimensionless scaling factor
and β is the light- to heavy- hole effective mass ratio. These parameters are
composition-dependent [28,31]. The total splitting between the heavy and light
holes sub-bands, arising from shape and internal anisotropies, reads as
η=

h
∆ = ∆Lattice + ∆Shape = ∆cf v(β) + 2µu(β)E3/2
,

(2.20)

where ∆cf is the internal crystal field for a wurtzite structure, being zero
for cubic lattices, v(β) and u(β) are dimensionless factors determined by composition (β) and µ = c/b − 1 is the ellipticity of the spherical NCs of radius
a = (b2 c)1/3 with c (b) is the mayor (minor) axis. The hole confinement energy
h (see Eq. (2.11)) scales as 1/a2 , thus the shape-splitting is very sensitive
E3/2
on QD size and on nanocrystal ellipticity.
Solving the eigenenergies and eigenvectors of Hamiltonian (2.18), one obtains 5 distinct exciton energy levels.
The 2-fold degenerate, ground-exciton state |Fm | = 2 is described by
3η ∆
−
2
2
= Ψ↑,3/2 (re , rh )

2 = −
Ψ+2

Ψ−2 = Ψ↓,−3/2 (re , rh )
The 2-fold degenerate exciton states |Fm | = 1U,L are given by
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(2.21b)
(2.21c)
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U,L
1
ΨU,L
+1


(2η − ∆)2
η
+ 3η 2 ,
= ±
2
4
= ∓iC ± Ψ↑,1/2 (re , rh ) + C ∓ Ψ↓,3/2 (re , rh ) ,

∓
ΨU,L
re , rh ) + C ± Ψ↓,−1/2 (re , rh ) ,
−1 = ∓iC Ψ↑,−3/2 (

(2.22a)
(2.22b)
(2.22c)

where U and L correspond to the upper and lower signs, respectively. The
normalization coefficients C ± are given by

f2 + d ± f

,
(2.23)
C± =
2 f2 + d

with f = (−2η + ∆)/2 and d = 3η 2 . For quantum dots in the strong
confinement
regime, these coefficients can be approximated as {C + , C − } =
√
{1/2, 3/2} with corresponding exciton wavefunctions
ΨU
+1
ΨL
+1
ΨU
−1
ΨL
−1

√
3
i
Ψ
= − Ψ↑,1/2 (re , rh ) +
(re , rh ) ,
2√
2 ↓,3/2
3
1
Ψ↑,1/2 (re , rh ) + Ψ↓,3/2 (re , rh ) ,
= +i
2
√2
3
1
Ψ↑,−3/2 (re , rh ) + Ψ↓,−1/2 (re , rh ) ,
= −i
2
√2
3
i
Ψ
= + Ψ↑,−3/2 (re , rh ) +
(re , rh ) .
2
2 ↓,−1/2

(2.24a)
(2.24b)
(2.24c)
(2.24d)

For the two Fm = 0U,L exciton states
η ∆
± ± 2η,
2
2

1 
= √ ∓Ψ↑,−1/2 (re , rh ) + Ψ↓,1/2 (re , rh ) .
2

=
U,L
0
ΨU,L
0

(2.25a)
(2.25b)

Fig. 2.5 shows the size-dependence of the exciton levels for spherical (µ = 0)
(a) wurtzite CdSe and (b) zinc-blende CdTe QDs. For very large QD sizes the
energy level structure resembles that of the bulk crystal. In the case of CdSe, the
intrinsic anisotropy leads to two 4-fold degenerate levels and for CdTe to a 8-fold
degenerate state, as expected from Fig. 2.4. Reducing the QD dimensions, the
exchange interaction significantly affects the exciton splittings. In all cases, the
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nature of the lowest-energy level is always an optically passive state (Fm = ±2
or F = 2), below a higher-energy optically active exciton state (Fm = ±1L
or F = 1). This is a direct result of the exchange coupling that provides a
minimum in energy for a parallel spin configuration of the exchange-correlated
e and h.
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Figure 2.5: Size-dependence of the Exciton Fine-Structure in Spherical NCs. Calculated exciton fine-structure for spherical (µ = 0) (a) wurtzite
CdSe and (b) zinc-blende CdTe QDs as a function of size.

For wurtzite QDs, the energy separation between the lowest-energy optically
active exciton Fm = ±1L and the ground exciton Fm = ±2 state is denoted as
the bright-dark splitting (∆bd ) shown in Fig. 2.5(a). It can be expressed as
∆bd = |2| − |1L |

∆
= −2η − −
2



(2η − ∆)2
+ 3η 2 .
4

(2.26)

The level splitting strongly depends on the QD size because of the sizedependent exchange interaction. ∆bd scales approximately as ∆bd = 3η ∝ 1/a3
in the multi-band EMA [32], thus ∆bd is size-tuneable: for CdSe NCs ∆bd
ranges from ∼20 meV for a ∼1 nm to ∼2 meV for a ∼2.5 nm.

2.3.7

Selection Rules: Dark and Bright Excitons

Inclusion of the electron-hole exchange interaction completely modifies the oscillator strength of the exciton transitions in NCs. Let us find the dipole matrix
elements for the fine-structure exciton states:
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MFm = 0|e · p|ΨFm  = Ψ∗e |e · p|Ψh .

(2.27)
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Inserting the level wavefunction ΨFm given by Eqs. (2.21), (2.22) and (2.25)
in Eq. (2.27) we obtain the general form for the transition probability for each
level as
 |uv3/2,±mj |2 .
MF2m = θe−h |uc0,±1/2 |ẽ · p

(2.28)

The exciton wavefunctions in Eqs. (2.27)- (2.28) are written in the electronelectron representation. In the electron-hole representation, ΨFm are transformed to the electron-electron representation by taking the complex conjugate
in Eqs. (2.21), (2.22) and (2.25) and flipping the spin projections in the hole
Bloch functions (↑ and ↓ to ↓ and ↑, respectively).
For linearly polarized light one can expand the scalar product e · p as
 = ez pz +
ẽ · p

1
(e− p+ + e+ p− ) ,
2

 = ±
˜
·p
z pz +


1 ±
− p+ + ±
− ,
+p
2

(2.29)

where e± = ex ±iey and p± = px ±i
py are spherical basis vectors for the light
polarization and the momentum operator, respectively, and z is the direction
of the c-axis orthogonal to the x-y plane of the NC. For circularly polarized
light an extra vector is needed which must be normal to ẽ and to the light
propagation vector k̃: ẽ2 = ẽ × k̃. The vector describing circularly polarized is
± p is written as
˜
± = ẽ± ± iẽ2 and the scalar product ˜
(2.30)

±
±
where ±
± = x ± iy . Substituting Eq. (2.30) and Bloch functions Eqs.
(2.6)-(2.8) into Eq. (2.28) one finds the dipole moment strength for each exciton
state (θe−h is not included for simplicity, since it can approximated as θe−h ∼1).
For the ground |F | = 2 exciton, the matrix element and transition probabilities are

1
 |uv3/2,3/2  = S|↑ |˜
 | √ |X − iY | ↓ = 0, (2.31a)
·p
·p
M+2 (σ ± ) = uc0,1/2 |˜
2
(2.31b)
M−2 (σ ± ) = 0,

2
(σ ± ) = 0.
M±2

(2.31c)

The optical transition |F | = 2 is spin forbidden (↑ | ↓ = 0), thus dark, since
a photon, having angular momentum ±1, cannot carry an angular momentum
of ±2. For the Fm = +1U,L we have
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 |u3/2,1/2 ) + C ∓ S|↓ |˜
 |uv3/2,−3/2 , (2.32a)
M+1U,L (σ ± ) = ∓iC ± S|↑ |˜
·p
·p


√
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U,L
√
√
(η, ∆)±
(2.32b)
+
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−
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6
2
2
±
M+1
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U,L 2
)
(α+1
(1 ± cos θ)2 ,
=
2

(2.32c)

where Po = S|
pi |i (with i = X, Y, Z) is the Kane interband matrix element
and θ is the angle between the emitted photon direction k and the NC c-axis.
Operating in the same way, we get for the Fm = −1U,L levels
±

M−1U,L (σ ) =
2
±
M−1
U,L (σ ) =

√

θe−h Po ±
+




∓C ∓ C ±
U,L
√ + √ = α−1
(η, ∆)±
+,
2
6

U,L 2
)
(α−1
(1 ∓ cos θ)2 .
2

(2.33a)
(2.33b)

Finally, for Fm = 0U,L exciton states
−2i √
M0U (σ ± ) = √
θe−h Po ±
z,
3
4
M02U (σ ± ) = θe−h Po2 sin2 θ = α02U sin2 θ,
3
M0L (σ ± ) = 0 = M02L (σ ± ).

(2.34a)
(2.34b)
(2.34c)

The Fm = 0L the matrix element and thus the transition probability is
identical to zero, due to constructive and destructive interferences of the wavefunctions of the two indistinguishable exciton states (see Eq. (2.25)). This
is the reason why this exciton level is optically forbidden, in contrast to the
spin-forbidden character of the |Fm | = 2 ground-dark exciton state. From
the transition probabilities for Fm = 0U and |Fm | = 1U,L levels, one can see
their different dependences on the NC c-axis orientation (θ) with respect to the
emitted/absorbed light direction. The Fm = 0U state is linearly polarized along
the wurtzite c-axis and it can be excited/detected if the NC hexagonal axis is
aligned perpendicularly to the light direction. On the other hand, when the
NC is aligned along the light propagation direction, only the |Fm | = 1U,L states
will participate to the absorption. Fm = ±1U,L states are photoexcited by σ ±
light propagating along the QD z-direction, respectively. Light that is linearly
polarized in the x-y plane may excite any of the |F | = 1U,L exciton states.
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2.4

Photoluminescence of Semiconductor Colloidal
QDs: Spectroscopic Signatures of Dark Excitons

The exciton level fine-structure is not only a theoretical exercise to describe the
optical properties of NCs. Experimental observations are consistent with the
bright-dark exciton picture. In this section we describe a set of characteristic
experiments on QDs, which show the importance of the exchange-exciton model.

2.4.1

Methods Section

Optical Measurements Optical experiments at low temperatures were performed on a set of NC ensemble samples, using three spectroscopic techniques:
photoluminescence (PL), time-resolved PL (trPL) and fluorescence line narrowing (FLN) spectroscopy. The NC samples were mounted in a titanium sample
holder on top of a three-axis piezo-positioner. The sample stage was placed in
a homemade optical probe, made of carbon and titanium. The optical probe
itself consist of a carbon tube, that is rigid and lighter, that is black to reduce
the background due to scattered light and that is (almost) non-magnetic to
provide a superior spatial resolution and stability at high magnetic fields. The
end part of the probe is made from titanium, where the nanopositioners, sample
and lens are mounted. Laser light was focused on the sample by a singlet lens
(10 mm focal length). The same lens was used to collect the PL emission and
direct it to the detection set-up (Back-scattering geometry). The optical probe
was mounted inside a liquid helium bath cryostat (4.2 K) inserted in a 50 mm
bore Florida-Bitter electro-magnet with a maximum field strength of 31 T.
For TRPL measurements the excitation was provided by a picosecond pulsed
diode-laser operating at 485 nm. The PL signal was detected by an avalanche
photo diode connected to a single-photon counter (time-correlated single photon counting). For static, spectrally resolved PL measurements the same excitation source was used but in continuous wave mode. The PL light was guided
through a 300 mm long single grating spectrometer (300 grooves/mm grating)
and detected by a liquid nitrogen cooled charge couple device (CCD). Cut-off
optical filters were used in excitation and detection, for both PL and TRPL
experiments.
For FLN measurements, a very narrow excitation source (≤0.08nm FWHM)
was achieved, using a tuneable jet-stream dye (Rhodamine 6G) laser and a
300 mm single grating spectrometer (1200 grooves/mm holographic grating).
The output monochromatic beam was collimated with a lens in the optical
insert described above. The excitation was circularly polarized with the use
of a linear polariser and a Babinet Soleil compensator. The emitted light was
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dispersed by a triple-grating Raman spectrometer (subtractive mode). The
resonant-PL emission was dispersed by a 500 mm stage (1800 grooves/mm
holographic grating) and detected by a liquid nitrogen cooled CCD camera.
The emitted photons were detected in crossed and co-polarization relative to
the laser polarization by using a linear polariser and a lambda-quarter wave
plate.
Samples Synthesis Two sets of organically capped (type-I) QDs were
prepared. One set of CdTe QDs (with radius R = 1.30 nm, 1.45 nm, 1.55 nm,
1.70 nm and 2.50 nm) and one set of CdSe QDs (R = 1.65 nm, 2.15 nm and 2.5
nm). In the previous sections, the QD radius was called a. In the experimental
part, the use of R is preferred. These nearly-spherical NCs were synthesized by
hot injection of organometallic precursors into a coordinating solvent mixture,
following methods reported by de Mello Donegá et al. [33], resulting in a size
dispersion of ∼ 10%. The QDs were dispersed in toluene and the solutions were
dropcasted on GaAs substrates.
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Figure 2.6: Low-Temperature Non-Resonant Photoluminescence.
Representative low-temperature (T = 1.7 K) PL spectra for (a) CdSe and
(b) CdTe QDs ensembles, respectively, for several QD sizes and after nonresonant excitation. The PL emission energy blue-shifts with reducing the
quantum dot size, for both NC materials. (c) The size-dependence of the PL
spectral position (band gap) is shown for CdSe (green circles) and for CdTe
(blue squares). The dashed- and dotted- lines are fits to the data (see text).

Fig. 2.6(a) and (b) show representative PL spectra for ensembles of CdSe
and CdTe QDs, respectively. The used laser energy (2.55 eV) under nonresonant photoexcitation is well above the band-edge exciton energy gap. The
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nanocrystal PL linewidth is rather broad (up to 100 meV) mainly due to inhomogeneous broadening, which arises from the size-fluctuations of the QDs.
With decreasing nanocrystal size, the PL emission energy shifts to higher energies for both CdSe and CdTe QD systems. The dependence is shown in Fig.
2.6(c) for CdSe (green circles) and CdTe (blue squares). Although Eq. (2.15)
adequately describes the essence of the QD band gap energy shift, it fails to fit
the experimental size-dependence of the PL energy. A better option is to use a
phenomenological expression provided by tight binding calculations as [21]
Eg,QD = Eg,Bulk +

C1

a2

1
,
+ C 2 a + C3

(2.35)

where Ci (i = 1, 2, 3) are constants. The green dashed-line and blue dottedline are fits to the experimental data points by using the following set of parameters for CdSe {Eg,Bulk = 1.845; C1 = 0.9; C2 = 0.1; C3 = 0.373} and for CdTe
{Eg,Bulk = 1.6; C1 = 0.55; C2 = 0; C3 = 0.206}. The extracted values Eg,Bulk
are very close to the bulk band gaps for both CdSe (1.841 eV at 4 K) and CdTe
(1.606 eV at 4 K). The fittings show that the increase in the band gap energy
is dominated by the quantum confinement (C1 /a2 ) with a small contribution
of the Coulomb interaction (C1 /a2 ), in agreement with the EMA expression
Eq. (2.15). The differences between the CdSe and CdTe effective masses are
also revealed in the fitting parameters, with C1,CdSe > C1,CdTe , being consistent
with larger values for CdSe with respect to CdTe.

2.4.3

Resonant Photoluminescence: Fluorescence Line Narrowing in Colloidal QDs

Evidence for the exciton fine-structure has been given by fluorescence line narrowing experiments [34–37], in which the PL is measured under resonant photoexcitation. Under size-selective resonant excitation tuned with the non-resonant
PL spectral position, only QDs whose energy gap matches the excitation energy
will emit, leading in emission spectra exhibiting a clear structure and narrow
features. Fig. 2.7(a) shows representative 4.2 K FLN spectra for CdSe with
R = 1.65 (upper-red curve) nm and CdTe with R = 1.7 nm (lower-blue curve)
QDs under the same excitation energy condition, where the energy scale is
taken relative to the laser energy to permit direct comparison.
The resonant-PL spectrum is described in terms of the bright-dark exciton
energy scheme presented in Fig. 2.7(b). In both material systems, excitons are
photo-injected by the laser into the bright Fm = ±1L level, which results in
emission from the dark Fm = ±2 excitons (zero-phonon line ZPL), some meV
below the laser energy (ωExc ). The ZPL is accompanied by phonon-assisted
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Figure 2.7: Low-Temperature Resonant Excitation Spectroscopy on
NCs. (a) Representative FLN spectra for CdSe with R = 1.65 nm (upper-red
curve) and CdTe with R = 1.7 nm (lower-blue curve) QDs under the same
excitation energy condition ωExc = 2.178 eV. The spectra has been vertically
shifted for clarity. The energy scale (horizontal-axis) is taken relative to the
laser energy to permit for direct comparison between samples. The emission
lines of QDs originate from zero-phonon (ZPL) transitions and optical phonon
(LO) replicas. (b) Energy level scheme of the lowest-energy bright-dark excitons for QDs with uni-axial symmetry. The levels are characterized by their
momentum projection Fm onto the c-axis. Solid (dashed) lines correspond
to bright (dark) exciton levels, responsible for optical transitions (solid arrows) to the ground state |g >. ωLO corresponds to the LO phonon energy.
The bright-dark exciton splitting (∆bd ) is the energy difference between the
Fm = ±1L and Fm = ±2 levels. Wavy arrows reflect non-radiative relaxation
processes. (c) Schematic of the size photo-selection process. The schematics
shows the level diagram of (b) but including the confinement energy for bright
and dark excitons as a function of the QD-size (relaxation by optical phonon
emission is omitted). In the left axis, an FLN spectra of a QD in a false right
axis scale is included to allow a direct comparison with the experimental data.

recombination at p = 1, 2 times ωLO (optical phonon energy) below the ZPL,
corresponding to the longitudinal optical phonon mode p of CdSe (pLOCdSe ∼
p · 26 meV) or CdTe (pLOCdTe ∼ p · 21 meV).
Absorption occurs predominately in the Fm = ±1L level because of the
higher oscillator strength, whereas light-emission arises from the lowest-energy
Fm = ±2 exciton. Therefore, varying the excitation ωExc -energy across the PL
ensemble one probes to the energy- (size-) dependence of the resonant-Stokes
shift (Laser-ZPL splitting), which corresponds to the bright-dark splitting ∆bd .
The size-dependence of this process is schematically depicted in Fig. 2.7(c).
With decreasing laser energy the size of the NCs that absorb the laser radiation
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Figure 2.8: FLN as a Function of Excitation Energy: SizeDependence (a) FLN spectra at 4.2 K for CdTe QDs at excitation energies
ωExc = 2.171 eV (green curve), 2.163 eV (orange curve) and 2.108 eV (red
curve). The spectra are vertically shifted for clarity. The energy scale ∆E is
taken relative to ωExc . Black dashed-lines indicate transitions that shift with
ωExc . The black dashed-line spectrum is a fitting curve of the bottom curve
consisting of Gaussian-shaped components (black solid lines). (b) Evolution
of the observed peak energies (relative to ωExc ) as a function of excitation
energy for ZPL and 1LOCdTe . The dashed-lines are guides to the eye.

becomes bigger, because the confinement energy increases with decreasing R.
This process is illustrated in Fig. 2.8(a) where the FLN spectra of the R =
1.7 nm CdTe QD is shown for three excitations energies, organized from bottom
to the top, in order of decreasing excitation energy. In fact, the ZPL is found
to shift considerably towards the laser energy with decreasing ωExc , consistent
with a decreasing ∆bd with increasing R. Importantly, it is also observed that
all phonon replicas (pLOCdTe ) shift along with the ZPL, as expected from a
phonon-assisted transition. The extracted energies for ZPL and 1LOCdTe are
depicted in Fig. 2.8(b) versus excitation energy. The data show the change of
∆bd , which varies from ∼ 5 meV to 10 meV with increasing laser excitation
energy (i.e. decreasing size). Furthermore, the splitting ZPL-1LOCdTe is found
to be constant and approximately ∼ 20 meV, corresponding, to the energy of
a CdTe longitudinal optical phonon.
The extracted values for ∆bd from FLN experiments quantitatively agrees
with those theoretically calculated for both CdSe and CdTe QDs [34, 38]. A
scaling law ∆bd ∝ 1/R3 is found, which is fully consistent with the theoretical
expectations of an exchange-induced exciton splitting.
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2.4.4

Temperature-Dependence of the Exciton Lifetimes in Colloidal QDs

Further evidence for the exciton fine-structure has been given by the dependence
of the radiative lifetime on size [21,35,39] and temperature [40–42]. Fig. 2.9(a)
shows the characteristic PL decay curves of a 1.45 nm-radius CdTe QD at
selected temperatures of T = 296 K (green curve) and 4 K (blue curve). Both
time-decay spectra were recorded in an ensemble of QDs after pulsed laser
excitation at 2.55 eV. At room temperature (RT), the PL time-trace manifests
a single-exponential decay with a lifetime of about ∼ 10 ns. For NCs at 4.2 K,
the behaviour drastically changes into a bi-exponential decay with a fast and
a slow component. The faster component (∼1-2 ns) is ascribed to a transient
emission from higher-energy exciton states prior to relaxation into the lowestenergy exciton level. Nearly single exponential PL decays are indicative of high
quality QDs. In the low-temperature (LT) regime, the slow channel dominates
the PL emission and is characterized by a surprisingly long decay time constant
of approximately ∼ 1 µs. This is surprising for a direct band gap semiconductor
with a typical bulk PL lifetime of about ∼2 ns. Such a long time constant
reflects the lifetime of long-lived excitons, thus consistent with emission from
the nominally dark ground exciton state.
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4K
R = 1.45 nm
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Figure 2.9: Temperature-dependence of the PL lifetimes of NCs (a)
Raw PL decays from a R = 1.3 nm CdTe QD ensemble at temperatures of 296
K (green curve) and 4.2 K (blue curve). The data are background subtracted
and plotted on a semi-logarithmic scale. (b) Temperature-dependence of the
exciton lifetimes of a similar size CdTe core (green circles). Down-left inset:
Three-level energy scheme: |g > is the ground-state, |Fm | = 1L and |Fm | =
2 are the lowest-energy bright and dark levels with radiative recombination
decays Γb and Γd , respectively. ∆bd is the energy separation between the two
emitting states. A model example of Eq. (2.36) that qualitatively describes
the data is shown in the upper-right inset.
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In Fig. 2.9(b) the temperature-dependence of a similar size CdTe QD is
shown. These data were originally recorded and published by J. Blokland et
al. [30]. The strong temperature-dependence arises from the thermal redistribution of the exciton population, which can be qualitatively described within
the bright-dark exciton model, whose energy scheme is schematically depicted
in the down-left inset of Fig. 2.9(b). At high temperatures, when the thermal
energy (kB T ; kB is Boltzmann’s constant) is larger than ∆bd , the PL emission
originates from the high-oscillator strength (bright) exciton state (Fm = ±1L ),
yielding a short decay time. At low temperatures (kB T < ∆bd ) light emission arises from the low-oscillator strength (dark) exciton state (Fm = ±2),
characterized by a very long lifetime reaching a constant (plateau) value at
temperatures below 4.2 K [30, 40, 42–47]. The experimental dark exciton radiative lifetime (τ ) for CdSe and CdTe QDs, varies between a few hundred of
nanoseconds and ∼ 1 µs depending on QD-size (see below).
The exciton decay rate (Γ = 1/τ ) dependence on sample temperature
can be modelled by the three level model depicted in the inset assuming a
Boltzmann distribution of excitons. The radiative rates of bright (Γb ) and dark
(Γd ) exciton are determined from the experimental PL lifetimes obtained from
the RT and LT (1.7 K) limits, respectively. The rate equation for the total
dnb(d)
dN
= ΓN , where −
= Γb(d) nb(d) , N = nb + nd ,
number of excitons is −
dt
dt
∆bd
nb
−
and
= e kB T , with N the total number of excitons, nb(d) the number of
nd
excitons in the bright (dark) state. The resulting phenomenological equation is
given by
Γ=

∆
∆
1
− bd
− bd
= [Γd + Γb e kB T ][1 + e kB T ]−1
τ

(2.36)

Eq. (2.36) qualitatively describes the experimental observations, as illustrated by the model example shown in the upper-right inset in Fig. 2.9(b).
However, fitting the temperature-dependence exciton lifetimes results in values of the bright-dark splitting of ∆bd ∼1 meV [40, 42, 43] which are much
smaller than those measured by FLN experiments (see Fig. 2.8(b)) [34–37] or
those calculated ∆bd by the effective mass approximation (EMA) [34, 35] and
pseudopotential calculations [32]. Quantitative agreement in these materials
systems have been obtained by including an additional recombination channel where the exciton recombination is mediated by confined acoustic phonon
modes [45]. In addition, this simple phenomenological model does not account
for the size-dependence of the exciton lifetime, which is found to increase with
reducing QD-size (see below).
53

Exciton Luminescence of NCs: Size Matters

2.4.5

Volume-Dependence of the Dark Exciton Lifetime in Colloidal QDs.

It is clear now from the finite, but very long, dark exciton lifetime and the
visibility of the ZPL in the FLN spectrum, that an optical transition from the
|Fm | = 2 ground exciton state is not entirely forbidden. The optical activity
of the dark exciton at zero-magnetic field have been ascribed to an admixture
of bright-dark levels, via unpassivated surface sites [48, 49] or through acoustic
phonon excitations [45, 50, 51]. The brightening mechanism of the dark exciton
at zero magnetic field is discussed and addressed in Chapter 6.
An acoustic phonon excitation will induce a periodic strain in the nanocrystal lattice oscillating with the period of the phonon mode. The oscillating
lattice-deformation modifies the exciton energy spectrum resulting in mixing
between fine-structure states within a time-scale of about ∼1 ps (the phonon
mode period). Such an ultra-fast mixing occurs almost instantaneously as compared to the long-lived exciton recombination time of ∼1 µs in cold QDs. The
phonon induced strain must generate an energy distortion comparable to the
bright-dark splitting (∆bd ), such that bright-dark exciton mixing occurs. Since
for large QDs sizes this is definitely possible because ∆bd ∼ 1 meV is comparable to the phonon energy ωaph ∼ 1 meV [45, 52], for small nanocrystals with
∆bd ∼ 10 meV, it is very unlikely that fine-structure mixing arises exclusively
from those vibrational modes.
Although, acoustic phonons excitations have been shown to play an important role in energy relaxation and radiative recombination for NC dark excitons [53–55], still, the role of the exchange interaction at zero magnetic field
remains unclear. Here, we argue that any quantum-mechanical admixture between fine-structure states, such as valence-band mixing due to strain or QD
ellipticity, provides oscillator strength to the |Fm | = 2 ground-dark exciton level
and that the degree of bright-dark mixing, depends on the level spacing ∆bd .
Since the exchange splitting is strongly size-dependent, monitoring the dependence on size of the PL lifetime at the low-temperature saturation plateau,
must provide insight for this scenario.
Representative low-temperature (T = 1.7 K) PL decay curves for CdTe and
CdSe QDs are shown in Fig. 2.10 (a) and (b), respectively. The dark exciton
lifetime (τd ) gets longer with decreasing nanocrystal size, independent of the
QD composition. Such an universal behaviour is summarized in Fig. 2.10(c)
and (d) where the LT PL lifetime is depicted for the investigated CdTe and
CdSe QDs, respectively, as a function of the QD volume (V ). In panel (d), the
black symbols are data points taken from ref. [42]. To describe the data, we
assume the empirical relationship:
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Figure 2.10: Volume-dependence of the Dark Exciton Lifetime in
NCs. Representative low-temperature (T = 1.7 K) PL decay curves for (typeI) (a) CdTe QDs with R = 1.3 nm (purple curve) and R = 1.7 nm (green
curve) and (b) CdSe QDs with R = 1.65 nm (blue curve) and R = 2.5 nm
(orange curve). The PL decays are plotted on a semi-logarithmic scale after
background subtraction and normalization to the PL integrated area. Lowtemperature PL lifetimes for (c) CdTe and (d) CdSe QDs as a function of
the NC volume (η ∝ V −1 ). The coloured symbols in (c) and (d) represent
original data, whereas the black symbols in panel (d) are data points taken
from ref. [42]. The dashed lines in (c) and (d) are the best fits to the data
with Eq. (2.38).
0

0

τd ∝ η ∝ V −1 ,

(2.37)

where the dark exciton lifetime scales linearly with the e-h exchange interaction. The dashed lines in Fig. 2.10(c) and (d) are best fits to the data with
the following empirical equations:
12149
8698
ns · nm3 ; τd,CdSe =
ns · nm3
(2.38)
V
V
An overall agreement between the experimental data and the empirical fitτd,CdTe =
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ting curves is found, which suggests that the increase of the exciton lifetime
with decreasing volume can be directly attributed to the enhancement of the
e-h exchange interaction (η) because of the large e-h. A strong exchange energy
results in a large bright-dark splitting (∆bd ) and leads to a decreased mixing
between bright and dark levels, and therefore a longer lifetime of the |Fm | = 2
ground exciton state. For the smallest volume QDs, we obtain better (quantitative) agreement between the experimental data and the empirical model.
Notice that when the NCs are very small and within the regime of small clusters (V ∼ 1 nm3 ), the PL lifetime (∼10 µs) approaches the decay times of triplet
phosphorescence emission from organic chromophores (100 µs). This scenario is
further investigated in Chapter 4 by using a class of heteronanocrystals (HNCs)
with variable e-h overlap and e-h exchange interaction.

