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Abstract

Photonics might prevent the end of Moore’s law and maintain the ever-accelerating progress of

technology, beneficial for society and living standards in the world. Semiconductor nanoparticles

are an important part of the photonic tool-kit. Materials with high light-matter interaction,

they can take on new or greatly enhanced optical properties engineered by composition, size and

shape. Understanding their fundamental properties and how to manipulate them is the key to

put them to a successful use.

This work concentrates on the novel two-dimensional (2D) CdSe nanoplatelets with zincblende

crystal structure. These nearly ideal quantum wells of finite size are an excellent model system

for 2D semiconductors: atomically flat with low dephasing rates and inhomogeneous broadening,

and high oscillator strength and exciton binding energy. In contrast to spherical quantum dots,

nanoplatelets have independently tunable ultra-strong quantum confinement in one axis (z) and

weak confinement in the other two (x and y). This enables in-depth studies of the linear and

non-linear optical properties of highly anisotropic quantum confinement.

The effects of anisotropic confinement on the envelope and Bloch part of the wavefunctions

and the dielectric effects arising from the particle’s shape in a surrounding dielectric medium are

studied in various ways: temperature and field-dependent photoluminescence (PL) dynamics,

angular dependent radiation and absorption characteristics (with 2D k-space spectroscopy) and

non-linear effects by two-photon absorption experiments.

We show that the ultra-strong confinement lifts the heavy-hole hh and light-hole lh degeneracy.

This leads to highly directed hh exciton emission from a bright plane of degenerate transition

dipoles oriented in the platelet plane (far more directed than radiation from e.g. a linear dipole).

By contrast, one-photon absorption at higher energies involves all three valence bands and is

isotropic.

The anisotropic confinement lifts the envelope p-state degeneracy, pushing pz to much higher

energies. We demonstrate excitonic emission from lower p-states and the existence of a longi-

tudinal optical (LO) phonon bottleneck between the ground (s) and excited (p) exciton state.

The inter-scattering rate between the two can be tuned by the lateral confinement with a high

impact on the recombination dynamics. Lateral confinement also controls the radiative rates of

the two states via the Giant Oscillator Strength Effect – an effect that also allows to extract

dephasing rates from a linear PL experiment, for the first time. With this, CdSe nanoplatelets

form a three-level system where radiative and inter-scattering rates can be tuned by the lateral

confinement, independently from the bandgap energy, which is given by their thickness.
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Ultra-strong confinement is also suggested to lead to the observed, unexpected super linear

volume scaling of the two-photon absorption (TPA) cross section. Maintaining confinement

in one direction while being able to increase the area (i.e. volume) leads to record TPA cross

sections, exceeding any reported values. Combined with 2D k-space spectroscopy we resolve the

angular dependent TPA cross section and relate it to the microscopic effects of the anisotropic

confinement. The lifted degeneracy of the envelope p-states and of the valence band leads

to a selection of light polarized in the platelet plane, for intraband and interband transitions,

respectively. This results in directional TPA, in contrast to the isotropic one-photon absorption.

The electron and hole exciton wavefunction overlap can be manipulated by an external

electric field. The hereby induced polarization of the exciton has allowed to determine the first

experimental value of the high exciton binding energies in this system.

The developed concepts and methods can be readily transferred to other ultra-strong anisotrop-

ically confined systems, such as 2D transition metal dichalchogenides, perovkites or other II-VI

materials.



Zusammenfassung

Die Photonik könnte das Ende des Mooreschen Gesetzes verhindern und den für Gesellschaft und

Lebensstandard meist vorteilhaften Fortschritt von Technologie fortführen. Halbleiternanopar-

tikel sind ein wichtiger Bestandteil photonischer Anwendungen. Ausgezeichnet durch hohe

Licht-Materie Wechselwirkung, nehmen sie neue oder stärker ausgeprägte optische Eigenschaften

an. Diese können durch ihre Zusammensetzung, Größe und Form eingestellt werden. Verständnis

ihrer fundamentalen Eigenschaften und wie diese manipuliert werden können, sind der Schlüssel

für ihren erfolgreichen Einsatz.

Diese Arbeit beschäftigt sich mit den neuartigen zweidimensionalen (2D) Zink Blende CdSe

Nanoplättchen. Diese fast idealen Quanten-Tröge endlicher lateraler Größe sind ein ideales

Modelsystem für 2D Halbleiter: Sie sind atomar glatt mit geringen Dephasierungsraten und

inhomogener Verbreiterung und hoher Oszillatorstärke und Exzitonbindungsenergie. Im Vergleich

zu sphärischen Quantenpunkten haben Nanoplättchen unabhängig einstellbare ultrastarke

Größenquantisierung über ihre Dicke (z) und schwache Größenquantisierung in den anderen

beiden Achsen (x und y). Dies ermöglicht prinzipielle Studien der linearen und nichtlinearen

optischen Eigenschaften hochanisotroper Größenquantisierung.

Der Einfluss hochanisotroper Quantisierung auf die Einhüllende und den Blochteil der Wellen-

funktion und die, durch die Form des Partikels und dessen dielektrischen Kontrast zum umgeben-

den Medium, verursachten dielektrischen Effekte werden unter diversen Aspekten untersucht:

Temperatur- und Feldabhängige, zeitaufgelöste Photolumineszenz (PL) Spektroskopie, winke-

laufgelöste Emission und Absorption (mit 2D k-Raum Spektroskopie) und nichtlineare Effekte

mit Zweiphotonenabsorptionsexperimenten.

Wir zeigen, dass die ultrastarke Quantisierung die Entartung des Schwer- (hh) und Leichtlochs

(lh) aufhebt. Dies führt zu extrem gerichteter Schwerlochexzitonemission in einer Ebene orien-

tierter entarteter Übergangsdipolmomente. Diese Emission ist viel gerichteter als beispielsweise

die eines linearen Dipols. Dies steht im Kontrast zu der isotropen Absorption in höherenergetische

Zustände, bei der alle drei Valenzbänder teilnehmen.

Die anisotrope Größenquantisierung hebt ebenfalls die Entartung der p-artigen Exzitonzustände

der einhüllenden Wellenfunktion auf und schiebt den pz Zustand zu höheren Energien. Exzi-

tonische Emission der unteren p Zustände und die Existenz eines longitudinalen optischen

Phonon-Engpasses zwischen Grundzustand (s-Exziton) und des angeregten Zustands (p-Exziton)

wird gezeigt. Die Interrelaxationsrate zwischen den beiden Zuständen kann durch die laterale

Größe der Plättchen eingestellt werden mit großem Einfluss auf die Rekombinationsdynamik. Die

laterale Größenquantisierung hat auch erheblichen Einfluss auf die radiativen Raten der beiden
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Zustände über den Giant-Oscillator-Strength Effekt, ein Effekt der es auch ermöglicht zum ersten

Mal Dephasierungsraten aus einem linearen PL Experiment zu extrahieren. Somit stellen CdSe

Nanoplättchen ein Dreiniveausystem dar, in dem die radiativen Raten und Interrelaxationsraten

durch die laterale Größe und die Übergangsenergie über die Dicke unabhängig voneinander

einstellbar sind.

Die ultrastarke transversale Quantisierung ist vermutlich auch für die beobachtete unerwartete

superlineare Volumenskalierung des Querschnitts der Zweiphotonenabsorption (TPA) verant-

wortlich. Der Erhalt der starken Quantisierung in z-Richtung kombiniert mit der einstellbaren

Plättchenfläche und damit dem Teilchenvolumen führt zu rekordhohen TPA Querschnitten,

die alle veröffentlichten Werte überschreiten. Die Kombination mit 2D k-Raum Spektroskopie

ermöglicht es, die Winkelabhängigkeit des TPA Querschnitts zu untersuchen und sie den

mikroskopischen Effekten der anisotropen Größenquantisierung zuzuordnen. Die Aufhebung der

Entartung der p Exzitonzustände (Envelope) für Intrabandübergänge sowie die des Valenzbandes

für Interbandübergänge führen selektiv zur Absorption von in der Plättchenebene polarisiertem

Licht. Dies führt zu gerichteter Zweiphotonenabsorption, in Kontrast zur isotropen Einphoto-

nenabsorption.

Der Überlapp der exzitonischen Elektron und Loch Wellenfunktion kann durch ein äußeres

elektrisches Feld manipuliert werden. Die dadurch verursachte Polarisierung des Exzitons

erlaubt es, zum ersten Mal die hohen Exzitonbindungsenergien dieses Systems experimentell zu

bestimmen.

Die entwickelten Konzepte und Methoden können unmittelbar auf andere ultrastark anisotrop

größenquantisierte Systeme wie z.B. 2D Übergangsmetaldichalchogenide, Perovskite oder weitere

II-VI Materialien übertragen werden.
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Introduction

Introduced in 1947 the current type of transistor was 40 µm long [1]. Miniaturization has led to

the revolution of electronics that has drastically changed the world in the last century. Nowadays,

with structure sizes of around 14 nm, barrier conductivity, cross talk and decreased thermal

conductivity limit the clock rate and thus the performance of electronic devices.

A market growing twice the global average rate, photonics is in its early stage [2, 3]. It

can provide the next developmental leap to overcome the bandwidth limitations of electronics

by hybrid solutions or all-optical computing [4]. It is expected to have a drastic impact in a

vast range of applications. As is already the case in fiber-optic communication, new advances

in photonics will increase data transmission rates and capacity. Laser processing will provide

high-volume, low-cost as well as individual production – think of 3D printing. By improving

diagnostics, prevention and treatments photonics will cut healthcare costs, enabling fast and

personalized medicine. In agri-photonics imaging sensors on planes can be used to map soils,

moisture and crop density, for efficient irrigation and fertilizer consumption, a task of increasing

relevance [5]. Solid-state lighting combined with intelligent light management is expected to cut

electricity consumption by about 70% [6] – and put resources to more efficient use.

In research, advances in ultrafast science, quantum optics, and nano-photonics are bringing

new fundamental insights and scientific fields that drive photonics further [7]. As for electronics,

the predominant and successful materials in photonics are semiconductors. They satisfy the need

for materials with high light-matter interaction, further enhanced in semiconductor nanoparticles.

These can take on new or greatly enhanced (optical) properties engineered by composition, size

and shape, such as bandgap tunability by size quantization [8–11].

Semiconductor quantum dots form an established field since 30 years [12]. Particles of different

compounds and shapes have emerged in the course of the last decades [10, 13, 14]. However, even

in mono-compound zero-, one- and (recently) two-dimensional particles many open questions

remain to gain full understanding of the light-matter interaction, vital to harness their potential.

Therefore it is necessary to study the effects of quantization and shape on the electronic system

and its coupling to the light field, with respect to both linear and non-linear optical properties.