2.4.6

Conclusions

In conclusion, we have shown the importance of the nanoscale dimensions for
the optical response of spherical colloidal QDs. We have presented theoretical and experimental results, which show that the enhanced electron-hole exchange interaction leads to the formation of, nominally, dark exciton states
in strongly confined, and organically-capped, CdSe and CdTe QDs. The direct observation of optical phonon replicas, besides the zero-phonon emission,
highlights the importance of phonon-assisted transition for dark exciton recombination in nanocrystals. Most importantly, we find that the dark exciton lifetime scales with the electron-hole exchange energy, indicating a zero-magnetic
field mixing between bright and dark states. The degree of level admixture
scales inversely proportional with the energy level splitting ∆bd , thus, it is sizedependent. These experimental results explain for the finite exciton lifetime
saturation plateau in the low-temperature limit. The results show that the
exchange interaction, exciton-mixing and phonon modes are important for the
low-temperature recombination of NCs.
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[54] A. Granados del Águila, B. Jha, F. Pietra, E. Groeneveld,
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Chapter 3

Optical Spectroscopy
of Bright and Dark
Excitons in CdSe
Nanocrystals in High
Magnetic Fields
Abstract
Low

temperature

polarized

and

time-resolved

photoluminescence spectroscopy in high magnetic

ﬁelds (up to 30 T) has been used to study the
spin-polarization, spin-relaxation and the radiative
lifetimes of excitons in wurtzite semiconductor

(CdSe) colloidal nanocrystals. The applied magnetic

ﬁeld leads to a signiﬁcant degree of circular
polarization of the exciton photoluminescence,
accompanied

by

photoluminescence

a

decay

reduction
time.

The

in

the

circular

polarization arises from the Zeeman splitting of the

exciton levels, whereas lifetime reduction results

from a polarization-preserving ﬁeld-induced mixing
of the exciton-levels. We analyse these ﬁndings in

terms of a simple model that combines both
Zeeman eﬀect and exciton mixing, as a function of
the orientation of the nanocrystal c-axis relative to
the

ﬁeld

direction.

This

model

is

able

to

simultaneously describe the degree of circular

polarization and lifetime reduction of the exciton
photoluminescence, permitting to quantify the
exciton, electron and hole g-factors.

This work is in preparation for publication
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3.1

Introduction

Quantum mechanical size-confinement of charge carriers in semiconductor nanocrystals (NCs) leads to a discrete, atomic-like, energy level structure. It is well
established that the combined effect of an enhanced electron-hole exchange
interaction and the internal/shape anisotropy lifts the degeneracy of the bulk
exciton-manifold, producing a characteristic energy fine-structure of exciton
levels. In the common case of wurtzite spherical quantum dots (QDs), such as
CdSe QDs, the exciton manifold consists of five distinct states, characterized by
their spin projection (Fm ) along the nanocrystal c-axis. The resulting exciton
fine-structure is characterized by a lowest energy exciton state (Fm = ±2),
which is forbidden for direct radiative recombination, thus optically dark, and
a higher energy exciton state (Fm = ±1L ) that is dipole allowed, thus optically
bright. The separation between the two levels, denoted by the bright-dark
splitting (∆bd ), strongly depends on the QD size because of the size-dependent
electron-hole exchange interaction. The exchange splitting ∆bd scales as ∼1/R3
with R the QD radius. For typical values of ∆bd of 5-20 meV only the lowest
|Fm | = 2 level is populated at low-temperatures T (kB T < ∆bd ), leading to
relatively long exciton lifetimes (∼ 1 µs) [1, 2].
 has been shown to be one of the most versatile and
A magnetic field (B)
powerful tools to unravel the energy fine-structure of excitons in NCs. Application of a strong external magnetic field lifts the spin-degeneracy of the
exciton levels by means of the Zeeman effect. At sufficiently large fields, the
Zeeman energy becomes comparable to the exchange interaction, leading to a
significant decrease of the exciton lifetime, since the dark |Fm | = 2 ground
state acquires oscillator strength from the bright bright |Fm | = 1 state through
field-induced wavefunction mixing [3]. Optical activation of the dark exciton
by magnetic fields has been shown for a large variety of semiconductor NCs
of several compositions by means of fluorescence line narrowing (FLN) [3–6],
polarization-resolved photoluminescence (PL) [5, 7, 8] and photoluminescence
decay (trPL) [7–12] experiments.
For ensembles of CdSe QDs it has been shown that the Zeeman splitting
∆Ez of the exciton levels leads to a pronounced circular polarization of the nonresonantly exited PL emission. From standard modelling of the field-dependent
polarization an effective exciton g-factor can be extracted. Remarkably, the
actual g-values obtained by this method do not match to those determined
from theoretical calculations [13–15] or experimental results, such as FLN spectroscopy [4–6], single-dot spectroscopy [16, 17], time-resolved Faraday rotation
experiments [18] and magnetic circular dichroism measurements [13]. Despite
this discrepancy exciton g-factors, determined from circularly polarized emis62

3.1 Introduction
sion of ensembles of QDs, are frequently used to characterize their magnetic
properties [7, 19–23]. Furthermore, experimental studies to quantify the electron and hole g-factors of nanocrystals are still scarce [24]. In this chapter
we present a detailed analysis of the low-temperature polarization- and timeresolved magneto-PL of ensembles of randomly oriented CdSe QDs as a function
of quantum dot size. For all samples we measure the degree of circular polarization (DCP), spin-relaxation and radiative lifetimes of the lowest exciton state as
a function of magnetic fields up to 30 T. We analyze the results in terms of three
relatively simple two-level bright-dark exciton models, taking into account the
Zeeman effect and field-induced exciton mixing. The first and second models
determine both the field-dependent DCP and the exciton lifetime in respectively the low-field and high-field limit. The third model is the commonly used
model for the DCP in which the exciton lifetime does not depend on magnetic
field. We find that models I and II both accurately describe our polarization
and lifetime results, leading to values for the exciton, electron and hole g-factors
that compare reasonably well to those obtained by other direct spectroscopic
methods reported in literature. In contrast the regular DCP model (model III)
significantly underestimates the exciton g-factor because it does not take properly into account the reduction of the lifetime with magnetic field.
This chapter is organized as follows: in section 3.2 we give the theoretical
background of the magneto-optical properties of spherical wurtzite semiconductor nanocrystals. We introduce the effect of the Zeeman energy and level
mixing as a function of magnetic field and the orientation of the nanocrystal
 We derive a formula that calculates the degree of circular
c-axis relative to B.
polarization (DCP) of the exciton emission as a function of the Zeeman splitting. We introduce three different models depending on the relative importance
of the Zeeman energy and the exchange energy. For each of the models we give
expressions for the field dependent energy levels, the g-factors, the lifetimes
and the DCP. In section 3.3 we present experimental data obtained on several
spherical CdSe QDs with different diameters. In section 3.4 we compare the experimental results with the predictions of the different theoretical models. The
chapter is concluded with a summary of the most important findings (section
3.5).
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3.2
3.2.1

Theory
Magnetic Field Effects: Zeeman Splitting and Exciton
Mixing

In general, the interaction of a charged particle with magnetic moment µ
 and
 is described by the Zeeman Hamiltonian:
an external magnetic field B
 = gµB · J · B,

HM = −
µ·B

(3.1)

where g is the Landé gyromagnetic factor (g-factor), µB is the Bohr magneton
 + s is the total angular momentum
(µB = 5.78 · 10−2 meV · T) and J = L

with L the angular momentum and s the intrinsic spin (angular) momentum.
The magnetic field lifts the momentum-degeneracy of the states by the so-called
Zeeman splitting, where the energy of each sublevel is expressed as:
EZ = mJ gµB B.

(3.2)

The Zeeman energy scales linearly with both the magnetic field strength
and the g-factor and depends on the magnetic quantum number mJ denoting
 In a
eigenvalues of the projection of the total angular momentum along B.
colloidal semiconductor QD, the effect of an external magnetic field on the
band-edge exciton is given by the Zeeman effect on the seperate electrons and
holes [3]:
1
 + gh µ B · K
h · B,

HM = ge µB · σ · B
2

(3.3)

 h are Pauli
where ge and gh are the electron and hole g-factors, σ and K
matrices representing the electron and hole momenta. In bulk CdSe ge = 0.68
[25] and gh = -0.73 [18,24]. Efros et al. [3] first derived the Hamiltonian matrix
HM for wurtzite NCs, allowing for a reasonable description of the exciton energy
levels in an applied magnetic field:
(ke ,kh )
↑ 3/2
↑ 1/2
↑ −1/2
↑ −3/2
↓ 3/2
↓ 1/2
↓ −1/2
↓ −3/2
Fm = k e + k h

↑ 3/2
H11
H21
0
0
H51
0
0
0
+2

↑ 1/2
H12
H22
H32
0
0
H51
0
0
+1U

↑ −1/2
0
H23
H33
H21
0
0
H51
0
0U

↑ −3/2
0
0
H12
H44
0
0
0
H51
-1L

↓ 3/2
H15
0
0
0
-H44
H21
0
0
+1L

↓ 1/2
0
H15
0
0
H12
-H33
H32
0
0L

↓ −1/2
0
0
H15
0
0
H23
-H22
H21
-1U

↓ −3/2
0
0
0
H15
0
0
H12
-H11
-2

(3.4)
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The Hamiltonian is described in terms of exciton wavefunctions, consisting
of an electron and a hole part, indicated at the left and the top of the matrix.
The electronic part is characterized by a total spin 1/2, with spin-projection
sz = ±1/2, denoted by ke =↑, ↓. The hole part is characterized by a total
angular momentum 3/2, with spin-projections kh = +3/2, +1/2, −1/2, −3/2.
The spin projection Fm = ke + kh of each exciton state is given at the bottom
of the matrix and takes the values Fm = ±2, ±1L , ±1U , 0L , 0U .
The matrix elements Hij are given by:
H11 =
H22 =
H33 =
H44 =

µB Bz (ge − 3gh )
2
µB Bz (ge − gh )
2
µB Bz (ge + gh )
2
µB Bz (ge + 3gh )
2

H12 =

∗
H21

∗
H23 = H32
∗
H15 = H51

√
−i 3µB gh B−
=
2
= −iµB gh B−
(3.5)
µ B g e B−
=
2

 along the nanocrystal c-axis, θ is the
Here Bz = B cos θ is the projection of B
angle between the c-axis and the field direction and B± = Bx ± iBy correspond
to the magnetic field components perpendicular to the c-axis. The symbol *
∗ = H − iH = H ).
denotes complex conjugates (i. e., H− = Hx + iHy ; H−
x
y
+
Eq. (3.4) shows that there are two main effects of the magnetic field on
the exciton levels, which depend on the orientation of the field relative to the
wurtzite c-axis of the NCs (Figure 3.1). These effects can be detected by optical
means, where the wavevectors of the both the excitation and detected photons
are along the field direction. The first effect is caused by the parallel component
 which shows up in the diagonal terms of the matrix and leads to a
(Bz ) of B,
Zeeman splitting of the Fm = ±2 and Fm = ±1L,U exciton levels that are
doubly-degenerate at zero field. The combined effect of the Zeeman splitting
and optical selection rules will give rise to circularly polarized photoluminescence emission. The actual value of the Zeeman splitting, the corresponding
g-factor and the resulting degree of circular polarization strongly depend on

the orientation angle θ. Second, the perpendicular component of the B-field
is
present in the off-diagonal terms of the matrix Hamiltonian resulting in exciton mixing. It mixes the optically forbidden Fm = +2(−2) dark exciton with
the optically allowed Fm = +1L,U (−1L,U ) bright exciton, respectively, whereas
the dark Fm = 0 exciton states mix with both bright F = ±1 exciton levels.
The admixture between bright and dark wavefunctions allows for direct radiative recombination of the optically forbidden exciton states and has, therefore,
a direct influence on the exciton lifetime as measured by photoluminescence.
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Also in this case, the degree of exciton mixing and the resulting exciton lifetime
depends on the orientation angle θ.

Objective
kExc

kF
B

Z-axis

σ+
σ−

uz

c-axis
θ
B||

B┴
Y-axis

X-axis

Figure 3.1: Orientation of Wurtzite QDs with respect to the Applied
Magnetic Field and the Wavevectors of the Light. Schematic representation of a spherical wurtzite QD, where the nanocrystal c-axis makes an
 the observation direction
angle θ with the applied external magnetic field B,

uz and the direction of the laser excitation kExc (Faraday geometry). kF represents the direction of an emitted photon from an exciton state with angular
momentum projection F along the c-axis.

3.2.2

Zeeman Effect and the Degree of Circular Polarization of
the PL Emission

At sufficiently low temperatures (typically ∼ T ≤ 10 K) and/or in a strong
external magnetic field, the PL intensity of an ensemble of randomly oriented
QDs gets significantly circularly polarized [7,8,20,21], as a result of the different
exciton populations among the Zeeman sublevels (see below). Analysis of the
magnetic field induced degree of circular polarization (DCP), therefore, leads
to information about the Zeeman energy (∆) and the corresponding g-factors.
To calculate the magnetic field induced degree of circular polarization of the
exciton PL emission of QD ensembles we construct a simple two-level model
(Fig. 3.2). The ground state exciton level with Fm = ±2 splits up due to
the Zeeman effect (∆), which leads to a (re)distribution of excitons over the
Zeeman sublevels. The rate equations of the exciton populations nσ+ (Fm =
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Energy (meV)

T (K)

nσ+

FMix +1 = +2
Ts ∆ε

FMix -1 = -2
B

Γ

σ-

nσ−

σ+
0o < θ < 90o

|g>
Figure 3.2: The Relationship between the Zeeman Splitting and the
Circular Polarization. Application of a magnetic field leads to the Zeeman
splitting ∆ of the ground state exciton levels Fm = ±2. Because of exciton
mixing these levels have a finite oscillator strength and a pronounced polarization: the Fm = +2(−2) level emits σ+ (σ− ) polarized light. Due to the
field-dependent population of the two Zeeman sublevels the PL emission becomes circularly polarized. The indicated symbols are related to the variables
used in the rate equation model described in the text.

+2) and nσ− (Fm = −2) can be written as:
nσ Pσ
n σ+
nσ Pσ
dnσ+
= Gσ+ −
− + + + − −,
dt
τ|Fm |=2 (B, θ, η)
Ts
Ts
nσ Pσ
nσ −
dnσ−
nσ Pσ
= Gσ− −
− − − + + +.
dt
τ|Fm |=2 (B, θ, η)
Ts
Ts

(3.6a)
(3.6b)

Gσ± is the generation rate. Since for regular magneto-PL experiments the
excitation laser light is unpolarized and far above the band gap, we assume that
the generated hot carriers from the high-energy quasi-continuum of states, relax
quickly to the lowest-energy exciton state, occupying equally the two Zeeman
sublevels. We set the generation rate equal to Gσ± = 1/2.
The nTi Ps i terms accounts for the spin-relaxation processes between 
the two
Zeeman sublevels, with Ts is the spin relaxation time and Pi = ni / i ni is
the thermal occupation probability of the level. When spin relaxation is much
faster than recombination Ts << τ the level occupation follows a Boltzmann
distribution (ni ∝ exp(i /kB T ), with kB is the Boltzmann constant and T the
temperature. The population distribution, therefore, depends on the temperature and the Zeeman splitting ∆ = ∆|Fm |=2 = Fm =+2 − Fm =−2 , which
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depends not only on the field strength and the angle θ, but also on the type of
model that is used (see below).
The ni /τ terms (i = σ± ) are the recombination rates from the two levels,
where τ is the exciton lifetime.
Since the Fm = +2(−2) state predominantly mixes with the Fm = +1L (−1L )
state we assume that, because of the optical selection rules, the Fm = +2(−2)
ground exciton states emit σ+ (σ− ) polarized light. The detected light from
each exciton sublevel is calculated as a product of its population (nσ± ) and its
transition probability for σ± light component (PF ).
Within the electric dipole approximation, the relative probabilities of detecting σ± light components associated with the Fm = +1 exciton in a QD with
 and k (Fig. 3.1) are given
the c-axis oriented at an angle θ with respect to B
2
by PFm =+1 (σ± ) ∝ (1 ± cos(θ)) . For the oppositely oriented Fm = −1 exciton,
these probabilities are reversed and given by PFm =−1 (σ± ) ∝ (1 ∓ cos(θ))2 . The
detected intensities for σ± polarized light are:
Iσ+ = (1 + cos(θ))2 nσ+ + (1 − cos(θ))2 nσ− ,
2

2

Iσ− = (1 − cos(θ)) nσ+ + (1 + cos(θ)) nσ− .

(3.7a)
(3.7b)

The DCP is defined as (Iσ− − Iσ+ )/(Iσ− + Iσ+ ). The numerator drives the
polarization response whereas the denominator is a normalization factor. For
a QD with c-axis at angle θ those terms are expressed as:


(Iσ− − Iσ+ ) = −4τ|Fm |=2 tanh ∆|Fm |=2 β/2


2



cos θ
1 + τ Ts

|Fm |=2

(Iσ− + Iσ+ ) = 2τ|Fm |=2 1 + cos θ ,
T )−1 .

(3.8a)
(3.8b)

where β = (kB
A steady-state circularly polarized PL emission corresponds to the situation when a dynamical equilibrium between the two exciton
spin-populations is reached. The equilibrium population is determined by the
competition between the spin-relaxation and the radiative recombination rates.
For CdSe QDs, it has been observed [7, 8], and will be shown later in this
chapter, that the exciton-relaxation processes are faster than ∼ 1 ns, which is
at least two orders of magnitude faster that the radiative lifetime (∼ 1 µs).
Thus we can safely neglect the ratio Ts /τ|F |=2 and integrate over all orientation
angles. The resulting expression for the steady-state DCP is given by:
DCP =
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0
π



2τ|Fm |=2 tanh ∆|F|=2 β/2 cos θ sin θdθ
.
0
2
π τ|Fm |=2 (1 + cos θ) sin θdθ

(3.9)
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3.2.3

Zeeman Energy versus Exchange Interaction: Different
Regimes.

The effect of the magnetic field comes on top of the electron-hole exchange and
the internal/shape anisotropy and the final magneto-response of a wurtzite QD
depends strongly on the ratio between the Zeeman energy EZ and the strength
of the exchange interaction η. The exchange splitting depends on the QD radius (R), approximately as η ∝ 1/R3 . It is, therefore, useful to classify the
magnetic field effect on a QD of a given size into different regimes according
to the magnitude of η, or to the value of the bright-dark splitting, ∆bd , which
scales as ∆bd ∼ 3η (see Chapter 2).
Regime-I: Low field approximation, small nanocrystals. Small nanocrystals, with R typically below 1.5 nm, have a relatively large exchange energy
and a large ∆bd of the order of ∼ 10 meV [9]. Their low-temperature PL lifetimes are very long (∼ 1 µs) [2], indicating that the ground exciton state is
dark, without significant exciton mixing at zero field. In this regime the applied magnetic field can be considered as a perturbation, because even at high
fields the Zeeman energy is much smaller than the exchange energy. We assign
QDs to regime-I when their exchange energy is greater than or comparable to
the Zeeman energy of a free electron (η ≤ ge0 µB B; ge0 = 2) at 30 T (∼ 3.4
meV). We use a classification based on electrons, because the hole g-factor is
constant within the framework of the effective mass approximation. Furthermore, tight-binding calculations show that the hole g-factor is very sensitive to
crystal anisotropies and shape asymmetries [15] and thus less reliable for our
purpose.
Regime-II: High field approximation, large nanocrystals. Large nanocrystals, with R typically above 3 nm, show a small ∆bd of approximately ∼ 1
meV [9, 17]. In this case the magnetic field cannot be considered as a perturbation, because the Zeeman energy is of the same order of magnitude as
the exchange energy. QDs belong to regime-II when their exchange energy
is lower than or comparable to the Zeeman energy of a bulk CdSe electron
(η ≤ geBulk µB B) at 30 T (∼ 1.2 meV).

3.2.4

The Different Models.

In the following we will calculate the degree of circular polarization and the
decay times of the exciton PL using three different models.
69

Optical Spectroscopy of Bright and Dark Exciton in CdSe NCs in High...
Model I: Low Field Approximation
Treating the magnetic field as a perturbation for small nanocrystals (ge0 µB B ≤
η), we can make use of Eq. (3.4) and of the corresponding exciton wavefunctions
given in ref. [3,26], to obtain the energies of all exciton states in a spherical CdSe
nanocrystal. Typical results are shown in Fig. 3.3(a), where the calculated
exciton energy levels of a R = 1.5 nm CdSe QD are plotted as a function
of magnetic field strength for some orientations θ. At zero field the Fm =
±2, ±1L , ±1U , 0L , 0U exciton levels are split by exchange and anisotropy. In
finite fields the Fm = ±2, ±1L,U levels show a maximum Zeeman splitting when
the c−axis is parallel to the field (θ = 0o ) and no splitting when the c−axis
is perpendicular to the field (θ = 90o ). The Zeeman splitting of the Fm = ±2
level is higher than than of the ±1L,U levels. The Zeeman splitting of the 0L,U
levels is zero for all angles θ, as expected.

20
10
0

θ = 0o

0
±1U

θ = 45o

θ = 90o

U

0L

L

±1

-10 ∆bd
-20
0

±2

5 10 15 20 25 30
Magnetic Field (T)

(b)
1000
τ(B,θ) (ns)

Energy (meV)

(a)

θ = 0o

800
600
400
200
0

F = ±1L

θ = 45o

∆bd
F = ±2

θ = 90o

0 5 10 15 20 25 30
Magnetic Field (T)

Figure 3.3: Angle-dependence of the Zeeman Splitting and Dark
Exciton Decay Time in an applied Magnetic Field: Magnetic field
dependence of the exciton levels (a) and dark exciton lifetime (b) for a R =
1.5 nm CdSe spherical NC for selected orientations θ = 0o (black solid lines),
θ = 45o (blue dotted lines) and θ = 90o (red dashed lines).

We can use these calculations to quantify the g-factor for each fine-structure
exciton level, using:
 F −  F−
gex,F = +
,
(3.10)
µB B
where ∆F = F+ − F− corresponds to the Zeeman splitting of the level
with given angular momentum projection Fm .
The resulting angle-dependent Zeeman splittings and corresponding g-factors
are given by
∆2 = +2 − −2 = gex,2 µB B cos θ; gex,2 = ge − 3gh ,
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for the Fm = ±2 ground-dark state, and
∆L
1 = gex,1L µB B cos θ; gex,1L = (ge − 3gh )/2,

∆U
1 = gex,1U µB B cos θ; gex,1U = −(ge + 5gh )/2,

(3.12a)
(3.12b)
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Figure 3.4: Calculated Magnetic Field Effects within Model I for an
Ensemble of Wurtzite R = 1.5 nm QDs (a) Angular averaged magnetic
field dependence of the lowest-energy bright |Fm | = 1L and dark |Fm | = 2
excitons. (b) The resulting Zeeman splitting is shown by dashed- (|Fm | = 2)
and solid- (|Fm | = 1L ) lines.

The average Zeeman splitting, for a system of randomly oriented nanocrystals, is obtained after integration of all orientation angles between [0, π/2]. We
 π/2
first average over the energy level positions (∆F  = 0 ∆F sin θ), which
leads to ∆2  = gex,2 µB B/2 for the ground state and ∆L
1  = gex,1L µB B/2 for
the lowest-energy bright state. Remarkably, both are half of the values given
by Eqs. (3.11) and (3.12(a)). A typical result is shown in Fig. 3.4(a) for a
spherical R = 1.5 nm size-QD with a calculated exchange energy of η = 3.5
meV (∆bd ∼ 9 meV). The used parameters are: gh = -0.73, ge = 1.5 and ∆
= 23.75 meV (∆ is the heavy-light hole energy splitting generated by crystal
and shape anisotropies). In the figure the zero-field energy of the bright exciton
is taken as reference. Fig. 3.4(b) shows the corresponding ensemble averaged
Zeeman splitting for Fm = |2| (dashed line) and for Fm = |1L | (solid line),
with both splittings increasing linearly with the B-field. The splitting of the
Fm = |2| exciton is twice larger than that of the bright state, due to its double
angular momentum.
In this regime the quantum-mechanically admixture of the optically active
±1 levels in the dark ±2 exciton state, allows for direct optical recombination
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of the former. Using the magnetic field induced wavefunction mixing, Efros et
al. [3] obtained the recombination rate of the Fm = ±2 exciton in an applied
magnetic field:
3
1
=
I
8
τ|Fm |=2 (B, θ, η)



µB B sin θ
∆

2 

2η + ∆
2gh − ge
3η

2

1
,
τ|Fm |=1L

(3.13)

where τ|Fm |=1L is the radiative lifetime of the lowest-energy bright exciton.
The lifetime depends on the electron and hole g-factors, field-strength B, angle θ, exchange (size) η and anisotropy ∆. Fig. 3.3(b) illustrates a typical
behaviour of the field and angle dependence of the |F | = 2 radiative lifetime.
These curves are calculated using a modified version of Eq. (3.13):
1
I
τ|F
m |=2

=

1
LT
τo,|F
(θ, η)
m |=2

+

1
I
τ|F
(B, θ, η)
m |=2

.

(3.14)

The field independent lifetime τo is included to take into account the experimentally found finite low-temperature dark exciton lifetime at B = 0 T [10,11]
LT
(see also Chapter 2). For this calculation we used τ|Fm |=1L = 10 ns and τo,|F
m |=2
= 1000 ns.
Magnetic fields parallel to the c-axis (θ = 0o ) do not cause bright-dark
mixing but have the largest Zeeman splitting, illustrated by black solid lines in
Fig. 3.3(a). In this orientation, the Fm = ±2 exciton remains optically passive
(black dashed-lines in Fig. 3.3(b)). In contrast, magnetic fields orthogonal to
the c-axis (θ = 90o ) produces a maximum admixture between dark and bright
levels but no Zeeman splitting (red dashed-lines in Fig. 3.3(a)). As a result,
the dark exciton acquires oscillator strength and its radiative lifetime drastically
shortens with increasing the B-field, as exemplified by the red solid-line in Fig.
3.3(b).
Next, we average the radiative lifetime over all orientations by integrating
Eq. (3.14):
 π
1
1
1
+
sin θdθ.
(3.15)
=
LT
I
τ I (B, η)
τo,|F
(η)
τ
(B,
θ,
η)
0
|=2
|=2
|F
m
m
LT
For this calculation we used τ|Fm |=1L = 10 ns and τo,|F
= 600 ns, the
m |=2
latter of which corresponds to the low-temperature PL lifetime at B = 0 for a
R = 1.5 nm CdSe QD (see previous chapter). The computed model curves are
shown in Fig. 3.5(a) for various electron g-factors and fixed gh . The overall
trend is that with increasing B, the recombination time of the long-lived exciton
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reduces drastically. With increasing ge value (curves from top to bottom) the
reduction of τdI with B occurs at lower field strengths. It is important to remark
that in this regime the dark exciton lifetime monotoneously decreases with field
to saturate only at infinite field strength.
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Figure 3.5: Calculated Magnetic Field Effects within Model I for an
Ensemble of Wurtzite R = 1.5 nm QDs (a) The computed magnetic
field dependence for the dark exciton radiative lifetime (Eq. (3.15)) and (b)
its degree of circular polarization (Eq. (3.9)). The modelled curves were
computed with a fixed hole gh -factor (gh = -0.73) and electron ge -values of
ge = 0.68 (red curves), 1 (black dashed-lines), 1.25 (black solid-lines) and 1.5
(blue curves). The exciton gex,2 is defined as gex,2 = ge − 3gh .