New two-dimensional (2D) materials include II-VI nanoplatelets, nanobelts as well as 2D

transition metal dichalchogenides. Atomically flat these systems exhibit exciting properties

of nearly ideal quantumwells[15–30] such as room temperature exciton coherence[31], large

oscillator strength per unit volume compared to bulk, the Giant Oscillator Strength Effect

(GOST)[17, 19, 26] and observable excitonic features at room temperature due to high exciton

binding energies [22, 24, 32].



2 Contents

This work concentrates on the linear and non-linear optical properties of 2D CdSe nanoplatelets

(NPLs), as a model system. Their thickness of ∼1 nm (3 to 5 CdSe monolayers) is much smaller

than the deBroglie wavelength of the electrons and holes, or the bulk exciton Bohr radius [33].

Their lateral extensions vary from ten to over thousand square nanometers and are larger or

equal to the deBroglie wavelength or Bohr radius. Both can be tuned independently by synthesis.

The effects and phenomena arising from the ultra-strong quantum confinement in one direction

and weak quantization in the lateral extension are studied under various aspects:

- How does the platelet area affect the polarization and population dynamics?

- What are the emitting states?

- Which role do dimensionality and particle size play for the two-photon absorption?

- Are emission, one- and two-photon absorption of nanoplatelets anisotropic and to what degree?

- To what extent do dielectric and electronic effects determine all these properties?

- Is the exciton-phonon coupling dependent on the lateral size?

- What happens with the electronic system under an electric field?

- Do the spatially separated electron and hole in type II hetero platelets still correlate to an

exciton? And many other exciting questions.

On the way we extend several experimental techniques and point out to some generally

overlooked, yet important experimental parameters. We develop analysis that take sets of data

of different experiments into account simultaneously in order to determine physical properties,

such as, for example, the phonon coupling constants, quantum yield, radiative rates, and the

exciton binding energy.

The work consists of eight chapters organized in three parts: Linear properties; The effects of

shape, field and band-alignment on the dynamics, and finally; Non-linear properties. Appendices

are attached to each individual chapter. In the first chapter the general theoretical concepts

are introduced such as confinement dependent effects on the electronic structure and the light

matter interaction – with an emphasis on 2D semiconductors.

The 2D shape of nanoplatelets grants oriented deposition into a monolayer, exploited in the

second chapter. A method is developed that relates the fundamental properties of the electronic

system with the angle dependent radiation and absorption characteristics, i.e. 2D k-space

spectroscopy. The (isotropic) zincblende electronic system can be altered to produce highly

directed emission using ultra-strong confinement. The absorption into the energetically higher

states, however, remains isotropic. These contrasting properties are shown to arise from the

Bloch parts of the wave functions involved in the studied transitions.

The second part investigates the manipulation of the dynamics of CdSe nanoplatelets by

their area, an external electric field and the introduction of a type II band alignment. First,
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the temperature dependent time-resolved photoluminescence is studied. An emitting excited

excitonic state is found and related to a p-like envelope function, observable due to high radiative

rates and a low density of phonon modes. A longitudinal optical phonon bottleneck between the

ground and excited state governs their inter-scattering rate as a function of the platelet size.

Further, the GOST effect is shown to enable tunable radiative lifetimes of the order of 10 ps,

making CdSe nanoplatelets one of the fastest nanoemitters. A three-level system with radiative

and inter-scattering rates tunable by the lateral size, while the emission energy is given by the

thickness, is intriguing and new. It should stimulate further studies on e.g. excited state related

lasing and size-tunable lasing thresholds.

The strong modulation of the dynamics under an external electric field is investigated by

time-resolved Stark spectroscopy – a global analysis model developed to extract, for example,

the exciton transition polarizability and binding energy from photoluminescence data.

Attaching an outer ring of CdTe with band offsets different to those of CdSe forms a type II

junction at the interface of the two materials. The spatial separation of the electron and hole

wavefunction decreases the radiative rate of the emitting transition by two orders of magnitude,

compared to core only CdSe platelets mentioned above. Excitons are found to be the prevailing

species at the type II junction – a disadvantage for solar cells yet promising for lasing devices.

Non-linear properties are discussed in the third part. The two-photon absorption (TPA)

depending on shape, quantum confinement and size is investigated in CdSe platelets, rods

and quantum dots. CdSe nanoplatelets have the largest ever reported TPA cross sections for

colloidal semiconductor nanocrystals and show a step-like TPA spectrum. A comparison with

CdS nanoparticles suggests a universal and material independent mechanism of two-photon

absorption enhancement related to ultra-strong confinement.

The final chapter combines TPA with k-space spectroscopy, shown to also be a powerful

method to investigate the electronic nature of non-linear optical properties. In contrast to the

isotropic one-photon absorption in the continuum, oriented nanoplatelets show a directional

two-photon absorption. It is shown to be related to the polarization selection of the Bloch states

and envelope functions involved in the most likely TP transitions.

The concepts and fundamental insights of, for example, relating k-space spectroscopy to

the Bloch functions, studies on TPA enhancement and analysis of field-dependent data can

be transferred to other II-VI platelets or 2D transition metal dichalcogenides or perovskites.

Anisotropic confinement is a promising route to design the properties of new emitters for

photonics.





Part I

Linear Optical Properties of

Nanoparticles





1 | Basic Concepts

This chapter is meant to cover the basic concepts needed throughout the thesis. The material

system, the semiconductor Cadmiumselenide (CdSe), and its bulk electronic band structure will

be introduced. The effects of confinement in lower dimensional systems with respect to free charge

carriers and excitons are discussed–with an emphasis on two-dimensional (2D) semiconductors

and their theoretical absorption spectra. Since 2D CdSe nanoplatelets are in the focus of this

work, the influence of their thickness and size on experimental absorption spectra is discussed

together with an outlook to the chapters treating the effects in detail. The coupling of this

electric system to the light field is governed by the shape of the nanocrystals and the dielectric

contrast to their surrounding and will be discussed in the last section of this chapter.

1.1 Electronic Properties of Low-Dimensional Semiconductors

1.1.1 Bandstructure

CdSe is a polar II-VI semiconductor that occurs in three different crystal phases: rock salt,

wurtzite WZ (hexagonal) and zincblende ZB (cubic). Since the rock salt structure is only stable

at high pressures we concentrate on the latter two, shown in figure. 1.1. Depending on the

growth procedure and conditions, in e.g. colloidal synthesis, WZ or ZB may be the energetically

preferred structure.

The different symmetries of these crystal structures (ZB Fm3m, WZ P63mc space group)

produce different electronic bandstructures, see figure 1.1. As in other II-VI semiconductors the

lowest unoccupied band (the conduction band CB) is formed by the s-orbitals of the metal ions

and the highest occupied band (the valence band VB) predominantly by the p-orbitals of the

group-VI anions [34]. For CdSe these are the Cadmium 5s and Selenium 4p-orbitals, respectively.

Optical transitions occur in the vicinity of the Γ- point (k = 0) since the wavevector (k-vector)

of a photon is negligible. The energetic separation of VB and CB at this point defines the optical

bandgap Eg of the material. In this region the bands can be approximated as parabola, so that

E ∝ ~2k2/me,h, with the effective mass me,h of a conduction band electron (me > 0) or valence

band hole (mh < 0).

For both, ZB and WZ, the sixfold degeneracy (px,y,z, each with spin up and down) at the

top of the valence band at the Γ-point is reduced by spin–orbit coupling. In the case of CdSe

the twofold degenerate band with total angular momentum J = L+ s = 1/2 (mj = ±1/2), is

shifted to lower energies by ∆SO [34]. It is referred to as the spin–orbit split-off (so) band in ZB

and as the C-band in WZ. In zincblende the remaining band with J = 3/2 (mj = ±3/2,± 1/2)
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Figure 1.1: Bandstructure of bulk zincblende and wurtzite CdSe. (a) Calculated band-
structure for zincblende from ref. [35] ©(2006) Elsevier. (b) Wurtzite bandstructure from ref. [36]
©(1967) American Physical Society. (c) and (d) Parabolic band approximation around the Γ-point.
The corresponding total angular momentum and magnetic quantum number are given for each
band. The unit cells above are taken from refs. [37] and [38].

is fourfold degenerate at the Γ-point. In WZ it is further split by the crystal field interaction

leading to three bands: the A, B and C-band, shown in figure 1.1 (d). For k 6= 0 the degeneracy

of the mj subbands (J = 3/2) in ZB is lifted forming the heavy-hole (hh) and the light-hole (lh)

band, as seen in figure 1.1 (c).

1.1.2 Single-Particle Electronic States

In a crystal an electron experiences an effective periodic lattice potential V0(r) = V0(r + R)

given by the nuclei of the atoms and all other electrons. R is a lattice vector connecting two

identical lattice sites. This translational symmetry leads to the well-known Bloch theorem. In

bulk it is satisfied by the electronic wavefunction

ψλ(k,r) = eik·ruλ(k,r) (1.1)
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if uλ(k,r), known as the Bloch Function, has the lattice periodicity in real space. λ is the energy

Eigenvalue. uλ(k,r) form a complete, orthonormal basis and are normalized to the unit cell.

The Bloch Functions vary spatially on an atomic scale. The envelope function for an infinite

crystal has the form of a plane wave, eik·r.[32] In a real crystal the quantum coherence is not

maintained on a macroscopic scale so that, for small k-values, the envelope function varies on a

mesoscopic scale.[32]

In mesoscopic particles the length of confinement L is still larger than the unit cell, yet

comparable to the spatial extension of the envelope function of excitons, electrons or holes

in the corresponding bulk material. Here the periodicity is maintained. For quantum wells,

wires or dots–or in their colloidal counterparts: nanoplatelets, nanorods and quantum dots–the

free motion of energetically low lying electron and hole states is confined in one, two or three

directions of space,respectively. In this case (in an infinite well model) the envelope function

must vanish at the interface of the particle. The plane wave in eq. 1.1 can be replaced by a

quantized standing wave ζν . Similar to the particle in a box the quantum number ν gives rise to

an energy level. Each level forms a subband. For a quantum well (2D) confined in the z-direction,

a wire (1D) in x, y and a dot (0D) in x, y, z-direction we find[32]:

2D ψ(r) = ζn(z)ei(kxx+kyy)L−1uλ(k ' 0,r) (1.2)

1D ψ(r) = ζn(x)ζm(y)eikzzL− 1
2uλ(k ' 0,r) (1.3)

0D ψ(r) = ζn(x)ζm(y)ζp(z)uλ(k ' 0,r) (1.4)

The restriction of free motion into D dimensions leads to strongly differing distributions of

available states N per unit volume at a given wave vector or energy, see figure 1.2. The density

of states is given by ρ(E) = dN/dE. In the parabolic band approximation for the holes in the

valence band (E < 0) it is:

for D = 1,2,3 ρD(E) ∝ −E D
2 −1 (1.5)

for D = 0 ρD(E) ∝ δ(−E). (1.6)

Electrons (with E > 0) in the conduction band have the same functional dependence, for them

−E is to be replaced by E −Eg. The free carrier (one-particle) absorption follows the density of

states.