Finally, we discuss the resulting magnetic field-induced circular polarizaLT
= 600 ns) and the
tion. Using Eqs. (3.9), Eq. (3.11), (3.14) (with τo,|F
m |=2
previously used set of parameters η and ∆ gives the curves shown in Fig. 3.5(b).
The overall behaviour is that the DCP increases linearly at low-B-fields and
saturates to a value of ∼0.8 at high fields. The saturation value at 30 T is well
below DCP = 1. The fact that the DCP saturation value is lower than 1 is
due to the random orientation of the wurtzite c-axis within the QDs ensemble.
NCs oriented at larger angles do not exhibit any appreciable Zeeman splitting
and they, therefore, do not contribute to the DCP. Variation of the electron
g-factor in the 0.68-1.5 range only marginally affects the exciton g-factor and,
therefore its effect on the DCP is small. Nevertheless, with increasing gex,2 the
slope of the linear part increases and the start of the plateau of the DCP is
slightly shifted to higher values. As a result, from the experimental DCP the
ground-dark exciton gex,2 value can be deduced. It is important to remark that
the polarization never fully saturates, which is a direct result of the behaviour
of the dark exciton recombination time (see Fig. 3.5(a)).
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Model II: High Field Approximation
For large nanocrystals (η ∼ geBulk µB B), the magnetic energy of the lowest
exciton states can be exactly obtained by exclusively considering the heavyhole subspace ±3/2 (see Eq. (3.4)). Solving the eigenvalue problem, one finds
that the optically dark sublevels Fm = ±2 mix with the bright Fm = ±1L
sublevels, leading to the following expressions for the groundstate [3, 26]:
∆ + 3gh µB B cos θ 1 
−
(3η + ge µB B cos θ)2 + (ge µB B sin θ)2 ,
2
2
(3.16a)

∆ − 3gh µB B cos θ 1
−
=−
(3η − ge µB B cos θ)2 + (ge µB B sin θ)2 ,
2
2
(3.16b)

−2 = −
+2

while the bright exciton Fm = ±1L levels are given by:
∆ + 3gh µB B cos θ 1 
+
(3η + ge µB B cos θ)2 + (ge µB B sin θ)2 ,
2
2
(3.17a)
∆ − 3gh µB B cos θ 1 
+
=−
(3η − ge µB B cos θ)2 + (ge µB B sin θ)2 .
2
2
(3.17b)

−1L = −
+1L

Fig. 3.6(a) shows the magnetic field dependence of the levels after angular
averaging of Eqs. (3.16) and (3.17), for a spherical R = 3 nm size-QD with η =
0.45 meV (∆bd ∼ 1.4 meV), gh = -0.73, ge = 1 and ∆ = 23.75 meV. As before,
the zero-field energy of the bright exciton is taken as reference. At low fields
the levels evolve almost linearly, but at higher fields, a clear non-linear trend is
visible, because of the mixing of the Fm = +2 and Fm = −1L level, which leads
to an anticrossing between these levels at high fields. The ensemble averaged
L
Zeeman splittings ∆2  of Fm = |2| (dashed line) and ∆L
1  for Fm = |1 |
(solid line) are shown in Fig. 3.6(b). Both splittings increase linearly up to
approximately ∼10 T, at which field the Zeeman energy approximately equals
the exchange energy. At higher fields the Zeeman splittings exhibit non-linear
behaviour, but ∆2  is always larger than ∆L
1 .
The non-linear field dependencies of the exciton levels and g-factors in this
high field regime is clearly not present in the low field approximation of Fig.
3.4. It is remarkable that the results of the low field limit of model II is not
exactly the same as those of model I. In the low field limit (ge µB B/3η  1) the
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Figure 3.6: Magnetic Field Effects for model II for an Ensemble of
Wurtzite R = 3 nm QDs (a) Magnetic field dependence of the lowestenergy bright |Fm | = 1L and dark |Fm | = 2 excitons after angular averaging
of Eq. (3.16) and Eq. (3.17). (b) The resulting Zeeman splitting is shown by
dashed- (|Fm | = 2) and solid- (|Fm | = 1L ) lines.

Zeeman splittings of the levels in model II (Eqs. (3.16), (3.17)) are given by :
∆2 = +2 − −2 = (ge − 3gh )µB B cos θ + O
∆L
1

by:

= +1L − −L = −(ge + 3gh )µB B cos θ + O




ge µB B
3η
ge µB B
3η

2
2

(3.18a)
(3.18b)

Using Eq. (3.10), the low field g-factors of the |1|L and |2| are then given

gex,2 = (ge − 3gh ) + O
gex,1L = −(ge + 3gh ) + O




ge µ B B
3η
ge µ B B
3η

2
2

(3.19a)
(3.19b)

The two regimes thus give the same value for gex,2 = (ge − 3gh ) but gex,1L equals
−(ge + 3gh ) in the high field approximation and (ge − 3gh )/2 (Eq. 3.12) in the
low field approximation. The bright exciton Zeeman splitting in the high field
regime is lower than that in the low field regime, that must be attributed to the
exchange energy dependence (i. e., size-dependence) of the exciton g-factor.
In the high field approximation the field dependence of the radiative decay
time for the ground-dark exciton is given by [3]:
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1
3
=
II
4τ|Fm |=1L
τ|Fm |=2 (B, θ, η)


1 + ζ 2 + 2ζ cos θ − 1 − ζ cos θ

,
1 + ζ 2 + 2ζ cos θ

(3.20)

where ζ = ge µB B/3η and τ|Fm |=1L is the bright exciton lifetime. The degree
of bright-dark mixing is proportional to ζ, leading to a B-, θ- and η (size)
-dependent dark exciton lifetime. This expression needs to be modified to
account for the experimentally observed zero-field lifetime, resulting in:
1
1
1
+ II
.
= LT
II
τ|F
τ
(θ,
η)
τ
(B,
θ,
η)
|=2
|=2
|=2
o,|F
|F
m
m
m
Integrating Eq. (3.21) over all orientation angles leads to:
 π
1
1
1
+
sin θdθ.
=
LT
II
II
τ (B, η)
τo,|Fm |=2 (η)
0 τ|Fm |=2 (B, θ, η)

(3.21)

(3.22)

LT
= 100 ns, which corresponds
Here we used τ|Fm |=1L = 10 ns and τo,|F
m |=2
to the low-temperature PL lifetime at B = 0 for a R = 3 nm CdSe QD (see
Chapter 2).
The computed model curves are shown in Fig. 3.7(a) for fixed gh and the
previously used set of electron g-factors. The overall trend is rather similar to
the one in the low field approximation (Fig. 3.5(a)): the recombination time
of the long-lived exciton decreases very rapidly with B. The main difference
between the two regimes is that in the high field approximation, the lifetime
almost fully saturates in fields below 30 T. Specifically, the saturation is reached
at lower fields for higher electron g factors, when the Zeeman energy becomes
larger or comparable to the exchange energy. Eventually, the typical saturation
behaviour disappears when the exchange energy reduces to zero.
The magnetic field-induced circular polarization for large NCs is given by
Eq. (3.9). We use the analytical expressions of the dark energy levels given in
Eq. (3.16) to include the exact Zeeman term for large QDs. We include the
LT
recombination time of the Fm = |2| exciton given in Eq. (3.21) with τo,|F
m |=2
= 100 ns and the previously used set of parameters η and ∆. The calculated
curves are shown in Fig. 3.7(b) for the same set of electron and hole g-values
as in Fig. 3.7(a), thus for different exciton g-factors. The overall behaviour is
that the DCP increases first linearly at weak-B-fields (up to ∼ 10 T) to level
off at the strongest fields, with a limiting value of DCP→ 0.8. In this high
field regime the polarization is already fully saturated at 30 T. The saturationpolarization plateau is a direct consequence of the almost constant value of the
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Figure 3.7: Magnetic Field Effects for model II for an Ensemble of
Wurtzite R = 3 nm QDs (a) The computed magnetic field dependence for
the dark exciton radiative lifetime (Eq. (3.22)) and (b) its degree of circular
polarization (Eq. (3.9)). The modelled curves were computed with a fixed hole
gh -factor (gh = -0.73) and electron ge -values of ge = 0.68 (red curves), 1 (black
dashed-lines), 1.25 (black solid-lines) and 1.5 (blue curves). The dark exciton
gex,2 can be well approximated in the weak-B-field regime as gex,2 ≈ ge − 3gh .

ground-dark state lifetime. The limiting value DCP→ 0.8 for the dark exciton,
is an intrinsic property of randomly oriented ensembles of wurtzite NCs. This
 are brightest while
is because dots with the c-axis oriented perpendicular to B
having zero Zeeman splitting, thus lowering the ensemble DCP.
Finally, the slope of the linear variation of the polarization increases with
increasing Zeeman energies. The field range where the DCP is linear is the
same for both low and high field approximations and can be used to extract
gex,2 .
Model III: Field Independent Exciton Lifetimes (Standard Model)
In this paragraph we compare models I and II with the standard approach. In
this model the Zeeman splitting used is that given in model I (Eq. 3.11). However now we assume that the ground-dark state lifetime is field-independent.
Then the expression for the polarization degree is equal to the classical form:
DCP =

0
π

2 cos θ tanh (∆β/2) sin θdθ
,
0
2 θ) sin θdθ
(1
+
cos
π

(3.23)

which is widely used [7, 19–23] to model the PL circular polarization of
NCs. Essentially, this scenario assumes that the circular polarization of the
dark exciton is equal to that of the Fm = |1L | optically active exciton.
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Figure 3.8: Bright Exciton Polarization for an Ensemble of Wurtzite
QDs (a) The degree of circular polarization of the PL of a randomly oriented
bright exciton for g-factors of gex = 2.9 (red curve), 3.2 (black dashed-line),
3.45 (black solid-line) and 3.7 (blue solid-line). (b) The assumed constant field
dependence of the exciton lifetime in model III, is shown for a R = 1.5 nm
(blue dashed line) and for a R = 3 nm (red dashed line) CdSe QD.

Fig. 3.8(a) shows the resulting DCP curves for various exciton gex,2 -factors.
Comparable to the previous two models, the DCP rises linearly very quickly
and reaches saturation at 0.75, independent of the exciton gex,2 used. That
plateau, DCP → 0.75, is the maximum polarization that can be reached for the
bright exciton PL, arising from a randomly oriented ensemble of wurtzite QDs.
In this case the saturation level is equal for all QDs sizes due to the constant
lifetime of the bright level in magnetic field. Note that within this model the
DCP is only sensitive to the exciton exciton gex,2 -factors, without access to the
underlying electron- and hole g-factors.

3.3

Results

In this section we will present a detailed experimental magneto-optical study of
CdSe QDs to investigate the magnetic field dependence of the spin-polarization,
spin-relaxation and radiative lifetimes of dark excitons.

3.3.1

Methods Section

Optical Measurements Optical experiments at low temperatures were performed on a set of NC ensemble samples, using polarized-resolved photoluminescence (PL) and time-resolved PL (trPL). The NC samples were mounted
in a homemade optical probe, made of carbon and titanium. Laser light was
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focused on the sample by a singlet lens (10 mm focal length). The same lens
was used to collect the PL emission and direct it to the detection set-up (Backscattering geometry). The optical probe was mounted inside a liquid helium
bath cryostat (4.2 K) inserted in a 50 mm bore Florida-Bitter electro-magnet
with a maximum field strength of 31 T. For trPL measurements the excitation
was provided by a picosecond pulsed diode-laser operating at 485 nm. The PL
signal was detected by an avalanche photo diode connected to a single-photon
counter (time-correlated single photon counting). For static, spectrally resolved
PL measurements the same excitation source was used but in continuous wave
mode. The PL light was guided trough a 300 mm long single grating spectrometer (300 grooves/mm grating) and detected by a liquid nitrogen cooled
charge couple device (CCD). Cut-off optical filters were used in excitation and
detection, for both PL and trPL experiments.
Samples Synthesis A set of organically capped CdSe type-I QDs were
prepared with radius R = 1.65 nm, 1.75 nm, 2.15 nm and 2.5 nm. These nearlyspherical NCs were synthesized by hot injection of organometallic precursors
into a coordinating solvent mixture, following methods reported by de Mello
Donegá et al. [27] resulting in a size dispersion of ∼ 10%. The QDs were
dispersed in toluene and the solutions were dropcasted on GaAs substrates. An
extra set on type-I CdSe QDs samples with a thin-shell -CdS inorganic capping
was also used with core size R = 1.75 nm and total dimensions of R = 1.85 nm
(three monolayers of CdS). They were fabricated following a standard procedure
described in ref. [28]. To further classify the samples we have calculated the
theoretical exchange energy of the QDs (symbols in the inset of Fig. 3.9(c)).
The values found range from 1 to 3 meV, showing that the QDs used fall
within the intermediate magnetic field regime, in between the low and high
field regimes.

3.3.2

Steady-State Degree of Circular Polarization in High Magnetic Fields

Representative low-temperature PL spectra after non-resonant excitation (laser
energy 2.55 eV) for an ensemble of R = 1.75 nm CdSe QDs, at selected B-fields
of 0 T (black curve) and 30 T are shown in Fig. 3.9(a). The PL linewidth
at full-half-weight-maximum (fwhm) is ∼ 100 meV and arises from size inhomogeneities within the QD ensemble [29]. At zero-field the PL is unpolarized,
meaning that the detected amount of σ+ and σ− polarized light is equal. In
an applied magnetic field the PL emission gets strongly circularly polarized as
seen at 30 T for the σ− (red curve) and σ+ (blue curve) PL components.
The magnetic field dependence of the detected integrated intensities for σ−
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Figure 3.9: Steady-State Degree of Circular Polarization in Wurtzite
QDs (a) Representative PL ensemble spectra at 0 T (black curve) and 30
T for a R = 1.75 nm CdSe QD at 4.2 K. Red (blue) curves represent the
detected σ− (σ+ ) light component intensity. (b) Magnetic field-dependence
of the normalized integrated PL intensity for σ+ (blue circles) and σ− (red
squares) light components. Green diamonds show the unpolarized integrated
PL intensity from a frozen solution of the same sample. (c) The experimental
low-temperature steady-state degree of circular polarization (DCP) for the
various samples. Inset: Calculated size-dependence of the exchange energy
given on a negative scale. The exchange energies of the investigated samples
are shown by green circles.

(Iσ− ; red squares) and σ+ (Iσ+ ; blue circles) light components are shown in
Fig. 3.9(b). Iσ− increases with B at the expense of Iσ+ , which decreases. Both
intensities saturate at high fields. The total PL intensity is roughly constant
with field, as shown by the unpolarized PL intensity of a diluted solution of
frozen NCs (green diamonds in Fig. 3.9(c)). This shows that the quantum yield
of the QD ensemble is not affected by the magnetic field, indicating that the
contribution from non-radiative decay channels can be neglected and that the
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circular polarization is induced by changes in the populations of the different
exciton levels.
The degree of circular polarization (DCP) of the PL is shown in Fig. 3.9(c)
for selected nanocrystal sizes at T = 4.2 K . Irrespective of the QD radius,
Iσ− > Iσ+ , leading to a positive sign of the DCP. For all samples the DCP first
increases linearly with B (up to 10-15 T) to saturate at high-fields at typical
values of 0.68-0.73 [7, 8]. We do not observe a difference between organically
capped CdSe QDs and dots with a CdS shell, confirming that the field induced
circular polarization is an intrinsic property of the core material.

Dynamic Circular Polarization in High Magnetic Fields:
Dark Exciton Recombination and Spin-Relaxation Times

PL Intensity (arb. un.)

(a) 103

T = 4.2 K

B=0T
10 T
CdSe QDs
20 T
R = 1.65 nm
27 T

102
B

101
100

(b)

τd (ns)

3.3.3

400
300

F = ±1L
Γb

∆bd
Γd

F = ±2
|g>

200
100

CdSe QDs
R = 1.65 nm
2.15 nm
2.50 nm

T = 4.2 K

0

0 5 10 15 20 25 30
500
1000
Magnetic Field (T)
Time (ns)
Figure 3.10: Magnetic Field Dependence of the PL decay times in
CdSe QDs (a) Low-T (4.2 K) PL decay curves for an ensemble of randomly
oriented R = 1.65 nm CdSe QDs at applied magnetic fields of 0 (black curve),
10 (blue curve), 20 (red curve) and 30 T (orange curve). (b) Magnetic-field
evolution of the low-T PL lifetimes of various QDs ensemble samples. Inset:
Three-level energy scheme: |g > is the ground-state, F = 1 and F = 2 are the
lowest-energy bright and dark levels with radiative recombination decays Γb
and Γd , respectively.
0

Fig. 3.10(a) shows low-temperature (T = 4.2 K) PL decay curves at selected
B -fields for an ensemble of R = 1.65 nm CdSe QDs. The PL decay at zero-field
shows a biexponential behaviour with a fast and a slow decay channel. The
fast component is attributed to a transient emission from the higher-energy
|Fm | = 1L bright exciton prior to relaxation to the lowest-energy |Fm | = 2 dark
exciton state (inset Fig. 3.10(b)). The long decay time is related to the radiative
recombination lifetime τd of the dark exciton level. In field the long PL decay
time dramatically shortens to reach saturation only at the highest fields (∼ 20
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T). The magnetic field dependence of the extracted PL decay times are shown
in Fig. 3.10(b) for representative QD sizes. The constant τd -value reached at
high-fields is typically ∼ 60% of the zero-field lifetime. Such a strong exciton
lifetime reduction is consistent with a Fm = |2| state that becomes optically
active through field induced mixing with the Fm = |1| state.
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Figure 3.11: Temporal Evolution of the Degree of Circular Polarization in CdSe QDs (a) Raw low-T time- and polarized- resolved PL decays
for σ− (red curve) and σ+ (blue curve) at B = 27 T for the same ensemble (left
axis). The corresponding degree of circular polarization is shown by the green
curve (right axis). (b) Temporal evolution of the DCP at selected magnetic
fields.

Fig. 3.11(a) shows the transient PL traces for the separate σ− (red curve)
and σ− (blue curve) components at B = 27 T (left axis). Both components display the same, relatively fast, decay time, but the intensity of the σ− emission
is at all times higher than that of the σ+ emission. The rise of this circular polarization is shown by the green curve in Fig. 3.11(a)(right axis). The dynamic
DCP builds up on a subnanosecond time-scale (after photo-excitation at time =
0) to become constant throughout the recombination of dark excitons at longer
time delays. The behaviour at low fields is slight more complex (Fig. 3.11(b)).
At fields of a few Tesla the rise of the DCP is relatively slow, but it speeds up
with increasing field, until above 12 T the DCP rises almost instantaneous. The
exciton spin-relaxation time thus becomes faster with increasing the magnetic
field strength until at high fields it is much shorter than the exciton lifetime
(Ts < 1 ns). The actual DCP value at long delay times increases with the
field strength in roughly the same way as the steady-state PL polarization (see
Fig. 3.9(c)). These results confirm that the observed PL circular polarization
originates from the field induced changes in the populations of the spin-splitted
ground-dark Fm = |2| exciton levels [8, 22, 30–32].
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3.4

Discussion

To quantify the g-factors we use Eq. (3.9) to fit the experimental DCP within
Models I, II and III. Within models I and II the fitting parameters are the
electron ge - and hole gh -factors, whereas in model III only the exciton gex,2
can be extracted. In Fig. 3.12 we show the results of two of the investigated
samples with the largest (R = 2.5 nm, (a), (b)) and smallest (R = 1.65 nm,
(c), (d)) radius, with respectively the lowest and highest exchange energies (see
Inset Fig. 3.9).
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Figure 3.12: g-factor determination. (a) DCP and (b) PL lifetimes of
R = 2.5 nm CdSe QDs (brown up-triangles). The lines in (a) are fittings to
the data by using Model-I (red solid-line), II (black dashed-line) and III (blue
solid-line). The lines in (b) are calculated using the obtained electron and
holes g-factors (same color code as in (a)). (c) DCP and (d) PL lifetimes of R
= 1.65 nm QDs (symbols). The lines are obtained using the same procedure
as for (a) and (b).

Fig. 3.12(a) shows the fitting curves for the R = 2.5 nm QDs, using model
I (red solid-line), II (black dashed-line) and III (blue solid line). For the computation we used η = 0.75 meV (∆bd ∼ 2.23 meV), ∆ = 23.75 meV and τo
= 260 ns. All three curves reproduce nicely the linear variation of the circular
polarization. The extracted ge - and gh -values are used to reproduce the PL
lifetimes in Fig. 3.12(b) by using Eq. (3.15) (black dashed-line) and Eq. (3.22)
(red dashed-line), with no further fitting parameters. The results are in good
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agreement with the experiment in the low-field regime, which confirms the validity of our approach and the reliability of the fitting ge and gh values. At
higher fields the theoretical lifetimes reduce to values below the experimental
data. The same procedure is used to fit the experimental DCP (green circles
in Fig. 3.12(c)) and the PL lifetimes (green circles in Fig. 3.12(d)). For this
computation we used η = 2.65 meV (∆bd ∼ 7 meV), ∆ = 23.75 meV and τo
= 360 ns. The same color coding as in Fig. 3.12(a) is used. The three DCP
curves are in excellent agreement with the experiment. The PL lifetime is well
reproduced especially at low and intermediate fields.
The values of the electron and holes g-factors are shown in Fig. 3.13(a)
and (b) as a function of CdSe-QD size, obtained from the DCP fittings when
using Model-I (blue circles) and II (green squares). The two scenarios provide
almost identical results for both electrons and holes. The electron values for
large NCs are rather similar to that of the bulk CdSe, whereas with decreasing
size ge increases up to ∼ 1.5. These values are in approximate agreement with
previous experiments on ensembles [18] and theoretical expectations [14,15,25].
On the other hand, the hole gh -factor is found to be negative and constant
(gh ∼ −0.17) for all QDs dimensions. The obtained hole value is lower than
that estimated for bulk CdSe (gh ∼ −0.73) and estimates for CdSe NCs [15,24].
Using the obtained ge and gh the Zeeman energies of the dark exciton levels
in the low and high field regimes can be computed by using Eq. (3.11) and
Eq. (3.16), respectively. The angular averaged Zeeman splittings for models I
(coloured solid-lines) and II (black dashed-lines) are shown in Fig. 3.13 as a
function of the magnetic field. By definition within model I the Zeeman term
scales linearly with the exciton gex,2 -factor given by Eq. (3.11). For model II the
magnetic splitting is almost similar to that of model I, experiencing almost the
same linear trend. Therefore, for NCs in the high field regime the exciton gex,2 factor can be extracted by using Eq. (3.19). The computed exciton gex,2 -factors
are shown in Fig. 3.13(d), where blue-circles and green squares are obtained
from the Zeeman splittings shown in Fig. 3.13(c). The use of any of the two
dark exciton models (I and II) provides very similar gex,2 , as expected from the
Zeeman energy analysis. Orange down-triangles represent the calculated values
by using Model-III which are similar to the outcome of previous magneto-PL
experiments in CdSe [7] and CdSe/CdS QDs [22] ensembles, where the bright
exciton model was used.
We focus on the remarkable differences between the results of the dark
(Model-I and II) and the bright (Model-III) models to describe the polarization.
The dark exciton models provide exciton g-factors that are in approximate
agreement to that extracted for bright and dark excitons from magneto-FLN
[4–6], single-dot experiments [16, 17] and ensembles [13, 18] measurements. On
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Figure 3.13: Electron, Hole and Exciton g-factors: Size-Dependence.
Size-dependence of the electron (a) and hole (b) g-factors. The ge,h values are
obtained by modeling the steady-state DCP with Model-I (blue circles) and II
(green squares). The dashed lines represent the ge (0.68) and gh (-0.73) of bulk
CdSe. (c) Calculated (orientation averaged) Zeeman splitting for R = 1.65 nm
and R = 2.5 nm ensemble samples by using values from (a) and (b) with Eq.
(3.11) (solid lines) and Eq. (3.16) (dashed lines). (d) Size-dependence of the
exciton g-factors. Blue and green symbols are obtained by using electron and
hole values from (a) and (b) in the expression gex,2 = ge − 3gh . Orange downtriangles shows the calculated exciton g-factors by using the bright exciton
scenario (Model-III).

the other hand, the bright exciton model leads to lower exciton g-factors, far
from direct spectroscopic methods or theoretical estimations [13,14]. Because in
this approach the exciton recombination time is field independent, the Zeeman
splitting of the ground-dark exciton is considerably underestimated. Therefore,
when modeling the linear variation of the PL circular polarization of nanoscale
long-lived excitons, the field dependent lifetime must be included.
Models I and II reproduce most of the magneto-optical features and provide
values of all electron and exciton g-factors that compare well to theory and some
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other experimental methods. However, those models have some limitations as
well: 1) the experimental DCP gets a clear saturation plateau at lower values
than those predicted by the computations. 2) The monotonic decrease of the
theoretically calculated dark exciton recombination times is stronger than the
reduction of the experimentally measured PL decay time (see Fig. 3.12 (b),
(d)). 3) the calculations require a zero-field lifetime τo to fit simultaneously
the PL DCP and the decay times. We hope that our results and analysis stimulate additional theoretical efforts to calculate the magneto-optical response
of wurtzite QDs without the necessity to consider the low or high field limit,
because practical QDs are situated in the intermediate regime.

3.5

Conclusion

A strong external magnetic field induces a significant degree of circular polarization, up to 75%, in the emission of a randomly oriented ensemble of wurtzite
CdSe QDs. Time-resolved PL decays clearly show a magnetic field-induced,
polarization preserving, bright-dark exciton admixture leading into accelerated
dark exciton recombination times, where the DCP remains constant throughout
the entire |Fm | = 2 exciton lifetime. Using rate equations, we have presented
a relatively simple model that includes the magnetic field dependence of the
ground-dark exciton recombination time that simultaneously reproduces the
DCP and PL lifetimes. Fitting the linear variation of the static circular polarization provide quantitative information about the exciton, electron and hole
g-factors. The obtained g-values are in approximate agreement with those in
current literature. The widely used bright exciton model considerably underestimates the Zeeman term when applied to dark excitons. We have shown that
any attempt to model the linear variation of the PL circular polarization of
nanoscale long-lived excitons, must include the magnetic field dependence on
their lifetime.
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[24] M. J. Ferné, C. Sinito, Y. Louyer, P. Christian, N. Tich-Lam, P. Mulvaney,
P. Tamarat, and L. Brahim Nat. Commun 3, 1287 (2012).
[25] A. V. Rodina, A. L. Efros, and A. Y. Alekseev Phys. Rev. B 67, 155312
(2003).
[26] V. I. Klimov. CRC Press, 2nd Ed. (2010).
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Chapter 4

The Eﬀect of the
Electron-Hole Overlap
and Exchange
Interaction on the
Exciton Radiative
Lifetimes of CdTe/CdSe
Heteronanocrystals
Abstract
Wavefunction engineering has become a powerful
tool to tailor the optical properties of semiconductor

colloidal nanocrystals. Core-shell systems allow to

design the spatial extent of the electron (e) and hole (h)

wavefunctions in the conduction- and valence bands
respectively. However, tuning the overlap between the

e- and h-wavefunctions not only aﬀects the oscillator
strength of the coupled e-h pairs (excitons) that are

responsible for the light emission, but also modiﬁes the

e-h exchange interaction, leading to an altered energy
spectrum of the exciton levels. Here we present exciton

lifetime measurements in a strong magnetic ﬁeld to

determine the strength of the e-h exchange interaction,
independently of the e-h overlap that is deduced from

experiments at room temperature. We use a set of
CdTe/CdSe core/shell hetero-nanocrystals in which

the electron-hole separation is systematically varied. We

are able to unravel the separate eﬀects of e-h overlap
and e-h exchange on the exciton lifetimes and we
present a simple model that fully describes the
recombination lifetimes of HNCs as a function of core
volume, shell volume, temperature and magnetic ﬁelds.

This work is in preparation for publication
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4.1

Introduction

Quantum mechanical size-confinement of charge carriers in colloidal semiconductor nanocrystals (NCs) leads to optical properties that are fundamentally
different from those of the bulk semiconductor material. In particular, the
nanoscale localization of the electron- (e-) and hole- (h-) wavefunctions leads
to an enhanced e-h exchange interaction (η), resulting in a characteristic temperature dependence of the radiative lifetime of the electron-hole (exciton) recombination (see Chapters 2 and 3): at room temperature (RT) the lifetime
is short (∼ 10 ns), because emission originates from an optically active state
(the bright state). At low temperature (LT, T < 4 K) the emission decay time
is much longer (∼ 1 µs), because the underlying exciton level, just below the
bright state and energetically separated by the exchange induced splitting, is
optically passive (the so-called dark state) [1–4]. The energy separation ∆bd
between the bright and dark exciton states scales with the exchange interaction
as ∆bd = 3η ∝ 1/R3 , with R the NC radius [1, 5, 6]. Thus ∆bd is size-tuneable:
for CdSe NCs ∆bd ranges from ∼20 meV for R ∼1 nm to ∼2 meV for R ∼2.5
nm [7]. Alternatively, the e-h exchange energy can be controlled by wavefunction engineering. Recently it has been shown that the spatial extent of the
wavefunctions of electrons- (ψe ) and holes (ψh ) can be separately tuned by using core-shell heteronanostructures (HNCs). HNCs combine two semiconductor
materials with different bandgap values and, most importantly, different offsets
for the conduction and valence bands, which allows to vary the spatial overlap
between ψe and ψh . In type-I NCs, both electrons and holes are confined to the
core, leading to a large e-h overlap (left panel Fig. 4.1(a)). In type-II HNCs the
electrons and holes are spatially separated (spatially indirect excitons), reducing the e-h overlap (right panel Fig. 4.1(a)). In the intermediate case, which
is referred to as type-I1/2 or quasi-type-II (middle panel Fig. 4.1(a)), one type
of carrier is confined to the core, whereas the other type is delocalized over the
core-shell or viceversa. Changing the overlap of the electrons and holes strongly
modifies the exciton radiative lifetimes and its temperature dependence [8–15].
However, two competing effects can be distinguished. With decreasing e-h overlap the oscillator strength of excitonic recombination will decrease, leading to
longer exciton lifetimes, both at high and low temperatures. In contrast, a reduced e-h overlap will result in a lower e-h exchange energy and concomitantly
a smaller ∆bd (see previous chapters). This will lead to shorter exciton lifetime
at low temperatures and a drastic change in its temperature dependence. It
is, therefore, of crucial importance to independently determine the e-h overlap
and the e-h exchange energy to understand the exciton recombination rates of
HNCs. The e-h overlap can be indirectly deduced from the RT exciton lifetime,
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but to date a direct technique to measure the exciton exchange interaction is
lacking. In this paper we demonstrate that by measuring the photoluminescence
(PL) decay times in a very strong applied magnetic field (B) it is possible to
obtain the e-h exchange interaction energy.
For our studies we use a set of four CdTe/CdSe HNCs, where we systematically vary the CdSe shell volume to control the extensions of ψe and ψh . The
band-alignment of the CdTe/CdSe interface is such that ψh is always localized
within the CdTe core, whereas ψe shifts from the core (CdTe core without shell)
towards the CdSe region with increasing shell volume (see Fig. 4.1(a)) [8, 11].
This transition is monitored by detailed PL decay measurements as a function
of magnetic field strength and temperature. For the core-only CdTe sample we
find the typical behaviour for type-I NC. The lifetime shortens dramatically
with temperature, as described above. The low temperature (dark exciton) PL
decay time becomes much smaller with increasing field strength, because of the
field induced mixing between dark and bright excitons [5, 7, 16–18]. Since the
bright-dark mixing depends on the ratio between the Zeeman and e-h exchange
energies, η can be determined from the field dependent lifetimes. The sample
with the thickest CdSe shell shows a completely different behaviour, namely a
lifetime that is almost independent of temperature and magnetic field, which
is due to a vanishing exchange energy for such a type-II structure. Our results
show that both the e-h overlap and the e-h exchange energy progressively decrease with increasing shell volume. These findings allow us to disentangle the
effects on the exciton lifetime of both e-h overlap and exchange energy and to
formulate a simple model that quantitatively describes the exciton lifetime as
a function of core size, shell volume, temperature and magnetic field strength.
This formula is applicable to HNCs of other material systems as well.

4.2

Methods Section

Heteronanocrystal Synthesis A set of high-quality colloidal CdTe/CdSe
HNCs were synthesized using the seeded growth methodology [8, 11]. Nearlyspherical CdTe cores were prepared with radius R = 1.3 nm (10% size dispersion) and volume (VHNC ) ∼ 9.2 nm3 . These cores were overgrown with CdSe
shells with anisotropic shapes and variable thicknesses: sample HNC-A has total volume VHNC ∼ 15 nm3 with VCdSe ∼ 5.8 nm3 and sample HNC-B has total
VHNC ∼ 80 nm3 with VCdSe ∼ 70.8 nm3 . These samples were extensively characterized by electron microscopy and optical spectroscopy (samples C (HNC-A)
and E (HNC-B) in ref. [8]). A third HNC (HNC-C) with core radius R = 1.45
nm with total volume VHNC ∼ 18 nm3 and VCdSe ∼ 5.2 nm3 was also inves93
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tigated. The core (10% size dispersion) of HNC-C exhibits identical optical
properties to that of HNC-A and HNC-B with equivalent PL emission energy
and radiative lifetimes. For the optical experiments regular drop-casted samples were prepared in which the HNC ensembles are randomly oriented. Steady
state photoluminescence PL and time-resolved photoluminescence (trPL) were
performed as a function of temperature and applied magnetic field (see below).
Temperature-dependence of the PL Decay Times PL decay curves
were obtained by using a picosecond diode pulse laser, operating at 406 nm. The
repetition rate (0.2-20 MHz) was controlled by the laser driver internal clock or
using an internal pulse generator. Very low excitation fluences were used (0.5
nJ/cm2 ) in order to avoid multiexciton formation, and to keep the ratio of stop
to start pulses below 0.04. The PL was filtered through a crossed polarizer and
a combination of suitable optical cutoff filters to eliminate scattered laser light,
dispersed by a 0.1 m monochromator (1350 lines/mm grating, blazed at 500 nm)
and detected by a fast photomultiplier tube (PMT). The PL decay curves were
obtained by a single-photon counter (time-correlated single photon counting),
while monitoring the PL peak wavelength. The samples were contained in
a sealed quartz cuvette (optical path: 3 mm) and mounted in a continuous
He-flow cryostat allowing for measurements down to 1.2 K. The experimental
set-up has been described before in refs. [3, 10].
Optical Measurements in High-Magnetic Fields Optical experiments
at low temperatures and high magnetic fields were performed on a set of NC
ensemble samples, using two spectroscopic techniques: steady state photoluminescence (PL) and time-resolved PL (trPL). For the optical experiments,
diluted HNCs solutions were drop-casted on Si/SiO2 substrates in which the
HNC ensembles are randomly oriented. The NC samples were mounted in a titanium sample holder on top of a three-axis piezo-positioner. The sample stage
was placed in a homemade optical probe, made of carbon and titanium to minimize possible displacements at high magnetic fields. Laser light was focused
on the sample by a singlet lens (10 mm focal length). The same lens was used
to collect the PL emission and direct it to the detection set-up (Back-scattering
geometry). The optical probe was mounted inside a liquid helium bath cryostat (4.2 K) inserted in a 50 mm bore Florida-Bitter electro-magnet with a
maximum field strength of 31 T. All optical experiments were performed in
Faraday geometry (light excitation and detection parallel to the magnetic field
direction).
For trPL measurements the excitation was provided by a picosecond pulsed
diode-laser operating at 406 nm. The same repetition rate (125 KHz) was
used for all samples and controlled by the laser driver internal clock. Very low
excitation fluences were used in order to avoid multiexciton formation, and to
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keep the ratio of stop to start pulses below 0.02. The very low repetition rates
ensure that in each laser-pulse, less than one exciton is promoted in the NC at
the time. The PL decay signal of each individual sample, was filtered by long
and short-pass filters, with a band-width of ± ∼ 30 nm at the center of the
PL spectral postion. The PL signal was detected by an avalanche photo diode
connected to a single-photon counter (time-correlated single photon counting).
For static, spectrally resolved PL measurements the excitation source was the
476.5 nm line of an Argon-Ion Laser. The PL light was guided trough a 300 mm
long single grating spectrometer (300 grooves/mm or 150 grooves/mm grating)
and detected by a liquid nitrogen cooled charge couple device (CCD). Cut-off
optical filters were used in excitation and detection, for both PL and trPL
experiments.
PL Decay Times Analysis Bi-exponential or also multi-exponential behaviour is typical for the PL decay curves of NCs ensembles. To ensure consistent comparison between the different samples and the various experiments,
the raw PL decay curves were background subtracted and fitted to a singleexponential function. The analysis was performed at the end part of the decay
curves, where the intensity signal is less than 5-10% of the initial intensity at
t = 0. The extracted PL lifetime is assigned to exciton radiative recombination [10]. This is a common procedure in the derivation of exciton (PL) lifetimes
in semiconductor NCs [2, 12, 18].

4.3
4.3.1

Results
Sample Characterization and Optical Properties

Fig. 4.1 shows the low temperature steady-state PL spectra (b) and the room
temperature PL decay transients (c) of the core-only, HNC-A and HNC-B samples. With increasing CdSe shell volume the PL spectral position shifts to
lower energies, relative to the green PL of the core (2.32 eV; 535 nm). The
largest spectral shift was observed for the thickest shell sample (HNC-B) with
its emission in the near-infrared region (1.65 eV; 750 nm), below the bulk band
gap energy of CdSe (1.75 eV) and close to the bulk bandgap of CdTe (1.6
eV). The room temperature PL decay times become substantially longer with
increasing shell volume (Fig. 4.1(c)). The extracted exciton lifetimes monotonically increase from a value of 12 ns for the core, to 228 ns for HNC-B. These
spectroscopic signatures evidence the transition from type-I core samples to
type-II HNCs with spatially indirect excitons, with a long RT lifetime and a
PL emission energy close to the CdTe bandgap (Fig. 4.1(a)) [8, 10].
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Increasing CdSe shell
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Figure 4.1: Sample Description and Characterization. (a) Schematic
representation of the three band alignment regimes in CdTe/CdSe core-shell
heteronanostructures (HNCs). The bulk bandgap values and the conduction
and valence band-offsets of CdTe and CdSe are indicated [19]. Core-only
structures display the regular type-I band-alignment (left panel) with a large
overlap of the electron (red solid curve) and hole (blue solid curve) wavefunctions. In the type-I1/2 band alignment configuration (middle panel) the hole
wavefunction is confined to the CdTe core, whereas the electron wavefunction is delocalized over the core-shell. In type-II structures the electron and
hole are spatially separated (right panel). Dashed arrows indicate the optical
recombination pathways. (b) Normalized PL spectra of the core-only (blue
curve), HNC-A (orange curve) and HNC-B (green curve) samples, obtained
with 2.6 eV excitation energy. (c) Room temperature (296 K) PL decay curves
(excitation energy 3.06 eV) on a semi-logarithmic scale using the color-code
of (b).

4.3.2

Temperature Dependence of the Exciton Lifetimes

Fig. 4.2 shows the PL decay curves of samples HNC-A (a) and HNC-B (b) at
selected temperatures between 1.7 K and 296 K. The transients were recorded
at the maximum of the PL emission using pulsed laser excitation at 3.06 eV.
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Figure 4.2: PL Decay as a Function of Temperature. Normalized
PL decays of samples HNC-A (a) and HNC-B (b) at selected temperatures
on a semi-logarithmic scale. The signal was measured at the center of the
PL spectra using 3.06 eV excitation energy. (c) Temperature-dependence of
the exciton lifetimes of the CdTe core (blue circles), HNC-A (orange downtriangles) and HNC-B (green diamonds) samples. Dashed-lines are fits to the
data with ∆ = ∆bd by using equation (4.3). Solid-lines are best fits to the
data with the same model but varying ∆(= ∆bd ) (see text). Inset: Threelevel energy scheme: |g is the ground-state, F = 1 and F = 2 are the lowestenergy bright and dark levels with radiative recombination rates Γb and Γd ,
respectively. ∆bd is the energy separation between the two exciton states.

HNC-A (Fig. 4.2(a)) shows a PL decay time that drastically decreases with
temperature, qualitatively similar to previous reports for CdSe and CdTe typeI QDs [2, 3, 18]. In contrast, the PL decay curves of HNC-B are remarkably
independent of T . HNC-A manifests single-exponential decays at elevated temperatures (T > 20 K), while in the low-temperature regime the trPL traces
show a bi-exponential decay with a fast and a slow channel. HNC-B shows
bi-exponential decay in the entire temperature range. The fast component is
ascribed to a transient emission from higher-energy exciton states prior to relaxation into the lowest-energy exciton level. The slow decay time reflects the
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lifetime of long-lived excitons emitted from the lowest-energy exciton state. The
PL decay times (τcs ) are obtained by analysing the end part of the decay curves
(last 5-10% of the initial intensity at t = 0) using a single-exponential fit, which
is a common procedure in the determination of the exciton lifetimes in colloidal
semiconductor nanocrystals [2, 18].
The T -dependence of the extracted lifetimes of the CdTe-core (blue-circles),
HNC-A (orange down-triangles) and HNC-B (green-diamonds) samples are reported in Fig. 4.2(c). The CdTe core-only sample exhibits the regular behaviour
for a type-I nanocrystal, in qualitative agreement with the simple bright-dark
exciton level diagram, schematically depicted as inset in Fig. 4.2(c). In this
model the exciton states are labeled by the projection of the angular momentum
(F ) on the c-axis of a wurtzite NC. At high temperatures, when the thermal
energy (kB T ) is larger than the energy separation ∆bd between the dark and
bright excitons, the PL emission originates from the high-oscillator strength
(bright) exciton state (|F | = 1), yielding a short decay time. At low temperatures (kB T < ∆) light emission arises from the low-oscillator strength (dark)
exciton state (|F | = 2), characterized by a very long lifetime reaching an intriguing constant (plateau) value at temperatures below 4.2 K [2, 3]. This typical T -dependence gradually disappears with increasing CdSe shell volume and
is nearly absent for HNC-B, which proves that the response of type-II HNCs
is entirely different from that of type-I nanocrystals. A similar temperaturebehaviour has been shown for quasi-type-II core/shell CdSe/CdS HNCs [12].

4.3.3

Magnetic Field Dependence of the PL Decay Times

Fig. 4.3 shows PL decay curves at selected B -fields for the core only (a) and
HNC-B (b) samples. The samples display a remarkably different behaviour:
the PL decay time of the core-only sample drastically decreases with increasing field, whereas the PL transients of sample HNC-B do not depend on field
strength at all. The full field dependencies of the extracted PL decay times of
all four samples are depicted in Fig. 4.3(c). The CdTe-core lifetime shortens
significantly with field to 450 ns which is ∼ 60% of the zero-field lifetime (1.14
µs). This behaviour is typical for type-I CdSe [7,16,17] and CdTe [18] nanocrystals. The PL decay times of samples HNC-A and HNC-C show only a modest
reduction with field (to ∼ 30% of the zero field lifetime). Most importantly the
PL lifetime of HNC-B is constant (∼570 ns) up to the highest field strength
used (28 T).
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Figure 4.3: Magnetic Field Dependence of the PL Decay Times.
Low temperature (1.7 K) PL decay curves of CdTe core-only (a) and HNCB (b) samples at applied magnetic fields of 0 (violet curves), 8 (red curves),
16 (orange curves) and 24 T (green curves). (c) Magnetic-field evolution of
the extracted LT PL lifetimes τcs for core-only (blue circles), HNC-A (orange
down-triangles), HNC-B (green diamonds) and HNC-C (red squares) samples.
The blue solid curve is calculated with Eq. (4.1). (d) Magnetic field dependence of the experimental PL lifetimes τcs normalized to the core-lifetime τcore
and the ratio γb of the bright exciton lifetimes of HNC and core-only samples.
The symbols are the same as in (c). The dashed-lines are best fits of the data
to Eq. (4.2).

4.4
4.4.1

Discussion
Determination of the Electron-Hole Overlap

At room temperature (T = 296 K) the PL decay times τcs increases with VCdSe
from 12 ns for the core (VCdSe = 0 nm3 ) to 228 ns for HNC-B (VCdSe = 70.8
nm3 ) (Figs. 4.1(c) and 4.2c). At such high temperatures, the decay times are
determined by the lifetime of bright excitons, without contribution from the
dark exciton level. The significant increase of the RT PL lifetime with increasing shell-thickness indicates that the oscillator-strength of the bright exciton
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transition decreases. These changes are caused by the (partial) spatial separation of ψe and ψh (see Fig. 4.1(a)),
 ∗resulting in a2 decreased e-h overlap integral
(squared) defined as Θe−h = | ψe (r)ψh (r)dV | over the HNC volume. The
radiative decay rate Γb (τb = 1/Γb ) of the optically-active excitons is directly
proportional to Θe−h [20, 21]. Therefore, the ratio of the room temperature
lifetimes of the core-only and HNC samples, expressed by the dimensionless
RT
RT
/τcs
can be used to quantify the overlap of ψe and ψh (see
parameter γb = τcore
Fig. 4.4). The dielectric constant () and the refractive index (n2 = ) contribution to γb can be safely neglected, since for CdTe and CdSe both parameters
are very similar ( CdTe = 9 and CdSe = 7.8 [20]). The near linear-relationship
between γb and ωPL shown in Fig. 4.4 is in agreement with Fermi’s golden
rule [10, 21, 22] and shows that the extracted PL lifetimes correspond to purely
exciton radiative recombination.

γb = τCore/τCS

1.0 CdTe/CdSe HNCs
Core
A

B
C

0.5
T = 296K
0
1.6
2.0
2.4
PL Energy (eV)

Figure 4.4: Electron-Hole Overlap and PL Emission Energy in HNCs
RT
RT
/τcs
extracted from the room temperature PL lifeThe values of γb = τcore
times of the investigated HNCs, are depicted as a function of the maximum of
the PL emission-band energy (ωPL ), by the coloured symbols. The dashed
line is a linear fit to the data.

The experimental values of γb are shown in Fig. 4.5(a) as a function of
the HNC CdSe shell-volume. By definition γb = 1 for the core-only sample.
It decreases with increasing VHNC to 0.5 ± 0.1 for HNC-A and 0.05 ± 0.02 for
HNC-B. The same methodology has been used to estimate the e-h overlap for
quasi-type-II CdSe/CdS HNCs [12,23]. We notice here, however, that for those
CdSe/CdS quasi-type-II HNCs, γb does not strictly follow a linear dependence
with the PL emission energy for all CdS-shell dimensions, as in the case of
the truly type-II CdTe/CdSe HNCs studied here (see Fig. 4.4). For typeII HNCs, changes in the spatial distribution of the electronic-wavefunctions,
results in a continuous change in both, the optical transition energy and the
RT radiative decay rate (see Fig. 4.1(a),(c) and Fig. 4.4) with continuously
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increasing the HNC shell-volume. These are clear spectroscopic signatures of
the formation of truly spatially indirect excitons. In the present work, the two
entangled conditions are fulfilled and therefore, we can assert γb as an accurate
description of the continuous mismatch of the spatial overlap between ψe and
ψh for all the used HNC shell-volumes.
At the lowest temperature (T = 1.7 K) the PL decay time is dominated by
the dark exciton lifetime, which is very long for the core-only sample (1.14 µs).
However, with increasing VHNC the lifetime decreases to ∼380 ns for HNC-A to
increase again to 570 ns for HNC-B. This non-monotonic dependence of the PL
decay time on VHNC points to two competing effects. On one hand the reduced
e-h overlap leads to a diminishing oscillator strength and thus longer decay
times. On the other hand, it leads to a decrease in the exchange interaction,
resulting in a lowering of the bright-dark splitting. Regular type-I HNCs with
small (large) ∆bd shows faster (longer) LT PL lifetimes [3,18] (see also Chapters
2 and 3). Therefore, any reduction in the exchange coupling leads into shorter
decay times. Without the separate determination of the effects of the electronhole overlap and the electron-hole exchange interaction it is very difficult to
fully understand exciton dynamics in semiconductor nanocrystals.

4.4.2

Determination of the Electron-Hole Exchange Energy: gfactor Approximation

Within the effective-mass-approximation (EMA) radiative recombination of the
dark exciton is strictly forbidden [5] and size-independent. Only in the presence
of a strong magnetic field the dark exciton acquires oscillator strength due to
field-induced mixing between the bright and dark excitons, which occurs for
a wurtzite nanocrystal whose c-axis makes an angle (θ) with the direction of
the B -field. As a result, the PL decay time of quasi-spherical type-I nanocrystals drastically reduces with increasing field strength (core-only sample in Fig.
4.3(c)), in agreement with literature [12, 16–18, 24]. Quantitatively, the degree of exciton mixing scales with ζ = Ez /3η, the ratio of the Zeeman energy
Ez = µB ge B (µB is the Bohr magneton and ge is the electron g-factor) and the
bright-dark splitting (∆bd = 3η, with η the e-h exchange energy), leading to a
field-dependent exciton lifetime [5]:
1
=
τ (B, θ)



1 + ζ 2 + 2ζ cos θ − 1 − ζ cos θ 3

,
4τb
1 + ζ 2 + 2ζ cos θ

(4.1)

where τb is the bright exciton lifetime. The solid blue curve in Fig. 4.3(c)
is a fit to the core-only data following the procedure described in ref. [18].
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LT = 1.14 µs, the low temperature lifetime at
In this calculation we used τcore
RT
B = 0, τb = τcore = 12 ns, the bright exciton lifetime extracted from the room
temperature PL decay measurements, the bulk CdTe electron g-factor (|ge | 
1.7) and η is used as a fitting parameter. We obtain exchange and ∆bd energies
within the confident interval of η = 4.0 ± 0.5 meV and ∆bd = 12.0 ± 1.5 meV,
which provides acceptable fits to the experimental data. The computed values
are in approximate agreement with the zero-phonon line energies experimentally observed for CdTe QDs [25]. The field-dependent dark exciton lifetimes
thus gives direct access to the value of the exchange energy in colloidal dots.
In the following we will use this dependence to determine the exchange energy
of HNCs when the lifetimes are also affected by the reduced e-h overlap.

In the limit of weak magnetic fields the orientation-averaged dark exciton
decay rate Γd ∼ 12 ζ 2 /τb [5]. We can use the field-dependent LT decay times
LT (B)) as a normalization to the lifetimes of the
of the core-only sample (τcore
LT
CdTe/CdSe HNCs (τcs (B)) by introducing a dimensionless parameter γd =
LT (B)/τ LT (B) resulting in:
τcore
cs
γd

RT
τ LT
τcore
= core
=
LT
RT
τcs
τcs

 2
 2
g
g
= γb
χ
χ

(4.2)

where g = gcs /gcore corresponds to the normalized Zeeman energy given by
the ratio of the g-factors and χ = ηcs /ηcore is the normalized exchange energy.
In Fig. 4.3(d) we show the experimental values of the ratio γb /γd between 0
and 16 T for all samples. At low fields, all samples exhibit a roughly constant
γb /γd value: HNC-A and -C up to 10 T, while HNC-B shows only a rather
modest increase with B -field. This result shows that the field-independent
normalization Eq. (4.2) works very well for these samples and even extends to
zero field.
This is surprising in the framework of the effective mass approximation, because, first, Eq. (4.2) is not valid at zero field because in the dipole-approximation
radiative recombination of the the dark exciton is strictly forbidden and the
exciton lifetime goes to infinity. Finite dark exciton lifetimes are, however, always experimentally reported for a number of different colloidal HNCs (CdSe,
CdTe, InAs, PbSe and ZnSe) [13,24,26–29], but also, computed by semiempirical tight-binding [30] and pseudopotential [31] calculations. Such a measurable
dark recombination time, highlights the limitation of the EMA at zero magnetic
field. Secondly, Eq. (4.2) is derived for type-I nanocrystals, whereas here it is
applied to type-II HNCs. Most strikingly, γb /γd at low fields (indicated by the
dashed lines in Fig. 4.3(d)) strongly varies with sample from γb /γd = 1 for the
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core-only, to γb /γd = 0.18 and 0.26 for samples HNC-A and HNC-C respectively, and γb /γd = 0.027 for sample HNC-B. The orders of magnitude variation
in γb /γd = (χ/g)2 with increasing NC volume is mainly due to the reduction in
χ, i.e. the exchange energy of HNCs relative to that of the core, because we can
safely assume that the variation in the g-factor amongst the samples is much
smaller (see below). To calculate the g-factor in a nanocrystal is rather complex
because it depends on the size-confinement, internal/shape anisotropy [32] and
surface contributions [33,34], where the core/shell interface details becomes important, as well as interfacial strain [35]. However, neglecting interfacial effects,
the effective g-factor can be written as: gcs  = gcore  + gshell  [33–35] as the
sum of the weighted volume contributions of each material to account for the
penetration of ψe into the surrounding shell.
Considering that the ratio between the core (Vcore ) and the total HNC
(VHNC ) volume is described by the dimensionless parameter x (x = Vcore /VHNC ),
the core/shell gcs -factors can be written as gcs  = gcore x + gshell (1 − x). In the
former expression, x ≈ 1 correspond to the situation when the shell-volume is
negligible as compared to the core (VHNC ≈ Vcore ), while x ≈ 0 denotes a large
shell-volume (VHNC ≈ Vshell ), since VHNC = Vcore + Vshell . In this approach, we
use the bulk g-factor of the core material (gcs  ≈ gcore  = 1.67 (CdTe)) for the
thin-shell HNCs (HNC-A, HNC-C) [36], whereas for sample HNC-B we take the
bulk g-factor of the shell material (gcs  ≈ gshell  = 0.68 (CdSe)). These values
are consistent with the analysis of the PL decay times at high magnetic fields
(see below). This analysis directly allows us to obtain values for the normalized
exchange energy χ = ηcs /ηcore (Fig. 4.5(b)). χ shows a monotonic reduction
with CdSe-shell volume from 0.43 (HNC-A) and 0.52 (HNC-C) to 0.067 for
the biggest CdSe-shell sample HNC-B. Inserting the calculated ηcore = 4.0 ±
0.5 meV for the CdTe-core, we obtain ηcs = (1.7 ± 0.9) meV, (0.3 ± 0.4) meV
and (2.1 ± 0.8) meV for samples HNC-A, B and C, respectively. Measuring the
magnetic dependence of the PL decay times, therefore, provides an independent
measure of the exchange interaction in semiconductor nanocrystals.
The symbols in Fig. 4.5(c) show the relationship between the two independently determined parameters, the normalized exchange energy χ and
the e-h overlap
represented here by γb . The electron-hole exchange coupling

(∝ χexch = |ψe (r)|2 |ψh (r)|2 dV ) is found to be linearly proportional to the e-h
overlap (| ψe∗ (r)ψh (r)dV |2 ). This linear trend is in excellent agreement with
recent effective-mass calculations for quasi-type-II quasi-spherical CdSe/CdS
HNCs [12] and has been previously used to explain the variable hole spin relaxation times in nearly-spherical type-II CdTe/CdSe NCs [37]. Our results show
that also in the case of non-spherical type-II CdTe/CdSe HNCs χ ∼ γb .
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Figure 4.5: Electron-Hole Overlap and Exchange Interaction. (a)
RT
RT
extracted from the room temperature PL lifetimes
/τcs
Values of γb = τcore
as a function of the HNC-shell volume for the CdTe-core (blue circles), HNC-A
(orange down-triangles), HNC-B (green diamonds) and HNC-C (red squares)
samples. The same symbols- and color-codes are used in all panels. (b) Values
of the normalized exchange energy χ = ηcs /ηcore obtained from the magnetic
field dependence of the low-temperature PL lifetimes, as a function of the
HNC-shell volume. (c) χ versus γb using the experimental values of (a) and
(b). Notice the nearly-linear relationship between χ and γb . The dashed lines
in (a), (b) and (c) are guides for the eye. (d) The effective lifetime τcs · γb as a
function of χ at 1.7 K and at 4 T. The black line is calculated using Eq. (4.4).