The quantization of the envelope states for the 2D case (corresponding to 1D confinement) in

eq. 1.2 is similar to the one-dimensional particle in a box. Assuming an infinite potential barrier
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Figure 1.2: Density of states ρ(E) of an electron that can move freely in three, two, one or
zero dimensions in space, i.e. in bulk, 2D, 1D and 0D systems, respectively. 2D systems feature
a characteristic step-like increase at every subband. With decreasing dimensionality more states
concentrate at the edges of the subbands. In dots (0D) the restriction of motion in any dimension
leads to a δ-like density of states.

at the interfaces of the 2D structure the energies can be found analytically [32]:

En = n2~2π2

2meL2 (1.7)

for electrons with n = 1,2,3 . . . forming a succession of alternating even and odd states. The

lowest state n=1, the ground state, corresponds to an even wavefunction. At the center between

the two interfaces confining the 2D structure the envelope functions of even states have their

maximum – odd states a node. Every quantum number corresponds to a subband forming a step

in the 2D DOS in figure 1.2. The energies in eq. 1.7 scale inverse to the length of confinement L

squared. This allows control of the optical properties, e.g. the bandgap energy, by the thickness

of the 2D structure. As seen later in figure 1.5 (a) this thickness quantization also holds for CdSe

nanoplatelets.

1.1.3 Excitons

Due to Coulomb interaction an electron in the conduction band and an unoccupied hole state

can form a hydrogen-like bound state called exciton. The attraction between the two particles

correlates their motion. The exciton motion can be decomposed into the unaffected center of

mass (CM) motion and the relative motion of the two charge carriers.

The exciton wave function can be expressed as a linear combination of the one particle wave

functions (eq. 1.1):

Ψ(re,rh) =
∑
ke,kh

ξ (ke,kh)ψ (re,ke)ψ (rh,kh) (1.8)
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with the expansion coefficient ξ (ke,kh). At the Γ-point we can assume the lattice periodic

functions to be constant in k, uv,c(k = 0,r) for the valence band (index v) and conduction band

(index c), so that

Ψ(re,rh) = uv(0,r)uc(0,r)
∑
ke,kh

ξ (ke,kh) eikereeikhrh

︸ ︷︷ ︸
φ(re,rh)

(1.9)

Here φ (re,rh) is the exciton envelope function describing the electron-hole interaction.

We consider the case where the extension of the ground state exciton is considerably larger

than the lattice constant. For these Wannier excitons the Coulomb potential varies little over

one unit cell and the effective mass approximation is applicable [32, 39]. Center of mass and

relative motion can be separated in the Schrödinger equation. For the relative motion we obtain

the two-particle, Wannier, equation:

(
− ~2

2µ∇
2
r + e2

4πεr

)
φ(r) = Erφ(r) (1.10)

With the reduced mass 1
µ = 1

me
+ 1

mh
and relative electron-hole coordinate r = rh − re and

distance r = |r|. The CM motion is described by a free particle with the mass M = me +mh,

k-vector K and energy ECM . The total exciton energy is [39]:

En = Eg + Er + ECM = Eg −
EB
n2 + ~2K2

2M (1.11)

with the bandgap energy Eg, the binding energy of the state Er, Rydberg energy EB =

e2µ/(2~2ε2) and the exciton quantum number n.

The Wannier equation in form of eq. 1.10 is valid for three and two-dimensional semiconductors.

For one-dimensional wires or rods along the z-direction of radius R the Coulomb potential must

be replaced by the quasi-1D Coulomb potential V1D = e2/(|z| + γR)ε0 with the empirical

parameter γ [32]. To obtain exciton energies of zero dimensional systems the e-h Coulomb

interaction can be treated by perturbation theory [34, 40, 41]. All cases lead to discrete states

below the band gap and a continuum of unbound states above it.

1.1.4 Optical Absorption Spectra of Two-Dimensional Semiconductors

Figure 1.3 shows absorption spectra of colloidal CdSe nanoplatelets, rods and quantum dots.

Qualitatively they can be described by the one-particle (uncorrelated carrier) absorption of

several bands following the density of states together with excitonic (correlated) features below

each band.
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Figure 1.3: Room temperature absorption spectra of 2D, 1D and 0D CdSe nanopar-
ticles i.e. nanoplatelets, nanorods and quantum dots. For nanoplatelets the 2D density of states
steps of each band (heavy-, light-, split-off hole band) plus the corresponding energetically lower
lying first excitonic peak can be seen. Nanorod and quantum dot spectra also show excitonic
features.

Since 2D CdSe nanoplatelets are the focus of this thesis we will concentrate on the optical

absorption spectrum of two dimensional semiconductors. For simplicity the following discussion

is restricted to two bands at zero temperature–resulting in a fully occupied valence band (index

v) and an empty conduction band (index c).