4.4.3

Electron-Hole Exchange, Electron-Hole Overlap and Exciton Lifetimes

The starting point in the derivation of the expression of the exciton decay
rate Γcs , including e-h overlap and exchange interaction of HNCs is the dark−1 =
bright exciton level scheme Fig. (4.2(c)) (see also Chapter 2): Γcs = τcs

−1

− ∆
− ∆
. This model assumes thermal equilibrium beΓd + Γb e kB T 1 + e kB T
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tween two exciton levels separated by an energy ∆ = ∆bd . The decay rates
are Γd = τd−1 and Γb = τb−1 for the dark and bright levels respectively. UsRT /τ RT and γ = τ LT (B)/τ LT (B) we find that
ing the definitions of γb = τcore
d
cs
core
cs
core
RT
2 /τ
Γb = γb Γb = γb /τcore and Γd = γd Γcore
=
γ
(g/χ)
core (B). Here we have
b
d
incorporated the magnetic-field dependence of the low temperature PL decay
time via Γd = τd−1 (B). Finally, as described above, we can neglect the influence
LT (B), yielding:
of the g-factor on the lifetime at zero fields: Γd ∼ γb /χ2 · τcore

−1

γb
γb
1
− k ∆T
− k ∆T
B
B
Γcs =
+ RT e
1+e
=
LT (B)
τcs
χ2 τcore
τcore

(4.3)

The observed exciton lifetime depends on a number of parameters: 1) the
LT ) and bright exciton (τ RT ) levels, experimentally
lifetimes of the dark (τcore
core
determined by measuring the PL decay time of the core-only sample at respectively low temperature and room temperature. 2) the energy splitting ∆, which
creates a characteristic temperature dependence. 3) the e-h overlap (expressed
by γb ), which means that a reduced overlap leads to a longer PL decay time.
4) the exchange energy (expressed by χ), leading to longer low temperature
lifetimes with increasing exchange energy. 5) the magnetic field induced brightLT (B). This independently obtained expression,
dark exciton mixing through τcore
can be seen as a significant modification of the formula given by Brovelli et al.
( [12]), since it directly incorporates, importantly, the effects of both the exchange energy and an applied magnetic field on the dark exciton recombination
rate Γd . As shown in the following, this allows a full quantitative description
of the exciton lifetime as a function of experimental parameters: temperature,
magnetic field, core size and shell volume.

4.4.4

Dark Exciton Lifetimes

LT ) is entirely determined
In the limit of low temperatures, the PL lifetime (τcs
by the dark exciton level. To disentangle the effect of the e-h overlap from that
of the exchange interaction, we divide Eq. (4.3) by γb , and define an effective
dark exciton lifetime as
LT
LT
τcs
· γb  τcore
· χ2 ,

(4.4)

to study the isolated effect of the exchange interaction (χ). Fig. 4.5(d)
LT γ (4 T, 1.7 K) as a function of χ for all samples measured. The
shows τcs
b
effective lifetime monotonously increases with increasing χ from 30 ns for HNCB to 200 ns, 300 ns and 1071 ns for samples HNC-C, HNC-A and CdTe-core
respectively. Indeed, it scales quadratically with χ as indicated by the solid line,
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in agreement with Eq. (4.4). In this case the exchange interaction energy is
modified by reducing the overlap between the electron- and hole wavefunctions
of the dark exciton. Alternatively, the exchange interaction can be varied by
changing the diameter of spherical NCs (η ∝ 1/R3 ). Indeed, regular type-I
NCs [3, 24, 38] exhibit longer (shorter) lifetimes at T ≤ 4.2 K with decreasing
(increasing) NC size (see Chapter 2). Zero-field mixing between bright and
dark excitons levels have been proposed to account for this size-dependence,
where the degree of mixing would scale inversely proportional to the bright-dark
energy splitting [3], with the former being proportional to the exchange energy
∆bd ∝ η. Our results demonstrate the universal effect of the exchange energy
on the (effective) dark exciton lifetime (Eq. (4.4)), irrespective of whether η is
varied by size or e-h overlap.

4.4.5

B -dependence of the Dark Exciton Lifetimes

Fig. 4.6(a) summarizes the experimental data of Fig. 4.3(c) by plotting the
LT
· γb for all samples. The solid blue line corresponds to
effective lifetime τcs
LT = 1.14µs, τ = τ RT = 12 ns (see
Eq. (4.1) with η = 4 meV, ge = 1.7, τcore
b
core
LT (B), the
also solid blue line in Fig. 4.3(c)). Inserting this field dependent τcore
experimental values of γb and χ and ge = 1.7 (HNC-A, HNC-C) and ge = 0.7
(HNC-B) in Eq. (4.3) leads to the solid lines in Fig. 4.6. The agreement
between calculated values and the experimental data is very satisfactory and
the main features of the data are well described. For the core-only sample the
lifetime decreases with 1/ζ 2 until it levels off at high fields when the Zeeman
energy is comparable to or larger than the exchange energy. This typical magnetic field dependence gradually disappears with decreasing exchange energy,
until for sample HNC-B (VHNC ∼ 80 nm3 , VCdSe ∼ 70.8 nm3 and χ = 0.067)
the effective lifetime is short and independent of field, because already at low
magnetic fields the Zeeman energy exceeds the exchange energy. These results
show that Eq. (4.3) describes the proper behaviour of the dark exciton lifetimes
of type-I, type-I1/2 or quasi-type-II and type-II NCs in the limit of both low
and high magnetic fields, confirming the consistency of our approach.

4.4.6

T -dependence of the Exciton Lifetime: Bright-Dark Splitting versus Acoustic Phonon Energy

The T -dependence of the PL decay times is governed by the energy ∆ in the
Boltzmann distribution (Eq. (4.3)). In a first attempt to describe the T behaviour of all samples (Fig. 4.2(c)) we use ∆ = ∆bd the bright-dark splitting
[2]. We assume the bright-dark energy splitting to scale as ∆bd  3ηcs [6, 25],
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Figure 4.6: Bright-Dark Splitting versus Acoustic Phonon Energy:
Determination of ∆ in Equation 3. (a) Magnetic-field dependence of
the LT effective exciton lifetimes (τcs · γb ) for core-only (blue circles), HNC-A
(orange down-triangles), HNC-B (green diamonds) and HNC-C (red squares)
samples. The solid lines are the best fits using Eqs. (4.1) and (4.3) (see text).
(b) The blue symbols represent the obtained ∆bd = 3η values which determine the magnetic field dependent lifetimes of panel (a). The green symbols
correspond to the energy values of ∆ obtained by fitting the T-dependence of
the PL lifetimes (solid curves in Fig. 4.2(c)) to Eq. (4.3). The blue dashedand green dotted lines are theoretical curves (see text).

resulting in ∆bd energies shown by the blue symbols in Fig. 4.6(b). The blue
dashed line corresponds to the nominal R-dependence of ∆bd for a CdTe type-I
NC [5, 18, 25]. Inserting these ∆bd -values in Eq. (4.3) leads to the coloured
dashed lines in Fig. 4.2(c). Some aspects of the data are properly described
by the model, where χ = γb is assumed (see Eq. (4.3) and Fig. 4.5(c)). By
construction, both the low T and high T limits of the data are in good agreement. The value of the exciton lifetime at low T , in the saturation plateau,
is determined by the competition between effects of e-h overlap and exchange
interaction. With increasing shell volume the exchange interaction reduces,
leading to a shorter lifetime (HNC-A and HNC-B), until with further increasing shell volume the e-h overlap is reduced to such an extent that the oscillator
strength significantly drops, leading to an increase of the lifetime. At high T
the exciton lifetime is only determined by the e-h overlap, leading to a prolonged lifetime with increasing shell volume. The minor drop in lifetime with
T observed for the type-II system (HNC-B) is well described by the model. In
contrast, for the core-only and HNC-A sample only qualitative agreement is
obtained: the model overestimates the temperature at which the lifetime suddenly drops (end of plateau, 20 K versus 4 K for core-only sample, 10 K versus
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4 K for sample HNC-A). These observations are in agreement with previous
experiments on nearly-spherical type-I CdSe NCs [2].
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Figure 4.7: Temperature-dependence of the PL Lifetime for HNCs
with variable Electron-Hole Overlap and Exchange Interaction. Theoretical curves computed with Eq. (4.3). The used numerical values for γb
and χ are given. Inset: Three-level energy scheme: |g is the ground-state,
F = 1 and F = 2 are the lowest-energy bright and dark levels with radiative
recombination decays Γb and Γd , respectively. ∆bd is the energy separation
between the two emitting states.

The nominal temperature-dependence of the PL Lifetime for HNCs described by Eq. (4.3) is shown by Fig. 4.7, for several values of electron-hole
overlap (γb ) and exchange interaction (χ) for core-shell HNCs. In the calculation, γb = χ and ∆bd = ∆o · χ (∆bd = ∆o · γb ) with ∆o  3ηcore the bright-dark
splitting of the type-I core [12], computed from the magnetic field dependence
for the type-I QD core (see Fig. 4.6(a)). In the high-temperature regime the reduction in the e-h overlap leads to longer PL lifetimes, while the opposite effect
is observed at low-temperatures where the exchange term dominates the exciton dynamics. The reduction in the e-h exchange interaction leads to a lower
∆bd and produces an increase in the bright-dark exciton mixing. The lower
∆bd implies that the end of the low-temperature PL lifetime plateau shifts to
lower temperatures (black arrow). Type-II HNCs, with small e-h overlap and
exchange interaction (∆bd ), exhibit PL lifetimes that are weakly dependent on
or even constant with temperature.
Better quantitative agreement for all samples is obtained by using ∆ as
a fitting parameter (solid lines in Fig. 4.2(c)), resulting in ∆-values significantly smaller than ∆bd , shown by the green symbols in Fig. 4.6(b). These
smaller energies are comparable to the typical energies of acoustic phonon (AP)
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modes [36], as indicated by the green dotted-line in Fig. 4.6(b), which shows the
calculated lowest-energy breathing mode for isolated CdTe spherical QDs. Its
energy scales weakly with the overall NC size as ∆AP ∝ R−1 [28, 39]. These results strongly suggests that acoustic phonons are involved in the exciton recombination [28], in agreement with recent fluorescence line narrowing experiment
on CdSe/CdS dot-in-rod HNCs [36] and T -dependent lifetime measurements
on ZnSe QDs [29]. Emission of acoustic phonons elastically distort the NCs,
resulting in an additional mixing between bright and dark levels, leading to a reduction of the dark exciton lifetime [29,36,40,41]. The difference between ∆AP
and ∆bd is particularly large for type-I and quasi-type-II or type-I1/2 structures,
whereas for sample HNC-B both energies are comparable. In that case, both
the ∆AP and ∆bd models show an exciton lifetime that is relative insensitive
to temperature (dashed green line in Fig. 4.2(c)), which is characteristic for a
type-II system.

4.5

Conclusion

We have presented a method to determine the electron-hole exchange energy η
of core-shell HNCs by measuring the PL decay times in strong magnetic fields.
The method relies on normalizing the field-dependent lifetime of a core-shell
nanocrystal to that of the core-only sample and using an analytic expression
of the exciton lifetime in the effective-mass approximation that includes η as a
parameter. We have found that the exchange energy of CdTe/CdSe HNCs with
variable shell thickness scales linearly with the electron-hole overlap, determined
independently within a RT lifetime experiment. The ability to independently
determine e-h overlap and e-h exchange permits us to unravel their effects on
the exciton lifetime of HNCs. We find that the dark exciton lifetime scales with
η, irrespective whether η is varied by NC size (with η) or by e-h overlap (with
η 2 ). Both bright and dark exciton lifetimes are inversely proportional to the e-h
overlap. Our findings result in a comprehensive model that fully explains the
exciton PL decay time as a function of all relevant experimental parameters,
such as core radius, core/shell volume, shell volume fraction, magnetic field
strength and temperature. This description shows that, unlike type-I NC with
a large e-h overlap, type-II structures exhibit a weak exchange interaction, resulting in exciton lifetimes that are remarkably constant with both temperature
and magnetic field strength. The full temperature dependence of HNCs can,
however, only be described when acoustic phonon assisted emission is involved
in the radiative emission. The formula we propose is defined in general terms
and can be used for type-I, quasi-type-II or type-I1/2 and type-II semiconductor
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nanocrystals and is valid for different material systems.
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[10] C. de Mello Donegá Phys. Rev. B 81, 165303 (2010).
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Chapter 5

Observation of the full
Exciton and Phonon
Fine Structure in
CdSe/CdS Dot-in-Rod
Heteronanocrystals
Abstract
Light emission of semiconductor nanocrystals is a

complex process, depending on many factors,
amongst which the quantum mechanical size

conﬁnement of excitons (coupled electron-hole

pairs) and the inﬂuence of conﬁned phonon modes

and the nanocrystal surface. Despite years of
research the nature of nanocrystal emission at low

temperatures is still under debate. Here we unravel

the diﬀerent optical recombination pathways of
CdSe/CdS

dot-in-rod

systems

that

show

an

unprecedented number of narrow emission lines
upon

resonant

self-assembled,

laser

excitation.

vertically-aligned

By

rods

using
and

application of crystallographically-oriented high

magnetic ﬁelds, the origin of all these peaks is
established. We observe a clear signature of an

acoustic-phonon assisted transition, separated from
the zero-phonon emission and optical-phonon

replica, proving that nanocrystal light emission
results from an intricate interplay between bright
(optically allowed) and dark (optically forbidden)

exciton states, coupled to both acoustic and optical
phonon modes.

This work has been published in:

Granados del Aguila, A. et al., ACS Nano 8, 5921 (2014).
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5.1

Introduction

Colloidal semiconductor nanocrystals (NCs) are organically-capped nanoparticles with optical properties that are dramatically different from those of the
bulk semiconductor material. They exhibit very efficient light emission that can
be tuned in wavelength by varying their size, composition and shape, making
them suitable for opto-electronic and photonic applications [1]. The tunability
stems from the quantum mechanical confinement of charge carriers leading to
atomic-like, discrete energy levels resulting in size-dependent optical transitions
due to electron-hole (exciton) recombination. In quasi-spherical wurtzite quantum dots (QDs) the electron-hole (e-h) exchange interaction and the intrinsic
crystal/shape anisotropy lift the spin degeneracy of the exciton levels. As a
result the lowest-energy exciton level is optically passive (the so-called dark
state), just below an exciton state that is optically active (the bright state).
The energy separation ∆bd between the bright and dark exciton states scales
with the exchange interaction as ∼ 1/R3 , with R the NC radius [2, 3].
The sensitivity of the excitonic energy spectrum to the e-h exchange interaction gives rise to an extra degree of freedom to tailor the properties of NCs. The
use of core-shell heteronanostructures (HNCs) that combine two semiconductor
materials with different bandgap values permits to modify the e-h overlap [4].
Proper design of the alignment of the conduction and valence bands at the
core-shell interface allows for the separate engineering of the spatial extensions
of the electron- and hole wavefunctions. In type-I heterostructures both electrons and holes are confined to the core (high e-h overlap), whereas in type-II
heterostructures the electrons and holes are spatially separated (indirect excitons), lowering the e-h overlap. Recently also the intermediate case (type-I1/2
or quasi-type-II) has been realized, where one type of carrier is confined to the
core, whereas the other type of carrier is delocalized over the core-shell. It
has been shown that not only the radiative lifetimes [4–11] and the emission
energies [4–7, 9–12] depend on the e-h overlap, but that also the hot carrier relaxation [13], the spin relaxation [14] and the strength of the quantum-confined
Stark effect [15, 16] are affected.
Despite the extensive knowledge on the exciton fine-structure in NCs and
the corresponding optical properties, the precise photoluminescence (PL) recombination pathways are not entirely understood, in particular in the lowtemperature limit. It is well established that the PL decay times of type-I
CdSe QDs depend significantly on temperature T , being relatively short at room
temperature (∼10 ns) and much longer (∼1 µs) at low temperatures [3, 17–19].
This dependence is in qualitative agreement with the simple bright-dark exciton
level diagram. At high temperatures PL emission originates from the higher116
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lying bright exciton state (short decay times), but when the thermal energy
(kB T ) is smaller than ∆bd the decay time increases [17]. This typical temperature dependence is absent for type-II CdSe/CdS HNCs, where the reduced e-h
overlap leads to a vanishing ∆bd [8]. However, in both cases quantitative agreement is lacking. Fitting the T -dependent lifetimes of CdSe QDs resulted in
∆bd -values that are significantly smaller than those calculated by the effectivemass model [2, 17] and those measured by fluorescence-line-narrowing (FLN)
experiments [20–22]. Quantitative agreement of the T -dependent QD exciton
lifetimes has been obtained using a model in which the exciton recombination
is governed by optical transitions mediated by confined acoustic phonons. This
model is supported by experimental results on QDs from different materials
(CdSe, CdTe, PbSe and InAs) [23].
A second discrepancy between experiments and the simple bright-dark exciton model is the finite lifetime of the dark exciton state. With lowering
temperature the exciton lifetime increases until it reaches a constant (plateau)
value below 4.2 K. The actual value of this lifetime (∼1 µs) is relatively short
for a spin forbidden transition, as compared for example to triplet phosphorescence emission from organic chromophores (∼1 ms). This apparent brightness
has been attributed to phonon-assisted transitions [24] or due to mixing of the
dark and bright exciton states, for instance as a result of unpassivated surface
sites [25, 26] or acoustic phonon excitations [23].
Here we report the detailed investigation of CdSe dots that are embedded
in a rod-like CdS shell (dot-in-rod HNCs). Such nanostructures can be fabricated with high monodispersity [27, 28] and a small number of defects, leading
to a high PL quantum efficiency [9, 11, 15, 16, 29, 30]. Considering the typeI band alignment configuration of the conduction- and valence bands of bulk
CdSe and CdS [31, 32], CdSe/CdS dot-in-rods are expected to be in the quasitype-II regime, where the hole is confined to the core, whereas the electron
wavefunction also extends to the shell (Fig. 5.2(a)) [4,8,9,11]. We employ FLN
spectroscopy, using resonant excitation to select a subsection of HNCs out of
the inhomogeneously broadened ensemble, whose bright exciton level matches
the laser energy. This results in a large number of emission peaks with very narrow linewidths <1 meV, approaching those of a single-dot experiment. Some of
these transitions are demonstrated to originate from resonant Raman scattering
processes, evidencing the ultrahigh structural quality of CdSe/CdS dot-in-rod
HNCs. All transitions are identified by measuring their spectral position as a
function of HNC size and magnetic field strength up to 30 T. In these experiments we used samples in which the rods form well-defined arrays with the long
rod axis (the wurtzite c-axis) parallel to the excitation laser and the PL emission (Fig. 5.2(c)) [33]. Since the magnetic response strongly depends on the
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relative orientations of the c-axis and the magnetic field (B), the use of those
self-assembled samples is crucial to fully elucidate the NC optical properties.
We observe an unusual narrow zero-phonon emission transition, and apart of
the regular optical phonon replicas, we resolve distinct acoustic phonon assisted
emission, which provides direct experimental evidence that acoustic phonon excitations are involved in the low-temperature radiative recombination of dark
excitons within NCs. The e-h exchange energy is found to be reduced relative
to a CdSe QD due to the extension of the electronic wavefunction into the shell
(quasi-type-II), but the overall symmetry of the exciton is found to be spherical
and not rod-like.

5.2

Methods Section

Sample Synthesis, Characterization and Preparation of Self-Assembled
Layers CdSe/CdS dot-in-rod HNCs were prepared using the seeded growth
methodology [4] following an adaptation of the method reported by Carbone
et al. [28] (see ref. [33]). Spherical CdSe cores of fixed radius R = 1.6 nm
were embedded in rod-like CdS shells. Two different rod lengths were used:
short rods (SRs) with length L = (13.9±1.3) nm and diameter D = (4.4±0.4)
nm (aspect ratio AR = 3) and long rods (LRs) with L = (39.8±1.7) nm and
D = (4.3±0.5) nm (AR = 9). The CdSe core is preferentially located at one
end of the shell with its wurtzite c-axis parallel to the long rod axis (Fig.
5.2(a),(b)) [33]. The dot-in-rod samples were characterized by transmission
electron microscopy (TEM) (Fig. 5.1 (a) and (b)) and by optical spectroscopy
at room temperature, as shown in Fig. 5.1 (c) and (d). In Fig. 5.1 (c) and
(d) the absorption spectra (blue curves) have been normalized to the intensity
at the lowest absorption-energy feature of CdS (2.8 eV). The gray line shows
the magnified absorption (10x and 5x for SR and LR, respectively) spectra to
highlight the absorption onset at CdSe energies. The PL spectra (red curves)
are normalized to the maximum of the intensity, where the light emission corresponds to carrier recombination from the CdSe core.
For the optical experiments ensemble CdSe/CdS dot-in-rod HNC samples
were prepared in two different geometrical configurations with respect to the
deposition substrate: (i) randomly oriented where HNC/toluene solutions were
dropcasted on a Si/SiO2 substrate to give a randomly oriented sample, and (ii)
vertically oriented (with the long rod axes parallel to the normal of the substrate). Here, following the method described by Zanella et al. [34], ensembles
of self-assembled HNCs vertically aligned were prepared by depositing a highly
concentrated HNC/dichlorobenzene solution (∼2 µM concentration) on a 10 x
118
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Figure 5.1: Sample Characterization. Representative transmission electron microscope images of the CdSe/CdS SR (a) and LR (b) samples. Room
temperature absorption (blue lines) and photoluminescence (PL) (red lines)
spectra of toluene solutions of SR (c) and LR (d) samples.

10 mm2 Si/SiO2 substrate. The solvent evaporation rate was kept very slow
in a solvent saturated atmosphere to ensure the formation of predominately
upstanding HNC assemblies. The preferential orientation of the HNCs in the
assembly was studied by X-ray diffraction.
For comparison a set of reference organically capped quasi-spherical CdSe
QDs with R = 1.65 nm, 1.75 nm, 1.85 nm, 2.15 nm and 2.5 nm was prepared. The nearly-spherical CdSe NCs were synthesized by hot injection of
organometallic precursors into a coordinating solvent mixture, following methods reported by de Mello Donegá et al. [35]. The CdSe QDs were dispersed in
toluene and the solution was dropcasted on GaAs substrates.
Optical Measurements Optical experiments at low temperatures and
high magnetic fields were performed on a set of NC ensemble samples, using three spectroscopic techniques: photoluminescence (PL), time-resolved PL
(TRPL) and fluorescence line narrowing (FLN) spectroscopy. The NC samples were mounted in a titanium sample holder on top of a three-axis piezo119
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positioner. The sample stage was placed in a homemade optical probe, made of
carbon and titanium to minimize possible displacements at high magnetic fields.
Laser light was focused on the sample by a singlet lens (10 mm focal length).
The same lens was used to collect the PL emission and direct it to the detection set-up (Back-scattering geometry). The optical probe was mounted inside
a liquid helium bath cryostat (4.2 K) inserted in a 50 mm bore Florida-Bitter
electro-magnet with a maximum field strength of 31 T. All optical experiments
were performed in Faraday geometry (light excitation and detection parallel to
the magnetic field direction).
For TRPL measurements the excitation was provided by a picosecond pulsed
diode-laser operating at 485 nm. The PL signal was detected by an avalanche
photo diode connected to a single-photon counter (time-correlated single photon counting). For static, spectrally resolved PL measurements the same excitation source was used but in continuous wave mode. The PL light was guided
trough a 300 mm long single grating spectrometer (300 grooves/mm grating)
and detected by a liquid nitrogen cooled charge couple device (CCD). Cut-off
optical filters were used in excitation and detection, for both PL and TRPL
experiments.
For FLN measurements, a very narrow excitation source (≤0.08nm FWHM)
was achieved, using a tuneable jet-stream dye (Rhodamine 6G) laser and a
300 mm single grating spectrometer (1200 grooves/mm holographic grating).
The output monochromatic beam was collimated with a lens in the optical
insert described above. The excitation was circularly polarized with the use
of a linear polariser and a Babinet Soleil compensator. The emitted light was
dispersed by a triple-grating Raman spectrometer (subtractive mode). The
resonant-PL emission was dispersed by a 500 mm stage (1800 grooves/mm
holographic grating) and detected by a liquid nitrogen cooled CCD camera.
The emitted photons are detected in crossed and co-polarization relative to the
laser polarization by using a linear polariser and a lambda-quarter wave plate.

5.3
5.3.1

Results
Sample Characterization and Optical Properties

The CdSe/CdS HNCs exhibit PL emission in the visible range (Fig. 5.2(d)) at
a spectral position corresponding to carrier recombination from the CdSe core.
The HNC PL is red-shifted relative to the reference QD with R = 1.65 nm and
the shift increases with AR together with a decreasing full width half maximum
(FWHM), changing from ∼140 meV for the QDs to ∼70 meV for the LRs. The
low-temperature PL decay transients of both LRs and QDs (inset Fig. 5.2(d))
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Figure 5.2: Sample Description and Optical Characterization. (a)
Schematic representation of CdSe/CdS dot-in-rod HNCs. The bulk bandgap
and band-offset values of CdSe and CdS with a type-I band alignment are
indicated, leading to a quasi-type-II band alignment for dot-in-rod HNCs,
where the hole wavefunction (blue solid curve) is confined to the CdSe core
and the electron wavefunction (red solid curve) extends into the CdS shell.
(b) Representative transmission electron microscope image of the CdSe/CdS
LR sample. (c) Schematic representation of a vertical rod assembly, where
the rod c-axes are oriented parallel to the direction of the laser excitation
(kExc , ωExc = P0 is the excitation energy), the PL emission (k, ωPL is the
energy of the emitted photoluminescence) and the applied field (B) (Faraday
geometry). The dropcasted samples exhibit a more random orientation of their
c-axes with respect to B and k. (d) PL spectra at 4.2 K of reference CdSe
QDs (green curve), short HNCs (SRs, orange curve) and long HNCs (LRs, red
curve). Inset: PL-decay curves for QDs (green curve) and LRs (red curve) on
a semi-log scale.

show a similar bi-exponential decay with a fast and a slow component. The fast
(∼10 ns) decay is ascribed to a transient emission from higher-energy exciton
states prior to relaxation into the lowest-energy exciton level. The slow decay
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time, typically on the ∼ µs scale, reflects the radiative recombination lifetime
of long-lived excitons emitted from the lowest-energy dark exciton level.

5.3.2

Fluorescence Line-Narrowing

In FLN experiments ensemble NC samples are resonantly excited at the rededge of their lowest-energy absorption feature, which leads to the selective excitation of only a small fraction of the NCs whose energy gap matches the
laser energy (P0 ). This drastically reduces the inhomogeneous broadening of
the optical spectra, resulting in an emission spectrum that consists of narrow
lines and reveals the fine-structure of the exciton levels. The FLN spectrum of
the reference CdSe QDs (lower panel Fig. 5.3(a), green curve) shows a typical
spectrum, which is usually explained in terms of the exciton energy scheme
presented in Fig. 5.3(b), where the levels are labeled by their spin projection F
along the wurtzite c-axis. Photo-excitation occurs in the F=±1L bright exciton level, followed by relaxation to the F=±2 dark state from where radiative
recombination occurs, leading to a zero-phonon line (ZPL) just below the excitation energy P0 . The resonant-Stokes shift (P0 -ZPL splitting) is given by
the bright-dark splitting (∆bd ). The ZPL is accompanied by phonon-assisted
recombination at n =1, 2 times ∼25-26 meV [36] below the ZPL, corresponding
to the longitudinal optical phonon mode of CdSe (nLOCdSe , in agreement with
earlier reports [3, 22, 24]).
The FLN spectrum of the CdSe/CdS dot-in-rods (upper panel Fig. 5.3(a),
red curve) is roughly similar to that of the core-only QDs, but shows an unprecedented level of detail in both the ZPL and LO phonon replica regions.
Most strikingly, in the ZPL region we resolve four narrow peaks just below P0 ,
labelled P1 , P2 , P3 and P4 (Fig. 5.3(c)). P1 and P2 have a resolution-limited
FWHM of ∼0.3 meV. The main peak in this region is the P3 line, about 4 meV
below P0 with a FWHM of ∼0.7 meV. P4 is less intense and broader (FWHM
∼1-1.5 meV). Also in the phonon replica region we observe more lines than normally, resolving the usual CdSe phonon replicas (1LOCdSe,P3 , 2LOCdSe,P3 ), but
also a shoulder at lower energy of 1LOCdSe,P3 corresponding to the LO phonon
mode of the CdS shell (1LOCdS,P3 , 35meV) [37]. Surprisingly, we detect some
very sharp lines (FWHM ∼0.3 meV) on top of the 1LO phonon replica, of which
the strongest is 26.4 meV below P0 (1LOCdSe,P0 ). All of these peaks are labeled
according to the phonon mode (nLO), the material (CdSe, CdS) and the peak
from which they originate (P0 , P3 ), as follows from the peak identification described below, using the behavior of the peaks as a function of excitation energy
and magnetic field.
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Figure 5.3: Fluorescence Line Narrowing Characterization. (a) FLN
spectra at 4.2 K of LRs (upper panel) at excitation energy P0 = 2.1382 eV
and CdSe QDs with P0 = 2.1778 eV (lower panel), revealing the exciton finestructure. The energy scales are relative to the excitation energy P0 . The
emission lines of the CdSe QDs originate from zero-phonon (ZPL) transitions
and optical phonon (LO) replicas. (b) Energy level scheme of the exciton finestructure for wurtzite QDs. The levels are labeled in terms of the projection
of the angular momentum F onto the c-axis (see text). Solid (dashed) lines
correspond to bright (dark) exciton levels, responsible for optical transitions
(solid green arrows) to the ground state |g >. ωLO corresponds to the LO
phonon energy. The bright-dark exciton splitting (∆bd ) is the energy difference
between the F = ±1L and F = ±2 levels. Wavy arrows reflect non-radiative
relaxation processes. (c) Comparison of the P1−4 emission lines within the
FLN spectra at 4.2 K of LRs (red curve, P0 = 2.1382 eV), SRs (orange curve,
P0 = 2.1977 eV) with the ZPL emission of a reference CdSe QD (green curve,
P0 = 2.1778 eV).

5.3.3

Dependence on Excitation Energy

To unravel the origin of all peaks in the FLN spectrum we have varied the
excitation energy P0 across the ensemble absorbance peak. Essentially, with
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increasing laser energy the size of the NCs that absorb the laser radiation becomes smaller, because the confinement energy increases with decreasing R.
Fig. 5.4(a) shows typical FLN spectra of HNC samples for three excitations
energies, where the energy scale is taken relative to P0 to permit direct comparison. We can distinguish two set of peaks. Peaks with positions that are
(roughly) constant with varying excitation energy are indicated by the dotted
lines (P1 , P2 , 1LOCdSe,P0 ). In contrast, P3 , P4 , 1LOCdSe,P3 and 1LOCdS,P3 shift
considerably with variation of the excitation energy (dashed lines). These two
types of transitions are also visible in Fig. 5.4(b), which shows the energy
positions versus excitation energy of the main lines of the SR and LR samples.
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Figure 5.4: Selective Size-Photoselection: Energy Dependence of
the FLN. (a) FLN spectra at 4.2 K for CdSe/CdS LRs at excitation energies
P0 = 2.0872 eV (red curve) and 2.1126 eV (orange curve) and for SRs with P0
= 2.1977 eV (green curve). The energy scale ∆E is relative to P0 . The spectra
are vertically shifted for clarity. Black dashed-lines indicate transitions that
shift with P0 . Dotted-lines indicate peaks that are roughly fixed in energy
with varying P0 . The black dashed-line spectrum is a fitting curve of the
bottom curve consisting of Lorentzian-shaped components (black solid lines).
(b) Evolution of the observed peak energies (relative to P0 ) as a function of
excitation energy for the main optical transitions of both LR and SR samples.
The dashed-lines are guides to the eye.
-40

5.3.4

Magnetic Field Dependence

A magnetic field has proven to be a powerful tool to characterize the nature
of the optical transitions of colloidal dots and to identify the corresponding
exciton states [21, 22, 38]. A magnetic field leads to a Zeeman splitting of the
exciton energy levels, as well as mixing of their wavefunctions. Both effects
strongly depend on the orientation of the NC c-axis with respect to the applied
B and the observation direction k (see Fig. 1(c)). Fig. 5.5(a) shows the ZPL
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region of the 4.2 K FLN spectra of a self-assembled LR sample as a function
of magnetic field B, using σ+ polarized excitation at 2.1382 eV and detecting
σ− polarized photons. The zero-field spectrum consists of the four lines P1−4 .
The P1 and P2 lines do not exhibit any shift with field (dashed brown and
green lines). In contrast, the P3 and P4 transitions (dashed orange and red
lines) exhibit a considerable shift down in energy with increasing field, which
indicates the Zeeman splitting of the underlying exciton levels. In particular
the P3 line shows an interesting behaviour at relative low fields below 10 T,
which has not been observed previously and which is enlarged in Fig. 5.5(c).
At first, its spectral position is roughly constant, until at approximately 5 T the
emission line splits into two. With increasing field the lower energy line becomes
brighter at the expense of the higher energy peak, until above 10 T only the
lower energy peak remains and gains intensity while shifting to lower energy
with increasing field. At ∼8 T we observe the appearance of an additional peak
at an energy in between P0 and P3 , labeled by SFP0 and indicated by blue
dashed lines in Figs. 5.5(a),(c). This line shows a rapid shift to lower energy
with magnetic field.
An overall similar magnetic field behaviour was found for dropcasted samples of the LRs (Fig. 5.5(b),(d)). However, the relative intensities of the peaks
and their precise shifts with field strength differ, as a result of the more random
orientation of the rods, as compared to the vertically aligned rods in the selfassembled sample. A clear difference is seen around ∼6 T (see enlarged spectra
in Fig. 5.5(d)), when the spectrum develops two clear narrow lines, labelled by
SFP3 (orange dashed-line) and SFP0 (blue dashed-line). At a field of about 15
T both features merge into one single peak, dominated by the SFP0 transition,
which becomes the most intense peak at high fields, even brighter than the P3
line. These observations are summarized in Fig. 5.5(e),(f), where we plot the
relative spectral shifts as a function of applied magnetic field.

5.3.5

Spin-Flip Transitions

Application of a magnetic field leads to the appearance of extra peaks in the
FLN spectrum, SFP0 and SFP3 , which shift relatively rapidly to lower energies
with field. The SFP0 peak is observed in both the self-assembled and the dropcasted samples and is attributed to a spin-flip (SF) process, originating from
photo-excitation into the upper level of the Zeeman split F = 1L level and
subsequent relaxation and recombination from its lower F = −1L Zeeman component (Fig. 5.3(b)) [21, 22]. At zero field this transition is absent, whereas at
high fields, the SFP0 peak evolves linearly with increasing field (Fig. 5.5(e),(f)),
corresponding to a Zeeman splitting of the bright F = ±1L exciton level char125
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Figure 5.5: Magnetic Field Dependence of the FLN. FLN spectra of
self-assembled (a) and dropcasted (b) CdSe/CdS LRs as a function of magnetic
field at 4.2 K. The spectra are plotted in 1 T steps and are vertically shifted
for clarity. All spectra were recorded using σ + excitation at 2.1382 eV and σ −
detection. The evolution of P1 , P2 , P3 and P4 is guided by the dashed brown,
green, orange and red lines, respectively. Spin-flip transitions SFP0 (SFP3 )
are guided by blue (pink) lines. (c) Enlarged spectra of self-assembled LRs in
the 0-10 T region. (d) Enlarged spectra of dropcasted LRs in the 6.25-8.75
T region. (e) and (f) show the energy of the most prominent transitions as a
function of magnetic field for self-assembled and dropcasted rods respectively.
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5.3 Results
acterized by a g-factor of ∼ (2.5 ± 0.1) for self-assembled and ∼ (2.3 ± 0.1)
for dropcasted HNCs. Interestingly, the SFP0 peak does not extrapolate to
a zero shift at B = 0 (Fig. 5.5(e),(f)), which points to a finite energy splitting of the bright exciton level at zero field, in agreement with previous FLN
experiments on CdSe QDs [21]. This zero-field splitting of the bright exciton
state is attributed to a extra exchange interaction splitting due to an anisotropy
in the plane perpendicular to the c-axis of the QDs [39, 40]. In our case this
anisotropic exchange splitting ∆xy ∼ (0.8 ± 0.3) meV, well within the range
of values previously found for spherical dots using single-dot spectroscopy and
FLN experiments [21, 39].
Surprisingly, the FLN spectrum of the drop-casted sample shows an additional spin-flip transition SFP3 in intermediate fields of 5-15 T, which has not
been observed before. This line exhibits a linear B -dependence with a field shift
that is faster than that of the SFP0 line and that corresponds to a g-factor of
∼ (2.8 ± 0.1). Because of this higher g-factor, the SFP3 line merges with the
SFP0 transition around 15 T, after which only one spin-flip transition remains.
Furthermore, the field dependence of SFP3 directly extrapolates to the origin
at zero-field, indicating a degenerate level at zero field. We assign SFP3 to the
spin-flip of the dark exciton (F = ±2), after photo-excitation of a F = +2 exciton and recombination from a F = −2 exciton (Fig. 5.3(b)). This is consistent
with the absence of a zero-field splitting for this line because ∆xy = 0 for a dark
state [39,40]. We are able to observe the spin-flip of the dark exciton because of
the high resolution reached in our FLN experiment. This dark exciton spin-flip
transition is only observed at finite fields in the drop-casted sample. At low
fields the oscillator strength of the dark exciton levels is too low to absorb laser
light. With increasing field the dark exciton acquires oscillator strength due to
magnetic field induced mixing between bright and dark excitons, which occurs
for HNCs whose c-axis makes an angle (θ) with the direction of the B -field [2].
For the same reason the PL decay time of spherical dots drastically reduces
with field [41, 42]. In contrast, when the c-axis is parallel to the B -field, like in
the case of the self-assembled sample, exciton mixing does not occur and the
dark exciton state remains dark at all fields, meaning that for this sample the
SFP3 transition is not observed. The differences in the bright exciton g-factor
in both samples support this picture. The magnitude of the Zeeman splitting
depends on the angle θ, being maximal for NCs parallel to the field direction
(θ=0, self-assembled sample) and zero for NCs perpendicular to B. For random
NC orientation, like in the dropcasted sample, the Zeeman energy is averaged
over all possible orientations, yielding a lower g-factor.
The actual values for the g-factors of the bright (2.3-2.5) and dark (2.8)
excitons are in agreement with the results of previous magneto-FLN studies [21]
127

Observation of the Exciton and Phonon Fine Structure in CdSe/CdS...
and single-dot spectroscopy [39, 43]. Together with the value of the anisotropic
exchange splitting ∆xy (∼ 0.8 meV) they define the full field dependence of all
lowest energy exciton levels (see Fig. 5.7(c)).

5.3.6

Spectroscopic Fine-Structure Features in the FLN Spectra of CdSe/CdS Dot-in-Rods

Zero-Phonon Line
The main peak (P3 ) in the FLN spectrum is attributed to the zero phonon
line, resulting from recombination of the F=±2 dark state (Fig. 5.3(b)). It
has a narrow linewidth (FWHM ∼0.7 meV) and its relatively high brightness
suggests an intrinsic, non-zero, oscillator strength for the ground dark exciton.
The energy shift relative to the laser excitation corresponds to the bright-dark
splitting ∆bd , which varies from 2 to 5 meV with increasing laser excitation
energy (decreasing size) (Fig. 5.4(b)). The full magnetic behaviour of the (P3 )
line (Fig. 5.5(c)) can be readily understood within this picture. At low fields,
when (gµB B < ∆xy ), all transitions from the F = ±1L to the F = ±2 levels
might occur. In this field range the F = ±1L levels are mixed and linearly
polarized. With increasing field gµB B > ∆xy the mixing of the bright exciton
level disappears and at the same time the F = +2 dark exciton level depopulates due to its Zeeman shift to higher energy, leading to the redistribution
of PL emission intensity from the higher energy component of P3 to a lower
energy component around 3 T. The higher energy component follows the energy separation of the F = −1L and F = −2 levels , whereas the lower energy
component above 5 T follows the difference in energy of the F = +1L and
F = −2 levels. This is shown by the dashed lines in Fig. 5.7(a) calculated from
the field-dependent exciton levels in Fig. 5.7(c). This simple model is able to
accurately reproduce the B evolution of the ZPL for the vertically aligned NRs,
in the absence of field-dependent exciton mixing.
Optical Phonon Replicas
The FLN spectra show the regular, relatively broad, LO-phonon replicas (nLO
CdSe,P3 ) at energies corresponding to 1 and 2 times the LO-phonon energy in
CdSe, measured relative to the ZPL line P3 [22, 24]. As expected, the LOphonon replica peaks follow the ZPL line P3 , shifting to lower energy with
increasing excitation energy (Fig. 5.4(b)) and with increasing magnetic field
strength [22], shown in Fig. 5.6(a). The dot-in-rod systems exhibit an additional signal around 35 meV below the ZPL line (1LOCdS,P3 ), which can be
attributed to the LO-phonon replica of the CdS shell (see Fig. 5.2(a), Fig.
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Figure 5.6: Enlarged Magnetic Field Dependence of the FLN and
the Optical Phonon Energy Region. FLN spectra of self-assembled
CdSe/CdS LRs as a function of magnetic field at 4.2 K. These spectra correspond to those of Fig. 5.5(a). (b) Enlarge optical phonon replica region for
CdSe/CdS dot-in-rod LRs at 4.2 K and with excitation energy P0 = 2.0496 eV.
The energy scale ∆E is relative to P0 (not shown). The spectrum (in black)
shows the optical phonon (LO) energy region, with the regular 1LOCdSe,P3
and 2LOCdSe,P3 LO-replicas. The additional feature 1LOCdS,P3 corresponds
to LO phonon-assisted transition involving the CdS region of the HNC. The
very sharp line 1LOCdSe,P0 is the CdSe 1LO Raman signal. The colored lines
are the Lorentzian-shaped components from the fitting curve (not shown).

5.4(a) and Fig. 5.6(b)). This unambiguously proves that the dark exciton not
only probes the CdSe core, but also the CdS shell, which is consistent with
the electron wavefunction leaking out of the CdSe core [8, 9, 11], giving a quasitype-II exciton.
Acoustic Phonon-Assisted Transitions
Below the ZPL line P3 we observe an additional peak P4 , which has a larger
linewidth (FWHM ∼1 meV). The energy separation between P3 and P4 is ∼1.5
meV and is found to be constant as a function of magnetic field (Fig. 5.7(a)).
We identify this transition as an acoustic phonon (AP) replica of the ZPL,
arising from the lowest energy breathing mode of CdSe [23, 44, 45]. This assignment is supported by the dependence of the P3 − P4 splitting on excitation
energy, which is given by the size dependence of the acoustic phonon mode
(see below). Confined acoustic phonon modes have been observed before in
NCs by low-frequency Raman scattering [46–49], ultrafast pump-probe spectroscopy [50–52] and spectral hole burning [53] experiments. However, direct
experimental evidence on the role of these low-energy acoustic excitations in
129

Observation of the Exciton and Phonon Fine Structure in CdSe/CdS...
the radiative recombination of dark excitons is scarce [44, 54]. The presence of
the AP replica in our FLN emission spectra is, therefore, an important proof
that acoustic phonons are involved in the radiative recombination of excitons
in colloidal semiconductor nanocrystals. Generation of acoustic phonons will
elastically distort the NCs resulting in an additional mixing between bright and
dark excitons, explaining the finite oscillator strength of the optically-forbidden
lowest exciton level [23, 55, 56]. This has important consequences for the temperature dependence of the PL decay times of semiconductor NCs. In a simple
two-level model this T -dependence is governed by the energy separation ∆ between the two emitting states at thermal equilibrium (Fig. 5.3 (b)). Fitting the
T -dependent lifetimes of CdSe QDs resulted in ∆-values of about 1 meV, significantly smaller than the bright-dark splitting (∆bd ) in the simple bright-dark
exciton model [17]. Instead, the energy of the acoustic phonon mode found here
agrees well with such a small activation energy, strongly suggesting that acoustic phonons play an important role in the recombination of NC [23]. We note,
however, that the description of the full T -dependence of the PL decay times
of ensemble NC distributions after non-resonant excitation should include all
radiative decay channels. For instance, from the fitting curve in Fig. 5.4(a), we
estimate that the relative contribution of the ZPL-P3 (i.e., direct dark exciton
recombination) (IZPL = 7.6%) and its first acoustic-phonon replica P4 (IP4 =
9.8%) is roughly ∼ 20% of the low-T PL intensity. The main contribution (∼
40%) comes from the lowest 1LO phonon replicas, involving CdSe (I1LOCdSe,P3 =
18.5%) and CdS (I1LOCdS,P3 = 20.7%). The remaining intensity originates from
the non-resonant signal just below P4 and the higher order LO phonon replicas
(not shown). The non-trivial intensity distribution over the different radiative
decay paths provides the crucial insight that the optical emission of NCs is
given by an intricate and complex interplay between excitons and phonons.
Raman Scattering
The FLN spectrum shows additional sharp lines in the region of the LO phonon
resonance (eg. 1LOCdSe,P0 ) and just below the laser energy (P1 and P2 ). All
these transitions are characterized by i) a Lorentzian-like lineshape with a
resolution-limited linewidth ; ii) a weak dependence on the laser excitation
energy (NC size) and iii) a constant intensity and energy position as a function
of the applied magnetic field strength. We, therefore, attribute these lines to
resonant Raman scattering: the shift of the 1LOCdSe,P0 line, 26.4 meV below
P0 , matches the LO phonon of CdSe. The shifts of P1 , P2 (∼ 1.5 - 2.5 meV below P0 ) match the energies of typical acoustic phonon modes of CdSe. The shift
of P1 equals the P3 − P4 splitting, suggesting that the same acoustic phonon
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mode is involved. The detailed behaviour of the Raman scattering peaks as a
function of laser excitation energy, magnetic field strength and temperature will
be described elsewhere. The observation of resolution-limited Raman modes of
CdSe, together with the sharp exciton emission lines, indicates the extremely
high structural quality of our dot-in-rod systems. Apparently, this system represents an almost ideal single-crystalline NC with a perfect core-shell interface
in which the influence of surface traps can be neglected, leading to a high PL
quantum efficiency and a narrow size distribution to give resolution-limited
linewidths in an ensemble measurement under resonant excitation.

5.4
5.4.1

Discussion
Exciton and Phonon Fine-Structure

The unprecedented high quality of the FLN spectrum of our dot-in-rod NCs,
exhibiting many well-resolved narrow peaks, each with a characteristic dependence on excitation energy and magnetic field strength, permits us to fully
unravel all recombination pathways of the photo-excited excitons. It also allows to us to determine the size-dependence of important parameters, such as
the e-h exchange interaction, the e-h overlap and the acoustic phonon energy.
To determine the effective size of the exciton wavefunction we have measured
the PL emission energies at 4.2 K of a set of reference CdSe QDs (Fig. 5.7(b)).
The PL energy increases with decreasing size, following the regular behaviour
of quantum confinement in a spherical dot. The dashed line in Fig. 5.7(b)
is calculated using an empirical tight-binding model that links the PL emission energy to the volume of the quantum dot and, therefore, to the effective
volume of the exciton wavefunction [37, 57, 58]. We use this relationship to
estimate the effective size of the exciton wavefunction in our dot-in-rod HNCs.
Here we assume that the excitons in the dot-in-rod HNCs still have spherical
symmetry, even though the electron- and hole wavefunctions are separated in
real space (Fig. 5.2(a)) [59]. This assumption is justified by the magnetic field
dependence of the exciton levels (Fig. 5.7(c)), which clearly corresponds to a
QD with spherical symmetry and not to a rod-like system, in which the lowest
energy state would have F = 0 [60, 61]. Furthermore, as compared to other
core-shell NC systems [7], we observe a small red-shift of the PL emission of
the dot-in-rod HNCs, relative to the reference spherical QDs (Fig. 5.2(d)). We
quantitatively describe this red-shift by a slight increase of the effective volume
of the exciton wavefunction, due to a small leaking of the (electronic) wavefunction into the surrounding rod-like shell. The fact that we observe a small
contribution of the phonon replica arising from the CdS LO phonon confirms
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that the exciton probes the rod-like CdS shell, but its relatively low intensity is
consistent with a rather small leakage of the electron-wavefunction into the CdS
shell. Within this spherical approximation, we can link the photon excitation
energy P0 of the FLN experiments directly to the effective size of the NCs. Fig.
5.7(d) shows the ∆bd energy of SR and LR samples (orange circles) and the set
of reference spherical CdSe QDs (green squares) as a function of effective size.
The bright-dark splitting ∆bd decreases with size for both systems. At each
size ∆bd of a dot-in-rod HNC is smaller than that of the corresponding QD. To
explain this difference we model ∆bd within the effective-mass-approximation
(EMA) model of Efros [2]. For the spherical QDs we obtain excellent agreement
(solid black line in Fig. 5.7(d)) without any adjustable parameters, using only
literature values for CdSe: bulk exchange splitting ωST = 0.13 meV, ratio of
e/h mass β = 0.28, shape eccentricity µshape = 0, anisotropy splitting ∆cf = 25
meV, [2] and exciton Bohr radius aB = 4.9 nm [57]. Since the size dependence
of ∆bd is mainly determined by the exchange energy (ηcore ∼ R−3 ) [3], the
smaller ∆bd of dot-in-rods points to a reduced e-h exchange interaction. The
exchange coupling depends on the spatial overlap of the electron- (ψe ) and
hole(ψh ) wavefunctions and is directly proportional to the integral χe−h =

|ψe (r)|2 |ψh (r)|2 dV over the NC volume. Spatial separation of electrons and
holes leads to a diminished χe−h integral, hence a weaker exchange interaction.
To quantify ∆bd in the dot-in-rod HNCs, we define its exchange term as ηCS =
θe−h ηcore and θe−h a dimensionless parameter between 0 and 1, which accounts
for the e-h spatial separation. This term arises from normalization of χe−h . We
find good agreement with θe−h = 0.6 as the only free parameter to model P3 ZPL, as shown in Fig. 5.7(d) by the blue dashed-line. Recent EMA calculations
for CdSe/CdS QDs [8] have shown a linear dependence between the exchange
splitting and the e-h overlap integral. Following this interpretation we conclude
that the lowered value of θe−h proves a reduced e-h overlap in dot-in-rod HNCs.
The red squares in the inset of Fig. 5.7(d) illustrate the size-dependence
of the energy difference between the ZPL (P3 ) and the acoustic phonon replica
(P4 ). This difference is equal to the energy of a confined acoustic mode excitation. This size-dependence can be fitted by ω = 2.45/R (red solid-line in the
inset of Fig. 5.7(d)). Such a ∝ 1/R dependence is typical for confined acoustic
phonon modes in spherical nanoparticles [62–64], as well as for radial breathing
modes in rod-like nanostructures [65–67]. In a first approximation, we compare
the experimental data with the breathing modes of an isolated spherical CdSe
QD, using Lamb’s theory treating the NC as a vibrating, stress-free, homogeneous elastic body with spheroidal shape [45, 46, 56, 62, 64] (see below for a
detailed discussion).
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Figure 5.7: Exciton Energy Diagrams as a function of Magnetic Field
and Size (a) Relative energy shift of the P1−4 lines with magnetic field. The
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a fit to the data (see text). (c) Field dependence of the F = ±1L and F = ±2
levels, determined from the measured g-factors and the zero-field splitting ∆xy
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The acoustic oscillations of spherical nanoparticles have two types of solutions which are classified in torsional and spheroidal eigenmodes, whose angular
s,t
) depend on the angular-momentum l and radial mode m numfrequencies (ωl,m
bers. The spheroidal frequencies depend on the ratio between longitudinal (cl )
and transversal (ct ) wave velocities in the medium. ct /cl = 0.42 (0.44) for CdSe
(CdS) with ct = 1.504 × 103 m/s [45, 46]. Using CdSe values, we find that the
lowest-energy spheroidal mode (SM) of an isolated CdSe sphere, with l = 2
and m = 0, is in good agreement with the experimental data. The vibrational
s = 2.64c /R, is depicted by the black dashed-line in
energy of that SM, ω2,0
t
the inset of Fig. 5.7(d) (see also Fig. 5.8 below). For spherical CdSe type-I
QDs, coupling of the dark exciton to the acoustic phonon mode l = 2 has been
proposed both, theoretically and experimentally [23, 68].
We find good agreement between the experimentally determined energy of
the AP mode and the simple model for confined modes in an isolated spherical
QD. This is very remarkable because acoustically the dot-in-rod HNCs should
behave as rod-like systems, since the elastic properties of CdSe and CdS are
quite similar. However, calculation of the energies of the radial and extensional
breathing modes of isotropic, elastic rods, within linear elasticity theory [66,69],
leads to values that are either too large (radial breathing modes) or too small
(extensional breathing modes) (see below Fig. 5.9 and extended discussion).
A recent non-resonant Raman study has reported the observation of the radial
breathing mode of CdSe nanorods, with a vibrational energy that depends only
on the radius of the rod and not on the aspect ratio [66]. A typical radial
breathing mode energy of ∼2.7 meV has been found for a rod with a 2 nm
radius, which is close to the size of the outer CdS-shell in our samples. Indeed,
this energy is too large to explain the energy of the AP mode in our CdSe/CdS
dot-in-rod HNCs. However, we cannot exclude that such radial breathing mode
exists in our data within the broad side-band just below the P4 peak in our
FLN spectra (see Fig. 5.4(a)). A possible explanation for the discrepancy is
given by the different nature of the two experiments. In our work we determine
the acoustic phonon energy as the difference in energy between the AP replica
and the zero phonon emission(P3 -P4 ) in the FLN spectrum. In this transition
the exciton-phonon interaction plays a crucial role, where the spatial extension of the exciton wave-function might set an additional boundary condition
for the excitation of the phonon oscillation, which is absent in the case of a
non-resonant Raman excitation of a regular rod-like system. In the CdSe/CdS
systems studied here, the exciton wavefunction has a different (spherical) symmetry compared to the overall (rod-like) shape of the nanocrystal, which might
lead to the excitation of acoustic phonons derived from the core. Further nonresonant Raman experiments in dot-in-rod HNCs and additional calculations
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of confined phonon modes in such systems may validate this scenario.

5.4.2

Acoustic Phonons Modes in Isolated Nanocrystals: Theoretical Treatment

Breathing Modes in Spherical QDs
Confined acoustic-phonon modes in QDs are extensively discussed in literature
in terms of Lamb’s theory, where the nanocrystal is treated as a stress-free,
homogeneous elastic body with spheroidal shape. For isolated spheres, the
acoustic vibrations have two types of solutions, which are classified in torsional
s,t
and spheroidal modes, whose angular frequencies (ωl,m
) depend on the angularmomentum l and radial mode m numbers. The torsional modes have pure
transverse character, while the spheroidal modes have mixed longitudinal and
transverse components [45, 46, 56, 62, 64]. Here we focus on the dependence
of the energies of the spheroidal modes as a function of the radius R of the
nanocrystal, following Takagahara [45]. The spheroidal frequencies depend on
the ratio between the longitudinal (cl ) and transverse (ct ) wave velocities in the
medium. For CdSe (ct /cl = 0.42) the energies of the lowest spheroidal modes
are
s
=
ω2,0

2.61
R

;

s
=
ω0,0

6.8
.
R

(5.1)

7.97
.
R

(5.2)

For CdS (ct /cl = 0.44) these energies are
s
=
ω2,0

3.23
R

;

s
=
ω0,0

All energies of the phonon modes are given in meV (with L and R in nm).
Fig. 5.8 shows the size-dependence of the lowest energy spheroidal modes (SM)
for CdSe (a) and CdS (b). In both panels, the black dashed-lines correspond
to the lowest acoustic phonon ellipsoidal-like mode, with l = 2 and m = 0. The
black solid-lines illustrate the size-dependence of the lowest fully-symmetric SM,
with l = 0 and m = 0. We find excellent agreement between the CdSe l = 2
SM and the experimental data, depicted by the red-squares (Fig. 5.8(a)). For
spherical CdSe type-I QDs, coupling of the dark exciton to the acoustic phonon
mode l = 2 has been proposed both, theoretically and experimentally [23, 68].
Extensional and Radial Breathing Modes in Nanorods
We find good agreement between the experimentally determined energy of the
AP mode and the simple model for confined modes in an isolated spherical QD.
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Figure 5.8: Size-dependence of the Lowest-Energy Breathing Modes
of Spherical and Rod-like Quantum Dots. Calculated size-dependence
of the spheroidal modes (SM) with l = 2 (black dashed-line) and l = 0 (black
solid line) for CdSe (a) and CdS (b) quantum dots [45]. The coloured dottedlines in (a) and (b) represent the lowest-energy radial breathing mode (RBM)
of CdSe and CdS nanorods. The RBM of the nanorod overlaps in energy with
the l = 0 SM. The red-squares represent the acoustic phonon energy (P3 − P4 )
determined from the acoustic phonon-replica in the FLN spectra.