Transition dipole matrix element

We consider an optical transition of an electron from a VB state |a〉 to a CB state |b〉 with the

wavefunction:

|Ψλ〉 = |uλ(r,k)〉 |φλ(r)〉 (1.12)

Where uλ and φλ are the periodic Bloch function and the envelope function of the electron in

the band λ = c,v. In the envelope function approximation the dipole matrix element can be

expanded:

Pab = 〈b|p |a〉 = 〈φb| 〈ub|p |ua〉 |φa〉 = 〈φb|φa〉 〈ub|p |ua〉+ 〈φb|p |φa〉 〈ub|ua〉 (1.13)

p is the momentum operator. The last term vanishes for interband transitions because of the

orthogonality of the Bloch functions 〈ua|ub〉 = 0 for a 6= b. So that for the interband transition

Pab = 〈φb|φa〉 〈ub| ~p |ua〉 . (1.14)

This gives rise to the following selection rules: The envelope integral 〈φb|φa〉 = Cab only gives

finite values if the envelope functions of |a〉 and |b〉 are of the same symmetry, respectively, for

each direction in space. As we will see later nanoplatelets are confined not only in the short axis.

Their weak confinement in the longer lateral extensions also leads to further localization of the

envelope function. The selection of polarization of light (for interband transitions) is given by

the Bloch functions 〈ub| ~p |ua〉 and is discussed in detail in chapter 2. The photon wave vector
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can again be assumed negligible with respect to the carriers’

ke,kh � kph (1.15)

giving the k-conservation rule for an optical transition. The matrix element can then be written

as [42]:

|Pab|2 = 〈|Pcv |2〉 δke,khCab (1.16)

The momentum matrix element for a transition between valence and conduction band 〈|Pcv |2〉

is averaged because random polarization of light is assumed. It can be expressed by the electron

rest mass m0, the electron mass in the conduction band me, the crystal field splitting ∆cf and

band gap energy Eg [42]:

〈|Pcv |2〉 = m2
0Eg(Eg +∆cf )

3me(Eg + 2∆cf/3) (1.17)

Continuum

The optical absorption for photon energies ~ω exceeding the band-gap energy in a 2D semicon-

ductor is [32]:

αcont(~ω) = 4πε
m2

0cna0ω
〈|Pcv |2〉︸ ︷︷ ︸

Free carriers

· e
π√
∆

cosh
(

π√
∆

)
︸ ︷︷ ︸

Coulomb enhancement

(1.18)

with the permittivity ε, refractive index n, speed of light c, electron rest mass m0 and 3D exciton

Bohr radius a0 = 4πε~2/µe2. The detuning ∆ = (~ω−Eg)/EB is expressed as a function of the

bulk exciton binding energy EB. The continuum absorption thus comprises of the band-band

contribution from the free carriers and the Coulomb enhancement, also known as the Sommerfeld

factor, which vanishes for high energies ∆→∞.

Excitons

The binding energy of excitons in bulk (3D) and of ideal 2D excitons below the bandgap is,

respectively

EnB,3D = ~2

2µa2
0
· (n)−2 for 3D and n = 1,2,3, . . . (1.19)

EnB,2D = 2~2

µa2
0
·
(
n+ 1

2

)−2
for 2D and n = 0,1,2, . . . (1.20)

As indicated in figure 1.4 the 2D exciton biding energy is four times higher than in bulk for the

lowest, ground state. Compared to bulk excitons, 2D excitons are thus spectrally far better

resolved and observable also at room temperature. The 2D Bohr radius is half that of bulk
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Figure 1.4: Schematic absorption spectrum of a 2D semiconductor around the band
edge at 0K. Plotted as a function of the detuning ∆ = (~ω − Eg)/EB , normalized to the bulk
exciton binding energy EB . Note that the 2D exciton binding energy is EB,2D = 4EB .

a2D
0 = a0/2 [32, 42]. The oscillator strength of 2D excitons is cubic in n[42]:

fn = 〈|Pcv |2〉
2

m0πa2
0~ω

(
n+ 1

2

)−3
, n = 0,1,2, . . . (1.21)

so that the lowest, first exciton has by far the highest contribution to the absorption spectrum

f0/f1 = 27. Further it can be shown that the transition oscillator strength of a 2D exciton is 16

times higher as compared to bulk [42]. The contributions of free carriers as well as Coulomb

correlated bound (excitons) and unbound states to the ideal 2D absorption spectrum are plotted

in figure 1.4.

CdSe Nanoplatelets Absorption Spectra

The ideal situation above has neglected several effects. Thermal occupation of free carriers

results in occupied conduction band states and unoccupied valence band states. The underlying

Fermi-Dirac statistics leads to a smoother absorption edge at the bandgap. In ZB CdSe the

three valence bands (heavy, light, and split-off) lead to more than one band-edge. Exciton-

phonon scattering with acoustic and longitudinal optical phonons broadens spectral features,

contributing to homogeneous broadening, (see also chapter 4). Inhomogeneous broadening may

arise from fluctuations of confinement and material composition. Further, for nanocrystals, image

charge effects from different dielectric surrounding [17, 43] as well as the (frequency and shape

dependent) coupling to the light field (sec. 1.2) add to the complexity of measured absorption

spectra of e.g. colloidal CdSe nanoplatelets.