This is very remarkable because acoustically the dot-in-rod HNCs should behave
as rod-like systems, since the elastic properties of CdSe and CdS are quite
similar. To investigate this issue we calculate the vibration modes of an isotropic
homogeneous elastic long cylinder. Elasticity theory predicts several acoustic
eigenmodes and here we focus on the extensional (EXM) and radial breathing
modes (RBM). Extensional modes correspond to a longitudinal expansion along
the long axis of the rod, accompanied by a transversal contraction. Radial
breathing modes exhibit radial dilatation and contraction of the entire object.
Following Hu et al. rods of length L and radius R satisfying L/R  1 exhibit
the following modes [69]:
n
ωEXM

n
ωRBM

2n + 1
π
=
L

kn
=
R





E
,
ρ

E(1 − ν)
,
ρ(1 + ν)(1 − 2ν)

(5.3)

(5.4)

where n corresponds to the mode number, E is the Young’s modulus, ν is
the Poisson’s ratio, ρ is the material density and kn is the eigenvalue of the
vibrational mode obtained from the roots of the equation
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Figure 5.9: Size-dependence of Acoustic Phonon Modes of
Nanorods. Calculated size-dependence of the radial breathing mode ((a),
RBM) and extensional mode ((b), EXM) energies of CdSe (green dotted-lines)
and CdS (blue dashed-lines) [69]. For comparison, panel (a) shows the empirical size-dependence of the lowest-energy RBM of CdSe nanorods, obtained
by Lange et al. [66] (brown solid line). The experimental size-dependence of
the acoustic phonon energy (P3 -P4 ) is shown by the red squares. The red
solid-line in (a) is the best fit to the data.

0

1.2

kn J0 (kn ) =

(1 − 2ν)
J1 (kn ),
(1 − ν)

(5.5)

with Jp the Bessel function of the first class of order p. For CdSe, with
ρCdSe = 5810 kg/m3 , ν = 0.393, E = 61.20 GPa, cl = 3590 m/s and ct = 1504
m/s [45, 70], the energies of the lowest RBM and LM are
ωRBM =

6.85
R

;

ωEXM =

6.71
.
L

(5.6)

For CdS with material parameters ρCdS = 4826 kg/m3 , ν = 0.381, E = 67.99
GPa, cl = 4247 m/s and ct = 1859 m/s [46, 70], the following eigenenergies are
obtained
7.56
7.76
; ωEXM =
.
(5.7)
R
L
The calculated vibrational energies for nanorods are depicted in Fig. 5.9.
The green dotted-lines correspond to CdSe, whereas the blue dashed-lines are
calculated using the parameters of CdS. The figure shows that the RBM energies
are much larger than the experimental values of the size-dependence of the
acoustic phonon energy (P3 − P4 ), determined from the acoustic phonon-replica
in the FLN spectra (red-squares in Fig. 5.9(a)). In contrast, the EXM energies
ωRBM =
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are too small to describe the data (Fig. 5.9(b)). It is interesting to note
that the lowest RBM of the rod-like NC overlaps in energy with the l = 0
mode of a spherical QD (Fig. 5.8), especially in the case of CdSe. For both
spheres and cylinders, these two vibrational modes correspond to a dilatation
and contraction of the entire object. Since both are radial acoustic oscillations
that depend only on diameter, it is natural that they have similar energies.
By using non-resonant Raman spectroscoypy, Lange et al. [66] have investigated RBMs of CdSe nanorods. By studying a set of NRs with varying
diameters and aspect ratios, an experimental law has been obtained that fits
the complete set of eigenenergies. This empirical trend (brown solid-line in Fig.
5.9 (a)) is in reasonable agreement with the calculated RBM energies for CdSe
and CdS NRs (green dotted-lines and blue dashed-lines in Fig. 5.9 (a)) [69].
Lange et al. have found a typical radial breathing mode energy of ∼2.7 meV
for a rod with a 2 nm radius, which is close to the size of the outer CdS-shell
in our samples. Indeed, this energy is too large to explain the energy of the AP
mode in our CdSe/CdS dot-in-rod HNCs. We cannot exclude that such RBM
exists in our data within the broad side-band just below the P 4 peak in our
FLN spectra (see Fig. 5.4).

5.5

Conclusion

We have demonstrated that CdSe/CdS dot-in-rod HNCs provide a powerful
model system to investigate the fundamental optical properties of semiconductor nanocrystals. Their shape allows to fabricate self-assembled arrays with a
well-defined orientation of the NC crystallographic axis relative to external parameters, such as an applied magnetic field and the observation direction. The
high structural quality of the CdSe/CdS HNCs is exemplified by the appearance of resonant Raman peaks and narrow fluorescence lines in an ensemble
experiment under resonant excitation. The direct observation of an acoustic
phonon assisted transition, besides the sharp zero-phonon emission and optical
phonon replicas, highlights the importance of vibrational modes for the exciton
recombination of nanocrystals. The overall symmetry of the exciton wavefunction in the CdSe/CdS dot-in-rods has been proven to be spherical, although
the HNCs display a quasi-type-II band alignment with a reduced electron-hole
overlap and a smaller exchange energy.
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C. de Mello Donegá, D. Vanmaekelbergh, A. Meijerink, J. C. Maan, and
P. C. M. Christianen Phys. Rev. B 83, 035304 (2011).
[42] M. Furis, J. A. Hollingsworth, V. I. Klimov, and S. A. Crooker J. Phys.
Chem. B 109, 15332–15338 (2005).
[43] L. Biadala, Y. Louyer, P. Tamarat, and B. Lounis Phys. Rev. Lett. 105,
157402 (2010).
[44] U. Woggon, F. Gindele, O. Wind, and C. Klingshirn Phys. Rev. B 54,
1506–1509 (1996).
[45] T. Takagahara J. Lumin. 70, 129–143 (1996).
[46] A. Tanaka, S. Onari, and T. Arai Phys. Rev. B 47, 1237–1243 (1993).
141

References
[47] A. A. Sirenko, V. I. Belitsky, T. Ruf, M. Cardona, A. I. Ekimov, and
C. Trallero-Giner Phys. Rev. B 58, 2077–2087 (1998).
[48] L. Saviot, B. Champagnon, E. Duval, I. Kudriavtsev, and A. Ekimov J.
Non-Cryst. Solids 197, 238–246 (1996).
[49] H. K. Yadav, V. Gupta, K. Sreenivas, S. P. Singh, B. Sundarakannan, and
R. S. Katiyar Phys. Rev. Lett. 97, 085502 (2006).
[50] T. D. Krauss and F. W. Wise Phys. Rev. Lett. 79, 5102–5105 (1997).
[51] G. Cerullo, S. De Silvestri, and U. Banin Phys. Rev. B 60, 1928–1932
(1999).
[52] D. M. Sagar, R. R. Cooney, S. L. Sewall, E. A. Dias, M. M. Barsan, I. S.
Butler, and P. Kambhampati Phys. Rev. B 77, 235321 (2008).
[53] P. Palinginis, S. Tavenner, M. Lonergan, and H. Wang Phys. Rev. B 67,
201307 (2003).
[54] L. Biadala, Y. Louyer, P. Tamarat, and B. Lounis Phys. Rev. Lett. 103,
037404 (2009).
[55] C. Y. Wong, J. Kim, P. S. Nair, M. C. Nagy, and G. D. Scholes J. Phys.
Chem. C 113, 795–811 (2009).
[56] V. M. Huxter and G. D. Scholes J. Chem. Phys. 132, 104506 (2010).
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Chapter 6

Angle-dependent
Brightening of Dark
Excitons in CdSe/CdS
Dot-in-Rods
Abstract
The light emission of coupled electron-hole pairs
(excitons)

in

direct

band-gap

semiconductor

colloidal nanocrystals is a complex process. Strong

quantum conﬁnement leads to a large electron-hole
exchange energy resulting in a lowest exciton
energy state that is optically passive (the so called

dark exciton state), i. e, spin-forbidden in the
electric-dipole

approximation.

To

date

the

Here,

we

mechanism why this dark state exhibits a ﬁnite
radiative

lifetime

is

still

unclear.

demonstrate how the angular-momentum selection
rule for the dark exciton state is explicitly broken. We

use wurtzite CdSe/CdS colloidal heteronanocrystals

that are crystallographically-oriented with respect
to the observation direction. The dark state emission

is absent when the wurtzite c-axis is parallel to the
observation direction, even when a strong magnetic

ﬁeld B is applied. The emission is present for

heteronanocrystals aligned perpendicular to the
detection

direction.

We

attribute

the

angle-dependent brightening to mixing of the dark

state with a bright linearly polarized state at higher
energy.

This work is in preparation for publication

Angle-dependent Brightening of Dark Excitons in CdSe/CdS Dot-in-Rods

6.1

Introduction

Light emission in colloidal semiconductor nanocrystals (NCs) is a very efficient
process that arises from spontaneous radiative recombination of an electron
at the bottom of the conduction band (CB), with atomic s character, and a
hole at the top of the valence band (VB), with atomic px , py and pz orbital
character. The recombination of the coupled electron-hole pair (exciton) must
satisfy selection rules that are imposed by the spatial orientation and rotational
symmetry of the underlying atomic orbitals. Ideal spherically shaped wurtzite
NCs, as the prototypical CdSe quantum dots (QDs), posses a complex energy
spectrum at the top of the VB, resulting from the anisotropy induced by the
unaxial symmetry.
Quantum confinement and crystal field asymmetry lead to a significant
electron-hole exchange interaction resulting in a exciton manifold of five distinct
levels, each characterized by its net spin projection (Fm ) along the hexagonal
c-axis, in the framework of the effective mass approximation (EMA) [1]. Within
the electric dipole approximation, three of these five are optically allowed (the
so-called bright states) and two are optically forbidden (the so-called dark
states) for direct radiative recombination [1, 2]. The two lowest-energy levels
that are energetically separated by the exchange splitting, correspond to the optically active |Fm | = 1L state just above the optically passive and spin-forbidden
|Fm | = 2 exciton. The |Fm | = 2 state, although nominally forbidden, dominates
the low-temperature photoluminescence (PL) of wurtzite NCs with typical radiative decay times of about 1µs. The existence of these long-lived excitons
have been demonstrated in a large variety of colloidal NCs (CdSe, CdTe, InAs,
PbSe and ZnSe) [3–10], but also in core/shell heteronanocrystals (HNCs) that
combine two semiconductor materials (CdSe/CdS and CdTe/CdSe) [11–13].
Despite years of intense research, however, the physical mechanism responsible
for the brightening of these dipole-forbidden exciton states is still unknown.
Several scenarios have been proposed for this apparent brightness, such
as phonon-assisted transitions [3], mixing of bright and dark levels due to
acoustic phonon excitations [5, 7, 14, 15], unpassivated surface sites [16], uncompensated spins or internal magnetic fields [17, 18]. Any of those propositions can explain the zero-phonon line of the low-temperature NC spectra
reported by fluorescence-line narrowing (FLN) [19–23] or single-dot [24] spectroscopy, which is directly attributed to ”direct” radiative recombination of
the dark exciton level. Only few of them have been extensively verified, including both acoustic and optical phonon-assisted transitions. Alternatively,
semiempirical tight-binding [25] and pseudopotential (APM) [26] calculations
predict a lowest-energy exciton state,which is weakly optically allowed, exhibit146
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ing a finite spontaneous radiative lifetime. Those techniques take into account
coupling between the various exciton levels and the surface states, leading to
finite lifetimes. However, those lifetimes are still considerably longer than those
found in experiments. Moreover, the role of phonon-assisted transitions is not
explicitly considered in this approach. EMA and APM are complementary approaches, that however, must converge to identical results for an intermediate
NC size regime, besides the mutual agreement found for bulk-like NCs [1, 2].
In this chapter, we demonstrate the symmetry-breaking of the |Fm | = 2
dark level transition and reveal its unique directional-light emitting (polarization) properties. We use nearly-spherical CdSe dots that are embedded in a
rod-like CdS shell (dot-in-rod HNCs). CdSe/ CdS systems, including dots-inrods can be synthesised relatively easy [27–29]. They show bright luminescence
in the visible [30–33] and are currently a workhorse for synthesis [34], optoelectronic devices [35] and spectroscopic properties [19, 36–40]. A fundamental
advantage of CdSe/CdS dot-in-rods with respect to other heterostructures of
the same family, is that due to their overall rod-like shape, they can be selfassembled in a controlled manner, as a monolayer of upstanding rods, or as lateral stripes [29]. Moreover, the CdSe/CdS dot-in-rods used have a well-defined
atomic structure: CdSe and CdS both have a wurtzite crystal phase, and the
polar long c-axis is aligned along the length of the rod. Hence, rod-orientation
defines the orientation of the crystal lattice. The exciton fine-structure of these
CdSe/CdS dot-in-rods was revealed to be spherical (see Chapter 5), with the
lowest-energy state the |Fm | = 2 exciton. We employ polarization-resolved
micro-photoluminescence (µ-PL) and time-resolved µ-PL (trPL) spectroscopy
in magnetic fields up to 30 T and at low-temperatures (T ) on a monolayer of
self-assembled CdSe/CdS dots-in-rods in which the cristallograpic c-axis (the
rod axis, see Fig. 6.1) is either vertically or laterally aligned relative to the observation direction (k) and the applied magnetic field (B). Since the wurtzite
optical and magnetic response strongly depends on the relative orientations of
c and k and B [1, 41], the use of macroscopically oriented dot-in-rods in the
laboratory frame are crucial to fully elucidate the NC polarization properties.
Regular ensembles of randomly oriented HNCs were also prepared for comparison.
For vertically aligned CdSe/CdS dot-in-rods we find no detectable emission
arising from the lowest-energy exciton level, directly showing that the |Fm | = 2
states are truly dark states when c  k, remaining optically inaccessible even
at the highest magnetic fields. Additionally, we identify a slow recombination
channel whose luminescence lies lower in energy compared to either bright or
dark states and is attributed to recombination originated from a charged state.
For randomly oriented and flat-lying CdSe/CdS dot-in-rods, we found the reg147
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ular and expected behaviour of wurtzite spherical CdSe QDs in magnetic fields.
These experiments provide new insight in the selection rules of the dark exciton states and explain the nature of the experimentally observed finite radiative
lifetime, in randomly oriented and highly symmetric nearly spherical wurtzite
NCs, either in ensembles or on a single-particle level.

6.2

Methods Section

Heteronanocrystal Synthesis The high-quality colloidal CdSe/CdS dot-inrods heteronanocrystals were prepared using the seeded growth methodology
[42] following an adaptation of the method reported by Carbone et al. [27]
and described in detail in ref. [29]. Spherical CdSe cores of fixed radius R =
1.6 nm were encapsulated in rod-like CdS shells. The samples were extensively
characterized by transmission electron microscopy (TEM) (see [29]). Short rods
(SRs) were used, with length L = (13.9 ± 1.3) nm and diameter D = (4.4 ±
0.4) nm. For comparison, long rods (LRs) with L = (39.8±1.7) nm and D =
(4.3±0.5) nm were also investigated. The CdSe core is preferentially located at
one end of the shell with its wurtzite c-axis parallel to the long rod axis (Fig.
6.1) [19].
Sample Characterization and Geometrical Orientation For the optical experiments thin layers of HNC superlattices were prepared on SiN TEM
grids, according to the procedure described in detail in [29]. In this way, selfassembled HNCs with a well defined orientation within the laboratory frame
are achieved. Two types of geometrical configuration (GC) of the self-organized
HNCs were prepared: (I) vertically aligned and (II) laterally aligned CdSe/CdS
dot-in-rods, schematically depicted in Fig. 6.1(a) and (b). In (I), the HNCs
are upstanding within the formed layered-structure, with their long rod axes
parallel to the normal of the TEM-grid (z -axis). Very diluted solutions of short
rods are needed to organize the rod-like HNCs into flat-lying structures [29]. In
this way, partial organization of the HNCs with positional, but no orientational
order is achieved within the monolayer. In (II), the crystallographic c-axes of
dots-in-rods lie flat on the substrate (xy-plane), with their long rod axes perpendicular to the z-axis. Fig. 6.1(c) and (d) show representative TEM images
of upstanding and flat self-assembled HNCs, respectively. For comparison, also
regular diluted solutions or dropcasted samples were prepared in which the
HNCs are more randomly oriented. In the following we will refer to randomly
oriented samples as GC-(III).
Optical Measurements in High-Magnetic Fields Optical experiments
at low temperatures and high magnetic fields were performed. Two spectro148
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Figure 6.1: Sample Characterization and Self-Assembly Configurations. Schematic representation of the spatial orientation in the laboratory
frame (xyz-axis) of the wurtzite self-assembled heteronanostructures. The
long rod axes, parallel to the crystallographic c-axis, are oriented either (a)
parallel or (b) orthogonal to the direction of the laser excitation (kExc ), the
direction of observation (k, ωPL is the energy of the detected photoluminescence) and the applied field (B) (Faraday geometry). Representative transmission electron microscope images of (c) vertically and (d) laterally aligned
CdSe/CdS HNCs. The scale bars are 100 nm.

scopic techniques were used: polarized-resolved photoluminescence (PL) and
time-resolved PL (trPL) spectroscopy. The TEM grid was mounted on a titanium sample holder on top of a three-axis piezo-positioner. The sample stage
was placed in a homemade optical probe, made of carbon and titanium to minimize possible displacements at high magnetic fields. Laser light was focused on
the sample by a 40x air microscope objective with numerical aperture (NA) of
0.65. The same microscope objective was used to collect the PL emission and
direct it to the detection set-up (Back-scattering geometry). The optical probe
was mounted inside a liquid helium bath cryostat (4.2 K) inserted in a 50 mm
bore Florida-Bitter electro-magnet with a maximum field strength of 31 T. All
optical experiments were performed in Faraday geometry (light excitation and
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detection parallel to the magnetic field direction, Figs. 6.1(a) and (b)).
The circularly polarized PL coming from the vertically aligned samples was
measured after passing through a quarter wave plate (λ/4) Wollaston cube
combination, which allows for the simultaneous detection of both light polarizations. In this way, the degree of circular polarization can be reliably measured in samples that exhibit intensity fluctuations over time. The sign of the
circular polarization was determined by a calibrated λ/4 plate linear polarizer
combination. The laterally aligned and randomly oriented HNCs did not show
major temporal fluctuations and the normal circular polarizer-set was used.
For static, spectrally resolved PL measurements the excitation source was the
476.5 nm line of an Argon-Ion Laser. The PL light was guided trough a 300 mm
long single grating spectrometer (300 grooves/mm grating) and detected by a
liquid nitrogen cooled charge couple device (CCD). For trPL measurements the
excitation was provided by a picosecond pulsed diode-laser operating at 485
nm. The PL signal was detected by an avalanche photo diode connected to a
single-photon counter (time-correlated single photon counting). Cut-off optical
filters were used in excitation and detection, for both PL and trPL experiments.
Magnetic Field PL Decay Times Analysis To ensure consistent comparison between the different geometrical sample configurations, the raw PL
decay curves were fitted to a single-exponential function after subtraction of
the background. The analysis was performed at the part of the decay curves,
where the intensity signal is less than 5-10% of the initial intensity at t = 0.

6.3
6.3.1

Results
Optical Properties for the different Geometrical Orientations

Fig. 6.2(a) shows the normalized low-temperature PL spectrum of the three investigated geometrical configurations. From high to low energy (i.e., from right
to left), the red solid-line, the green dashed-line and the blue solid-line correspond to the PL spectra of predominately laterally (II), randomly (in solution)
(III) and vertically (I) oriented HNCs, respectively. Laterally aligned HNCs,
exhibit a PL spectrum almost identical to that of GC-(III), which originates
from exciton recombination from the CdSe core [19, 27, 28].
The PL spectrum of vertical CdSe/CdS dot-in-rods exhibit a multitude of
narrow peaks that show moderate intensity fluctuations over time (not shown).
The reduced linewidth and the multiple lines indicate that the detected light
arises from a spatial region in the sample with a diluted concentration of HNCs.
This is consistent with the TEM images (see Fig. 6.2(a)) and ref. [29], which
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Figure 6.2: Optical Properties for the different Geometries. (a) Normalized PL spectra at 1.7 K of randomly (green curve), laterally (red curve)
and vertically (blue curve) aligned CdSe/CdS dot-in-rods HNCs. (b) Raw
PL-decay curves for the different geometries, using the color-code of (a), on
a semi-logarithmic scale. Black solid-lines are single-exponential fits. (c) The
PL-decay curves of (b) on a linear scale. (d) The PL lifetimes as a function
of the PL emission energy for: randomly (green squares), laterally (red downtriangles) and vertically (blue circles) oriented HNCs. Thick red down-triangle
(blue circle) represents the averaged PL data points for lateral (vertical) dotsin-rods. ∆vf denotes the energy difference between vertical and lateral PL
peaks. For comparison, the results of a longer dot-in-rod sample is also included (green diamond). The black dashed line is a phenomenological fit to
the PL lifetime of randomly oriented samples (see Chapters 4 and 5).

reveals that in the regions with a low density of nanoparticles, single-layer
or bi-layered upstanding HNCs structures are formed. The PL emission of
vertical single-layer HNCs, is found at the low-energy side of the randomly
oriented samples (either in solution or dropcasted). The energy red-shift of the
PL spectrum with respect to that of GC-II, suggests a different nature of the
carrier recombination in the vertically aligned HNCs.
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The low-temperature PL decay transients of the three different types of
samples are shown in Fig. 6.2(b), using the same color code as in Fig. 6.2(a).
All time traces exhibit a similar bi-exponential decay, with a fast (τ1 ) and
slow (τ2 and τ3 ) component. However, notable differences are evident between
them. The PL decay of GC-(II) and (III) is almost identical, dominated by the
slow component with a lifetime of τ2 ∼ 250 ns (see below). Most surprisingly,
vertical GC-(I) HNCs is the short PL decay time of τ3 ∼ 100 ns and a much
lower amplitude contribution to the PL emission. The different values of the
PL lifetimes τ2 and τ3 , indicate a difference in emitting channel. The fast
decay time (τ1 ∼ 1-2 ns) [43] remains essentially the same in GC-(I) and (II),
contributing approximately equally to the PL decay curves, as can be observed
in Fig. 6.2(c). We attribute the fast component to a transient emission from
higher-energy exciton states prior to relaxation into a lower-energy level, that
decays with a slower decay time τ2 or τ3 .
Intensity Contribution and Emission Energy Dependence of the Decay Channels
We find that the total intensity for vertical dot-in-rods is much lower than
that of the lateral HNCs, by almost an order of magnitude. The drastic drop
in the total detected PL signal results from the two different contributions of
the slow decay channel, in GC-(I) and (II). We quantify the intensity of a
certain recombination channel i = 1, 2, 3 by the product of its radiative decay
time τi times its PL decay amplitude Ai , as Ii = Ai τi , both obtained from a
single-exponential fitting curve (see black solid-lines in Fig. 6.2(b)). For planar
HNCs, the slow decay channel (τ2 ) produces ∼ 90% of the total PL emission
(the τ1 -channel contributes the residual ∼ 10%). For upstanding dot-in-rods
this τ2 -channel is completely absent (i. e., 0 %), which allows for the observation
of the additional signal τ3 -channel whose PL intensity is about a factor of ∼
7 lower than the τ2 signal in planar HNCs. Its low relative weight, results in
a negligible contribution to the PL signal for flat or random samples which
makes it undetectable when the HNCs are in those geometrical configurations.
We estimate an average time constant for the emitting state of about τ3  =
100 ns (thick blue circle in Fig. 6.2(d)).
Fig. 6.2(d) compares the slow PL lifetimes for several samples as a function
of their corresponding PL emission energies. Randomly oriented (green squares)
and planar (red down-triangles) HNCs exhibit a roughly similar PL emission
energy centred around Ef  = 2136 meV with a mean (statistically averaged)
time constant of τ2  = 200 ns (thick red down-triangle). In clear contrast,
we observe that upstanding HNCs (blue circles) show a PL emission energy
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(Ev  = 2116 meV) that is systematically lower. The energy difference between
the central spectral positions of vertical and planar samples is approximately
∆vf = Ef − Ev = 20 ± 10 meV.
For comparison, a long rods batch of dot-in-rod HNCs with larger dimensions was measured in solution, whose PL lifetime is depicted by the greendiamond symbol in Fig. 6.2(d). That sample displays a lower PL emission
energy than the investigated vertical HNCs, but importantly, the extracted
decay time is comparable to that of the laterally aligned HNCs (τ2 ). This
confirms that the decay time τ3 does not originate from a particular set of heterostructures with larger dimensions within the assembly, but rather from a
recombination channel with different nature of that of τ2 .

6.3.2

Magnetic Field Dependence of the PL Decays

Fig. 6.3 shows PL decay curves at selected B -fields for laterally (a) and vertically (b) aligned CdSe/CdS dot-in-rods. The samples display a remarkably
different behaviour: the long PL decay time of the flat-lying sample drastically
decreases with increasing field, whereas the PL transients of vertical HNCs
hardly depend on field strength. Fig. 6.3(c) shows the magnetic-field evolution of the extracted PL lifetimes, τ2 (red down-triangles) and τ3 (blue circles)
for laterally and vertically aligned samples, respectively. The slow PL decay
component of the planar HNCs, shortens very rapidly with field and levels off
at moderate field strengths (10 T) to remain constant until the highest B-field
used (31 T). A similar behaviour was found for randomly oriented samples (not
shown). Most interestingly, the long PL decay time of vertical HNCs is nearly
constant up to the highest field strength used (28 T). In both, vertical and
planar samples, the fast decay component (τ1 ) is independent of the magnetic
field strength (not shown).
A field induced reduction of the PL decay time is typical for radiative recombination of the lowest-energy dark exciton level in QDs and has been reported
for a large variety of colloidal semiconductor HNCs (CdSe, CdTe, PbSe and
CdSe/CdS) in randomly oriented single-dots [18] and in ensembles [8, 9, 11, 44].
The energy level scheme for excitons in nearly-spherical wurtzite HNCs [19] is
depicted in Fig. 6.3(d), where the levels are labelled by their angular momentum projection Fm along the wurtzite c-axis. Application of a strong external
magnetic field produces both, a Zeeman splitting (see below) of the energy levels and a (quantum-mechanical) mixing between the |Fm | = 1L,U and |Fm | = 2
exciton wavefunctions (ψFm ) [1]. The degree of exciton mixing, critically depends on the orientation (θ) of the HNC c-axis with respect to the applied B
and the observation direction k, being maximum (minimum) for B orthogonal
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Figure 6.3: Magnetic Field Dependence of the PL Decay Times.
Low temperature (1.7 K) PL decays of vertically (a) and laterally (b) aligned
samples at applied magnetic fields of 0 (blue curves), 10 (red curves), 20 (black
curves) and 30 T (orange curves). For clarity, for vertical HNCs only 0 (blue
curve) and 28 T (orange curve) are shown. (c) Magnetic-field evolution of
the extracted PL lifetimes τ2,3 for vertically (blue circles) and laterally (red
down-triangles) aligned samples. (d) Schematic representation of the excitonfine structure for wurtzite CdSe/CdS dot-in-rods. The states are labelled by
the angular momentum projection Fm along the nanocrystal c-axis. Solid lines
indicate excitons which are optically active, while dashed-lines denote optically
forbidden exciton transitions.