Figure 1.5 shows absorption spectra of different sizes of 2D CdSe nanoplatelets (NPLs). Their

lateral sizes are determined from TEM-analysis. The thickness is given in numbers of monolayers

(ML) where dML = 0.304nm is half the lattice parameter of zincblende CdSe [44]. NPLs are

assumed to be cadmium-terminated on both basal planes [44, 45]. Atomically flat, they show
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Figure 1.5: Transverse and lateral confinement in CdSe nanoplatelets. (a) Absorption
spectra of 3.5, 4.5 and 5.5 monolayer CdSe nanoplatelets. The transverse confinement of NPLs
goes in integer monolayer steps. (b) Lateral size dependence: Emission and absorption spectra of
4.5 monolayer CdSe nanoplatelets with corresponding transmission electron microscope images.
Emission takes place from the heavy hole exciton. The platelet areas, ranging from 100 to ∼500 nm2,
do not strongly affect the energetic positions of absorption features. 17x6 and 41x13 samples
show contamination of 3.5ML nanoplatelets with higher transition energies. (c) Sketch of the
contributions of heavy-hole (hh), light-hole (lh) and split-off (so) bands and their corresponding
exciton to the absorption spectra.

very small inhomogeneous broadening, since strong size quantization only occurs in the short

axis, also referred to as the z-direction in the following, figure 1.5 (a). The absorption spectra

can be clearly assigned to the thickness by the position of the first heavy hole (hh) exciton.

Platelets with the first excitonic peak at around 460 nm (2.70 eV) correspond to three Se and

four Cd monolayers and are referred to as 3.5ML NPLs. With decreasing transverse quantum

confinement the energetic position of the first exciton decreases to redder wavelengths: for 4.5ML

NPLs to ∼ 512 nm (2.43 eV) and 5.5ML to ∼ 550 nm (2.25 eV), respectively.

The extreme transverse confinement has a great influence on the optical properties of nano-

platelets: As seen in figure 1.5 (c) it lifts the degeneracy of the heavy-hole and the light-hole

band leading to e.g. highly directed emission from heavy-hole excitons (chapter 2). Strong
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confinement is further assumed to explain the record two-photon absorption cross sections of

NPLs (chapter 7).

Lateral confinement has no large effect on the transition energies, figure 1.5 (b). It does though

affect the lateral extension of the envelope function of the exciton. This leads to an observable

luminescent excited state of p-like character and an energy spacing between this excited state and

the ground state exciton that is tunable by the lateral confinement (chapter 3). The oscillator

strength is also found to increase with the NPL area (chapter 4). Via both, excited state and

oscillator strength control, the lateral size of NPLs has great impact on the dynamics in this

system.

2D nanoplatelets thus combine strong transverse confinement that leads to the 2D properties

of the electronic with the chance to alter the weak confinement in the lateral extensions. This

control of a 2D system has so far been neither possible in 2D quantum wells (confined only in

one direction) nor in quantum dots – confined equally in all directions leading to a 0D electronic

system.

1.1.5 Exciton Emission

After photo-excitation the electron and hole relax non-radiatively to the band edge by dissipating

their excess kinetic energy to the lattice via electron-phonon interaction on a sub picosecond

time scale. The carriers can form excitons due to their Coulomb attraction. These band edge

excitons further relax either by radiative or non-radiative recombination of the electron and

hole. Radiative recombination leads to the emission of a photon. The exciton can interact with

a phonon before emitting. The resulting energetic shift between absorption and emission peak,

the Stokes shift[46, 47], depends on the exciton-phonon coupling in the system, discussed in

chapter 4. Having higher energies, longitudinal optical (LO) phonons predominantly determine

this shift. As seen in figure 1.5 (b) the emission of CdSe nanoplatelets stems from heavy hole

excitons. Compared to quantum dots the Stokes shift and thus the exciton coupling to LO

phonons is smaller in the platelets [17].

The radiative rate of the spontaneous exciton emission is proportional to the transition matrix

element between the initial and final state: | 〈0|p |ΨX〉 |2. In the quasi-particle picture this is

the exciton |ΨX〉 (eq.1.9) and the crystal ground state |0〉, i.e. the presence of no exciton. |0〉 is

composed of all Bloch functions and all occupied states [42]. As shown in chapter 2 the density

of photon modes into which the light field can couple as well as the strength of this coupling

determine the radiative rate [48, 49]:

Γ rad(ω) = ω3n

3πε0~c3 | 〈0|p |ΨX〉 |
2 |fLF |2 (1.22)
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with the frequency of the transition ω, refractive index of the emitting material n, free space

permittivity ε0 and speed of light c. The coupling to the light field is expressed here by the

factor |fLF |2 which will be discussed in detail in the following section.

1.2 Local Field Factors of Anisotropic Nanoparticles

In any optical experiment with nanocrystals the particles must couple to the external optical

field, both in absorption and emission. It is therefore important to quantify this coupling when

studying internal electronic properties. As seen in eq. 1.22 its knowledge is essential for obtaining

transition dipole moments from measured radiative rates (chapters 4 and 5), or to extract

the internal transition dipole distribution from particles arranged in a monolayer (chapter 2).

The coupling also relates the internal to the externally applied static field strength in electric

field dependent studies (chapter 5). Further, it affects the intrinsic absorption cross sections

of particles. As seen in chapter 7, absolute particle concentrations are important for optical

investigations and applications and can be determined from absorption spectra once the light

coupling is quantified.

Here we introduce the concept of the Lorentz local field theory applied to a dielectric general

ellipsoid. A homogeneous external electric field results in a polarization that reduces the field

inside the ellipsoid, and vice versa for an internal field propagating out of the ellipsoid [49, 50],

see figure 1.6. The polarization is proportional to the depolarization factor Li that depends

purely on the geometrical shape of the ellipsoid.