(parallel) to c (see inset Fig. 6.3(c)). As a result of the B-induced exciton
admixture in HNCs whose c-axis makes an angle θ = 0o (for planar dots-inrods θ = 90o ), the dark |Fm | = 2 exciton acquires oscillator strength leading
to a reduction of the radiative decay times for excitons emitted from the dark
level [3] (see also Chapter 3 and 4).
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6.3.3

Degree of Circular Polarization in High-Magnetic Fields

Zeeman effects have been addressed in colloidal HNCs of diverse compositions
(CdSe, InP, PbS, PbSe, CdSe/CdS/ZnS,...) by means of magneto-PL spectroscopy in ensembles [8, 17, 45, 46] and in isolated dots [47–49]. In a strong
external magnetic field, the PL intensity of an ensemble of cold HNCs, gets
significantly circularly polarized as a result of an inequivalent Boltzmann population amongst the Zeeman sublevels, which selectively couple to σ± circularly
polarized light. Fig. 6.4 shows the raw PL spectra for (a) GC-(III), (b) GC(II) and (c) GC-(I) at 30 T and T = 1.7 K for σ− (red curve) and σ+ (blue
curve) light components. For randomly oriented HNCs, the relative intensities
between σ− and σ+ light are very different, leading to a large circularly polarized PL emission. In clear contrast, flat and upstanding dots-in-rod HNCs
exhibit only a minor difference between the relative σ± intensities, resulting in
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a weakly polarized PL signal.
The degree of circular polarization (DCP), defined as DPC = (Iσ− − Iσ+ )
/(Iσ− + Iσ+ ) (with Iσ± the detected intensity of σ± light), is shown in Fig.
6.4(d) for GC-(I) (blue circles), GC-II (red down-triangles) and GC-(III) (green
squares). In all three geometrical configurations, σ− polarized light is always
the strongest, leading to a positive sign of the DCP. Ensembles of randomly
oriented dot-in-rod HNCs show the regular behaviour, as previously reported for
wurtzite type-I CdSe QDs [17, 21, 44]. At first, the DCP increases linearly with
the B-field (up to 10-15 T) to saturate at high-fields, at a typical plateau-value
of 0.72 (see Chapter 3 for a detailed description). The regular B-field response
of the randomly oriented CdSe/CdS dot-in-rod ensemble, emphasizes that the
induced circular polarization is an intrinsic property of the inner wurtzite CdSecore, whereas the rod-like CdS is, here, ”merely” used as a tool to control the
orientation of the hexagonal c-axis.
Randomly oriented CdSe/CdS dot-in-rod HNCs (GC-(III)) behave exactly
as CdSe QDs with the applied magnetic field. They show both a large DCP that
arises from the Zeeman splitting of the underlying exciton levels, accompanied
by a strong PL lifetime reduction resulting from the polarization-preserving
mixing between dark |Fm | = 2 and |Fm | = 1L,U states. Vertically (GC-(I))
and laterally (GC-(II)) aligned HNCs, however, show a different polarization
response relative to GC-(III) in the magnetic field. For wurtzite CdSe QDs,
the Zeeman splitting (∆z ) of the exciton levels with Fm = 0 (see Fig. 6.3(d))
depends on the angle θ as ∆z ∝ cos θ, being maximum (minimum) for θ = 0o
(θ = 90o ) as schematically illustrated in Fig. 6.4(e). In a simplistic scenario, the
size of the Zeeman splitting drives the magnitude of the PL circular polarization,
resulting in the highest (lowest) DCP for QDs with the c-axis making an angle
θ = 0o (θ = 90o ) relative to the B-field. For flat-lying dot-in-rods (θ = 90o ), the
nearly absent DCP (i. e., ∆z ∼ 0) is in reasonable agreement with this picture.
For vertical dot-in-rods, the simple scenario of a Zeeman split dark |Fm | =
2 exciton with a bright |Fm | = 1L,U exciton admixture, breaks down, since
the PL signal arising from the dark state is simply absent in this geometrical
configuration (see discussion and Fig. 6.2(b) and Figs. 6.3(b) and (c)).

6.4
6.4.1

Discussion
Symmetry Breaking Mechanism of Spin-Forbidden Dark
Excitons: Orientation Dependence

The investigated wurtzite CdSe/CdS dot-in-rods HNC in GC-(III) manifest the
regular magnetic field response for CdSe QDs, indicating that the optical re156
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Figure 6.5: Angular Intensity Profile of Exciton Fine-Structure
States. Calculated intensity profile as a function of the observation angle
θ, between k and c for optically allowed (a) |Fm | = 1L,U and (b) Fm = 0U
exciton fine-structure states in symmetric wurtzite nanocrystals. The orange
spheres represent the CdSe-dot. E denotes the oscillating electric field of the
light. In the electric dipole approximation |Fm | = 1L,U is a doubly degenerate dipole (2D or planar dipole) that radiates/absorbs light quasi-isotropically
in space (green curve). The 2D dipole is schematically depicted by the blue
xy-plane in (a). The Fm = 0U is a 1D dipole polarized along the c-axis represented by the green cylinder in (b). Its radiated/absorbed light intensity
profile is highly anisotropic in space (blue curve).

sponse of these heterostructures is an intrinsic property of the encapsulated and
isolated CdSe core. Its PL emission, however, is strongly angular dependent.
This spatial anisotropy originates from the lowest-energy |Fm | = 2 exciton state,
that is truly dark for θ = 0o and becomes bright for θ = 0o . Therefore, the
mechanism that provides oscillator strength to the dark |Fm | = 2 exciton state
at zero magnetic field must be angular dependent. In the following, we consider the angular dependence of the light emission of the different fine-structure
exciton states.
For excitons in CdSe QDs, the dipole moment of the heavy-hole Fm =
±2, ±1L excitons, stems from the selenium 4pxy atomic orbitals, oriented perpendicularly to the c-axis corresponding to a two-dimensional (2D) or planar
dipole (see Fig. 6.5(a)). In this representation the lowest-energy Fm = ±2 exciton is strictly spin forbidden, since a photon having angular momentum ±1,
cannot carry away an angular momentum of ±2. In order to acquire oscillator
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strength the |Fm | = 2 exciton level should mix with optically active exciton
states at higher energy. The first candidate is the dipole
Fm = ±1L
 allowed

state, whose angular dependence is given by I (θ) ∝ 1 + cos2 θ (the same
spectral intensity distribution holds for the light-hole Fm = ±1U exciton).
The resulting angular intensity profile of both |Fm | = 1L,U states is shown
in Fig. 6.5(a) (green solid-line). Qualitatively, the light emitted from the
Fm = ±1L,U energy levels can be detected for any observation angle, since the
intensity distribution is roughly isotropic. The most intense signal is observed
for θ = 0o (c  k) with light propagating along the c-axis, radiating an electric
field (E) orthogonal to c. In this orientation, when a magnetic field is applied
along the hexagonal axis (θ = 0o ), ±1 states selectively couple to circular σ±
light (red and blue arrows). The intensity decreases by a factor of 2 for θ = 90o
(c ⊥ k), with the light propagating in the xy-plane. At zero-magnetic field,
mixing between the lowest-energy Fm = ±2 and higher-energy Fm = ±1L,U
exciton levels is relatively isotropic, thus spontaneous radiative recombination
from the ground-dark exciton must be always observed for any observation
direction (see Fig. 6.5(a) and Fig. 6.2(b)). Therefore, the zero-B-field long PL
lifetime (τ2 ) cannot be attributed to the admixture of the |Fm | = 2 with the
optically active |Fm | = 1L,U excitons. This mixing mechanism, however, is only
responsible for the magnetic brightening of the dark state.
The highest-energy and dipole allowed fine-structure exciton state is the
light-hole F = 0U . This singlet state originates from the selenium 4pz atomic
orbital, oriented along the c-axis. The dipole is denoted as a one dimensional
(1D) dipole (see Fig. 6.5(b)). The angular intensity dependence of this level
is given by I (θ) ∝ sin2 θ. This linearly polarized state [6], displays a strongly
anisotropic profile shown by the blue curve in Fig. 6.5(b). Most of the light is
detected when the observation direction is settled normal to c, i. e., θ = 90o
(c ⊥ k) and importantly, there is no emission in the direction parallel to the
CdSe-dot symmetry axis (θ = 0o ; c  k), effectively behaving as a ”dark” state
for that observation direction.
In the EMA mixing between Fm = ±2 and Fm = 0U exciton states occurs
providing oscillator strength to the dark exciton [50]. On the other hand, mixing
with the |Fm | = 1L,U exciton levels is absent at zero B-field. Coupling of the
Fm = ±2 state with the Fm = 0U level breaks its 2D dipole symmetry to become
weakly-allowed. This opens a channel for the dark Fm = ±2 exciton radiative
recombination to occur, even at zero-magnetic field. Flat CdSe/CdS dot-inrod HCNs show a finite, but long, PL lifetime at B = 0 because the actual
coupling strength of |Fm | = 2 to |Fm | = 0U is small. Due to the extra mixing
between the dark |Fm | = 2 and the bright |Fm | = 1L,U exciton states induced
by the magnetic field, the PL lifetime becomes shorter (see Fig. 6.3(c)). For
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vertical CdSe/CdS dot-in-rods, exciton recombination from the |Fm | = 2 state
is absent because coupling with |Fm | = 0U leads to a truly dark state, remaining
optically inaccessible even at the highest magnetic fields. The absence of this
recombination leads to the observation of another decay channel (τ3 ) with no
magnetic field dependence for its PL decay time. The origin of this state is
described below (Section 6.4.2).
The mixing between Fm = ±2 and Fm = 0U exciton states implies, at least
to some extent, a switch of the luminescence polarization from perpendicular to
parallel with respect to c, of the lowest-energy dark level. Such an observation
is in full agreement with APM calculations, when exciton correlation effects are
taken into account [26]. The polarization of the bright Fm = 1L,U excitons is
shown to be always perpendicular to c. This seems to be consistent with experiments on ensembles of CdSe QDs [51], that showed a transient polarization
reversal of a dark state, when using photoselection dipole-alignment techniques.
Similar suggestions were given in refs. [52, 53], where the zero-phonon line of
randomly oriented CdSe-dots was shown to exhibit a negative degree of linear polarization under continuous wavelength excitation, as well as in arbitrary
oriented single-CdSe/ZnS dots experiments [54].
Any lattice deformation of a spherical CdSe core [14, 50],may lead to valence band mixing between light- and heavy- holes sates as demonstrated for
epitaxial QDs [55] and suggested for colloidal CdSe-dots [52,53]. Shape-induced
valence band mixing has been recently reported to dominate the polarization
anisotropy from the optically brighter Fm = 1l,U exciton states in CdSe zincblende nanocrystals [49]. Additionally, the coupling between the lowest-energy
and quasi-optically bright Fm = ±2 and the high-oscillator strength and upperenergy Fm = ±0U states, must scale with the CdSe core radius (R) on demand
of the electron-hole exchange energy. This was shown in Chapter 2 for inorganically capped CdSe and CdTe quasi-spherical nanocrystals. These observations
support the claim that the angle dependent brightening of the dark state is due
to mixing of the heavy-hole like |Fm | = 2 dark state with the Fm = 0 light-hole
like state.

6.4.2

Negative Trion Recombination in CdSe/CdS Dot-in-Rods

We propose that the τ3 -channel, observed for vertically oriented dot-in-rods,
arises from recombination of a negatively charged exciton (trion, T− ). The
sign of the polarization endorses the type of charge of the resident carrier [56].
Since the DCP is positive and of the same sign as that of the neutral exciton,
the resident carrier is an electron. In addition, the experimental energy difference ∆vf ∼ 20 meV corresponds well to the trion binding energy, found in
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room-temperature single-chromophore spectroscopy in dot-in-rod HNCs [38],
low-T single-dot core-shell QDs [54, 57], ensembles of CdSe/CdS QDs [58] and
theoretical predictions [16, 26, 59, 60].
The low-temperature PL lifetime τ3  ∼ 100 ns, however, considerably differs from those theoretically calculated [16] and experimentally found [54]. Assuming that τ3 reflects purely the trion radiative recombination time, it exclusively depends on the overlap integral (ΘT − ) between the resident electron
and the photogenerated electron-hole pair [60]. We showed in Chapter 5 that
in these colloidal heterostructures the electron-wavefunction ψe slightly probes
the CdS interface, with an actual reduction of the electron-hole overlap of the
neutral exciton. For the negative trion it is therefore possible that this partial
spatial delocalization of the resident electron in the outer-shell, together with a
high quantum yield [38], leads to larger radiative decay times (see Figs. 6.2 and
6.3) due to a weak ΘT − . Additionally, the low degree of circular polarization
of the negative trion state is indicative of a spin-relaxation time comparable to
its decay time in agreement with previous literature [48].

6.5

Conclusion

The use of crystallographic well-oriented and high-quality, self-assembled layered structures of CdSe/CdS dot-in-rods, has been demonstrated as an powerfull tool to reveal the optical properties of colloidal semiconductor nanocrystals. The use of those oriented heterostructures allows for the clear observation
of various low-temperature recombination channels, which are attributed to
a negatively charged exciton and to neutral bright and dark exciton transitions, all unequally contributing to the PL emission. The dark state exhibits
an anisotropic-coupling to the light-radiation. Its PL signal is absent when
the crystallographic wurtzite c-axis is oriented parallel to the observation direction k, even at the highest applied magnetic fields. The brightness of this
spin-forbidden exciton state at higher angles is is ascribed to mixing with the
highest-energy and linearly polarized fine-structure light-hole state. The symmetry lowering induced by valence band mixing effects, opens a channel for dark
exciton radiative recombination to occur in the absence of a magnetic field and
explain for the experimentally observed finite low-temperatures PL lifetimes in
nearly spherical and highly symmetric nanocrystals.
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Summary
After the discovery of colloidal semiconductor nanocrystals (NCs) in the early
1980’s, independently by A. Ekimov and L. E. Brus, an entirely new research
field has emerged and great advances have been achieved. Highly accurate synthetic methods have been realized allowing for exquisite and almost full control
on the size, shape and composition of core/shell heteronanostructures (HNCs).
A large variety of HNC morphologies exist, ranging from spherical and rodlike, to complex architectures, such as for instance dot-in-rods or tetrapods.
The flexibility in the design of the nanoscrystals permits to tailor their electronic and optical properties, which can be exploited for the fabrication of
nanomaterials with new functionalities.
These nano-objects have unique optical properties. The new generation of
HNCs exhibit quantum efficiencies near unity at room temperature, which is
crucially important for optoelectronic technologies. Light emission of semiconductor colloidal nanocrystals, however, is a very complex process. In this thesis
we focus on the low-temperature physics of excitons in NCs. In chapters 2
and 3, we investigate the exciton response with and without magnetic fields in
spherically shaped colloidal quantum dots (QDs) and we introduce the effective
mass approximation (EMA) model of Efros et al. In chapter 2, we explore the
importance of the nanoscale dimensions in the optical response of organically
capped CdSe and CdTe QDs. We introduce three distinct spectroscopic techniques that are widely used in this thesis to investigate the main features of
the exciton levels. The results are discussed in the framework of the EMA. In
chapter 3 we show that a high magnetic field is a powerful and versatile tool to
unravel the fundamental physics of the exciton states of nanocrystals. Application of a magnetic field leads to a Zeeman splitting of the exciton levels with
non-zero angular momentum. The nature of the exciton states can be revealed,
as well as their spin properties, such as the gyromagnetic g-factors and spin
relaxation times. A second important effect is the magnetic brightening of dark
exciton states. This occurs because of the magnetic field induced relaxation of
the optical selection rules of these dark exciton states. A simple model contain167
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ing both magnetic field effects is developed to describe the circular polarization
of the emitting state of ensembles of CdSe QDs.
The second part of the thesis deals with the study of core/shell HNCs. In
chapters 4, 5 and 6 we investigate the optical properties of CdTe/CdSe and
CdSe/CdS HNCs. In chapter 4 we employ non-resonant excitation techniques
on CdTe/CdSe core/shell NCs in which the electron-hole (e-h) separation is
systematically varied. We find that by varying the e-h overlap, one can modify
the exciton energy structure. We find a fundamental and non-trivial relationship between the electron-hole overlap and the electron-hole exchange energy.
The latter energy is responsible for the exciton fine-structure of NCs. Furthermore, we directly show how the exchange energy dependence (i. e., the
size-dependence) affects the dark exciton radiative recombination lifetimes.
Chapter 5 provides a detailed description of the different interactions and energy scales that are involved in the light emission of NCs. We used high-quality
CdSe/CdS dot-in-rod HNCs, consisting of a spherical CdSe core embedded in
a rod-like CdS shell. These samples spontaneously self-assemble in solution
and they can be macroscopically oriented with respect to the laboratory frame.
We employ a high resolution resonant excitation spectroscopy technique, the so
called fluorescence line-narrowing (FLN) technique. The FLN spectrum shows
an unprecedented number of very narrow peaks, which are fully characterized
and identified by using high magnetic fields, allowing us to characterize the full
exciton- and phonon fine-structure of the dot-in-rods. Besides the previously
reported optical phonon replicas, we identify a clear signature of an acousticphonon assisted transition, separated from the zero-phonon emission line (direct
recombination from the dark level), evidencing the importance of vibrational
modes for exciton recombination in NCs. Additionally, we find a reduction
of the electron-hole overlap, thus, a lower electron-hole exchange energy. The
exchange-overlap relationship is consistent with anticipated predictions made in
chapter 4, showing that the overlap-exchange relationship is universal and that
the exchange-exciton model is fundamental to describe the optical properties
of many nanomaterials.
The aim of chapter 6 is to unravel the orientation-dependence of the optical
and magnetic response of wurtzite HNCs, by using macroscopically oriented
self-assembled CdSe/CdS dot-in-rods. Those unique samples allow us to make
a full characterization of the polarization properties of the lowest-energy exciton
levels of NCs. We demonstrate how the angular-momentum selection rules for
light, originating from an optically spin-forbidden (dark) exciton are explicitly
broken. The symmetry lowering of the state opens a channel for direct dark
exciton radiative recombination to occur, which explains the low temperature
brightness of nanocrystals. The proposed mechanism resolves the long standing
168
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debate about the origin of the relatively short radiative recombination time of
dark excitons.
At the start of this thesis we formulated three fundamental questions: 1)
How do the different interactions and their corresponding energy scales affect
the light emission of NCs? 2) How does the electron-hole overlap influences the
optical properties of NCs and 3) What is the physical origin of the brightening
of dark exciton states? We find that the low temperature light emission of NCs
includes: 1) direct dark exciton radiative recombination trough coupling with
higher-energy bright exciton states, arising from lattice deformations, where
the exciton mixing scales with the electron-hole exchange interaction; and 2)
dark exciton phonon-assisted recombination, including both optical and acoustic phonon modes. The precise role of acoustic phonons in the dark-bright
exciton mixing mechanism, leading to a switch of the luminescence polarization of the dark exciton state, still must be investigated to fully clarify the
characteristic temperature-dependence of the luminescence lifetimes after nonresonant excitation. Using this knowledge, an analytical expression to predict
and describe the full dependencies on temperature and on magnetic fields for
the dark exciton lifetimes becomes closer. Other questions arise from these
findings such as: At which onset of quantum confinement and temperature the
polarization reversal takes place, if there is any? Is this mechanism analogous
to the intersystem crossing for triplet state phosporence in molecules? Besides
the well understood size-confinement effect for excitons in NCs, we find that
an elegant way to tailor the optical emission in these systems is by spatially
varying the overlap between electron and hole wavefunctions. By using the
right material combination, the exciton radiative lifetimes, the luminescence
emission energy and the electron-hole exchange interaction energy of excitons
in HNCs can be accurately modified.
Our findings highlight some of the limitations of the widely used effectivemass approximation Hamiltonian in this thesis and shows that pseudopotential
calculations are crucial and complementary to EMA predictions, to understand
the optical properties of HNCs. Still, there is room for more theoretical and
experimental work to fully unravel the light emission properties of NCs. The
large amount of tunable parameters of HNCs, opens new exciting routes for
fundamental research and for applications. For instance, the directional light
emission properties of wurtzite CdSe/CdS dot-in-rods and the ability to selfassembly them, offers a tool to design opto-electronic devices with a desired
angular intensity-profile. Finally, we believe that this thesis has covered and
resolves, the most important and fundamental aspects of the low temperature
light emission of the lowest-energy exciton levels in colloidal semiconductor heteronanocrystals.
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Samenvatting
De ontdekking van colloı̈dale halfgeleider nanokristallen (NCs) in de vroege jaren tachtig van de vorige eeuw, onafhankelijk van elkaar door A. Ekimov en L.
E. Brus, heeft geleid tot een geheel nieuw onderzoeksveld. Gebruik makend van
synthese methoden uit de natte chemie is het mogelijk gebleken om de grootte,
vorm en compositie van dit soort nanostructuren nauwkeurig te variëren. Vaak
wordt gebruik gemaakt van een zogenaamde hetero-nanostructuren (HNC), bestaande uit een kern van het ene halfgeleidend materiaal met daar omheen een
dunne laag van een ander materiaal. Er zijn verschillende vormen HNCs gerealiseerd, variërend van sferisch en staafvormig tot meer gecompliceerde vormen,
zoals een bol-in-staaf en een bol met verschillende uitstulpingen (tetrapods).
Deze flexibiliteit in de vorm en compositie van de HNCs creëert een breed
scala aan mogelijkheden om de elektronische en optische eigenschappen van de
materialen zo te ontwerpen opdat ze een optimale functionaliteit hebben om
toegepast te kunnen gaan worden in nieuwe devices.
Halfgeleider nanokristallen zijn met name befaamd vanwege hun unieke optische eigenschappen. De nieuwste generatie HNCs hebben kwantumefficiënties
bij kamertemperatuur die de maximale waarde van 1 benaderen, wat van groot
belang is voor de toepassing in opto-elektronische technologieën. Licht emissie
van de nanokristallen is echter een gecompliceerd process, met name bij zeer lage
temperaturen. Dit proefschrift beschrijft een uitgebreide studie van de optische
eigenschappen van NCs bij lage temperaturen, welke gedomineerd worden door
excitonen, gebonden elektron-gat paren. In hoofdstukken 2 en 3 onderzoeken
we het gedrag van excitonen in sferische nanokristallen (QDs) zonder en met een
aangelegd magneetveld. Hierbij gebruiken we een theoretische beschrijving in
de effectieve-massa-benadering (EMA), geı̈ntroduceerd door Efros et al. In dit
model is er sprake van exciton-overgangen die toegestaan (heldere excitonen)
dan wel verboden (donkere excitonen) zijn in de elektrische dipoolbenadering.
In hoofdstuk 2 onderzoeken we de grootte-afhankelijkheid van de optische respons van CdSe en CdTe QDs. We introduceren de drie optische technieken die
we ook in de rest van het proefschrift zullen gebruiken. In hoofdstuk 3 laten
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we zien dat het aanleggen van een sterk magneetveld veel informatie geeft om
de eigenschappen van excitonen in NCs te bepalen en te begrijpen. Een extern
magneetveld leidt tot een splitsing van de exciton energie niveaus ten gevolge
van het Zeeman effect. Hierdoor kan het hoek-impulsmoment van elk energie
niveau bepaald worden, alsmede de bijbehorende g-factoren. Een tweede effect
van het aanleggen van een magneetveld is het vergroten van de emissie van de
donkere excitonen ten gevolge van een kwantummechanische mixing tussen de
donkere en heldere exciton toestanden. Een simpel model wordt gepresenteerd
dat beide effecten van het magneetveld meeneemt om de circulaire polarisatie
en de levensduur van de exciton emissie te beschrijven. Hieruit kunnen alle
g-factoren (excitonen, elektronen en gaten) op een consistente manier bepaald
worden.
Het tweede deel van het proefschrift (hoofdstukken 4, 5 en 6) rapporteert een
studie van de optische eigenschappen van CdTe/CdSe en CdSe/CdS HNCs. In
hoofdstuk 4 wordt gekeken naar een CdTe/CdSe hetero-nanostructuur, waarbij
systematisch de afstand tussen de elektronen (e) en gaten (h) golffuncties wordt
gevarieerd. We laten zien dat de exciton energie structuur afhangt van de e-h
overlap. We vinden een nieuw, niet-triviaal verband tussen de e-h overlap en de
e-h exchange interactie. Deze laatste energie is verantwoordelijk voor de fijnstructuur van de HNCs. Tevens laten we zien hoe de stralende levensduur van
de donkere excitonen afhangt van de exchange-energie en daarmee de grootte
van de HNCs. Hoofdstuk 5 presenteert een gedetailleerde studie van de verschillende interacties en energieschalen die betrokken zijn bij de licht emissie van
HNCs. Hiervoor zijn hoge-kwaliteit bol-in-staaf CdSe/CdS HNCs gebruikt, die
bestaan uit een sferische CdSe kern met daar omheen een CdS nanostaafje. In
een oplossing zelf-assembleren dit type HNCs in geördende structuren zodat ze
op macroscopische schaal geörienteerd kunnen worden. Om deze nanostructuren te bestuderen gebruiken we fotoluminescentie spectroscopie met resonante
excitatie (FLN). Het FLN spectrum laat een groot aantal zeer smalle pieken
zien. Met behulp van een magneetveld kunnen we alle pieken identificeren, wat
ons in staat stelt om de volledige exciton en fonon fijn-structuur van de HNCs te
bepalen. Naast de gangbare pieken ten gevolge van optische fononen detecteren
we ook een acoustische fonon piek, net onder de piek voor directe recombinatie
zonder de betrokkenheid van een fonon. De observatie van de acoustische fonon piek laat zien dat vibrationele modes in de HNC een rol kunnen spelen in
de licht-emissie. Bovendien laten de bol-in-staaf HNC een kleinere e-h overlap
zien, resulterend in een kleinere exchange energie. Het gevonden verband tussen
e-h overlap en exchange energie is in overeenstemming met de resultaten van
hoofdstuk 4, wat laat zien dat dit verband geldt voor meerdere materiaalsystemen. Het doel van hoofdstuk 6 is om de magneto-optische eigenschappen van
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wurtzite HNCs te bestuderen als functie van de macroscopische orintatie van
de kristal-as ten opzichte van de observatie richting. Hiervoor wordt gebruikt
gemaakt van monolagen van geöriënteerde CdSe/CdS bol-in-staaf HNCS. Deze
unieke preparaten stellen ons in staat om de optische eigenschappen van de
donkere exciton toestand te onderzoeken als functie van de observatiehoek. We
laten zien dat de selectieregel voor de emissie van de donkere exciton toestand
wordt gebroken, wat optische recombinatie van deze verboden toestand mogelijk maakt. Deze observatie verklaart waarom NCs zelfs bij lage temperaturen
licht uit kunnen zenden.
Aan het begin van dit proefschrift hebben we een drietal fundamentele
vragen gesteld aangaande de optische eigenschappen van halfgeleider nanokristallen. 1) Hoe beı̈nvloeden de verschillende interacties, met hun verschillende energieschalen, de licht emissie van nanokristallen? 2) Hoe beı̈nvloedt de
elektron-gat overlap de stralende recombinatie van excitonen in NCs? 3) Wat is
de fysische oorzaak van de eindige stralende levensduur van donkere excitonen?
Op basis van de resultaten beschreven in dit proefschrift kunnen we de
volgende algemene conclusies trekken.
Directe recombinatie van donkere excitonen is mogelijk door deformatie van
het kristalrooster wat leidt tot mixing met heldere exciton toestanden die bij
een hogere energie liggen. Deze exciton mixing schaalt met de electron-gat
exchange interactie en is dus afhankelijk van de grootte van het nanokristal.
Recombinatie van donkere excitonen is mogelijk door interactie met zowel
optische als acoustische fononen. De precieze rol van acoustische fononen moet
nog beter onderzocht worden. Ten eerste om de mixing bij lage temperatuur met
de hogere exciton toestanden beter te begrijpen, omdat dit leidt tot een polarisatie van de emissie. Ten tweede, om de specifieke temperatuur-afhankelijkheid
van de exciton levensduur beter te begrijpen. Maar, met de opgedane kennis
is de analytische uitdrukking die de exciton levensduur als functie van zowel
temperatuur als magneetveld beschrijft iets dichterbij gekomen.
De optische emissie van excitonen kan veranderd worden door de ruimtelijke
overlap van de elektronen en gaten golffuncties aan te passen. Door het kiezen van de juiste materiaal combinatie in hetero-nanokristallen kan de exciton
exchange energie gevarieerd worden, wat leidt tot een veranderde levensduur,
energie en temperatuur afhankelijkheid van de exciton emissie.
Het onderzoek beschreven in dit proefschrift heeft dus alle gestelde vragen
beantwoord en geleid tot een goed begrip van de fysica van donkere excitonen in halfgeleider nanokristallen. Sommige van onze resultaten kunnen niet
verklaard worden door het reguliere model dat gebruik maakt van de effectievemassa-benadering. Dit geeft aan dat ook andere berekeningsmethoden, zoals
atomistische en pseudo-potentiaal berekeningen, cruciaal zijn om de optische
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eigenschappen van HNCs volledig te begrijpen. Het grote aantal HNC parameters dat gevarieerd kan worden geeft daarbij vele mogelijkheden om de optimale
eigenschappen te creëeren voor fundamenteel onderzoek en technologische toepassingen. Bijvoorbeeld, licht emissie in bepaalde voorkeursrichtingen, zoals
gevonden voor wurtzite bol-in-staaf CdSe/CdS HNCs, samen met de mogelijkheid om ze te ordenen door zelf-assemblage geeft geheel nieuwe mogelijkheden
voor licht emissie door halfgeleider nanokristallen.
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