The depolarization factors Li of a nanocrystal can be calculated assuming e.g. NPLs to be

oblate and nanorods to be prolate ellipsoids. Quantum dots are assumed to be spheres:

Li =
∞∫

0

aiajak
2(s+ a2

i )3/2(s+ a2
j )1/2(s+ a2

k)1/2 ds (1.23)

Lx,y,z are obtained by cyclic permutation of the semi-axes ai,j,k of the ellipsoids [51–54]. For

spheres (QDs) Lx = Ly = Lz = 1/3 is found [52]. The local field factor, the ratio of the resulting

and the driving field, in the direction i of a nanoparticle is given by [49–54]:

fi(ω) = 1
1 + Li(εS(ω)/εM (ω)− 1) (1.24)

with the relative dielectric functions εS,M (ω) of the semiconductor inclusion (S) and the sur-

rounding, isotropic matrix (M) at a given frequency ω. Expressing the electric field amplitude of



18 1 Basic Concepts

Figure 1.6: Internal and external fields in an anisotropic nanoparticle for absorption and
emission. The optical fields experience a stronger reduction in the short axis of the ellipsoid. εS,M

denote the dielectric functions of the semiconductor inclusion (S) and the surrounding, isotropic
matrix (M). Propagation goes along the pointing vector ~S = ~E × ~H.

a field ~E in spherical coordinates with azimuth angle φ and polar angle θ:

~E(φ, θ) = E0 ·


sin θ cosφ

sin θ sinφ

cos θ

 (1.25)

and taking the reduction by the field factors into account we find:

~Elf =


Ex

Ey

Ez

 =


fx 0 0

0 fy 0

0 0 fz

 · ~E(φ, θ) (1.26)

The local field factor squared of a particle in an isotropic medium relates the reduced field

intensity Ilf and I0:

|f |2 (θ,φ) = Ilf (φ, θ)
I0

=
(
|fx|2 sin2 θ cos2 φ+ |fy|2 sin2 θ sin2 φ+ |fz|2 cos2 θ

)
(1.27)

This equation will be the starting point to obtain local field factors for ensembles of nanoparticles

that are either oriented in one plane (chapter 2) or randomly oriented in space e.g. in solution or

embedded in a polymer throughout this thesis.
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lets and Relation to Bloch States

New 2D semiconductor materials such as transition metal dichalcogenides and II-VI (CdSe)

nanoplatelets exhibit properties of nearly ideal quantum wells.[15–30] However, the extremely

anisotropic electronic system in these materials is less investigated and not fully understood

yet. The anisotropic shape also alters the coupling of light to a dielectric surrounding. Together

these electronic and dielectric effects are expected to yield anisotropic emission, in contrast to

highly symmetric spherical particles, for instance PbSe dots[53] that radiate isotropically. It will

be shown in the following that CdSe nanoplatelets have highly directional emission. Dielectric

effects further increase this directionality.

Light-matter interaction is mediated by the transition dipole matrix element. In semiconductors

it is given by the Bloch functions associated to the bands involved in an optical transition and

the envelope functions defining the selections rules.[42] The Bloch functions determine the

polarization of the light emitted or absorbed in the transition, i.e. the orientation of the

transition dipole moment (TDM). The orientation or distribution of TDMs and their coupling to

the density of photon states determine the emission characteristics and radiative rates.[55, 56]

For CdSe nanoplatelets as a model system it will be shown that by measuring the angular

distribution of an emitter’s radiation the internal transition dipole distribution and subsequently

the underlying Bloch functions can be accessed.

To do this two-dimensional k-space spectroscopy is applied to a monolayer of oriented zinc-

blende CdSe nanoplatelets. They are excited in the higher lying 2D continuum states where the

absorption is shown to have an isotropic transition dipole distribution. Surprisingly the finally

emitting heavy hole exciton has a highly anisotropic transition dipole distribution – characterized

by a bright plane that coincides with the platelet plane. It will we shown that this relates to

the intrinsic properties of the semiconductor Bloch functions. They are anisotropic for heavy

hole excitons and isotropic in the continuum where hh, lh and the so bands contribute. This

electronic effect leads to a strongly directed emission perpendicular to the platelet plane. CdSe

nanoplatelets are thus intrinsically directional emitters.

Theoretical predictions show that the dielectric contrast between an anisotropic nanoparticle

and its surrounding ligands and matrix strongly alters the angular emission properties.[49]

Many emitters used in modern photonics show no directional emission, the directionality is then

imprinted by external dielectric effects or a manipulation of the external density of states for the

light field. CdSe nanoplatelets, however, are directional based on their electronic system. Their



20 2 Directed Emission from Oriented Nanoplatelets and Relation to Bloch States

anisotropic shape induces dielectric effects that further concentrate emission perpendicular to

the platelet. The bright plane of TDMs is aligned to the axis favored by dielectric effects.

CdSe nanoplatelets are thus interesting, realistic and efficient directional emitters for photonic

applications like in display technology. This study may help design directional emitters, optimiz-

ing the interplay of the confinement and shape dependent anisotropic transition dipole moment

with dielectric screening.

2.1 k-space Spectroscopy of Nanoplatelets Oriented in a Monolayer

Zincblende (ZB) CdSe nanoplatelets of 4.5 monolayer (1.37 nm) thickness and 19.6× 9.6nm2

lateral size were deposited on 170µm thick fused silica substrates and a TEM grid by a Langmuir

technique. This way a monolayer of nanoplatelets is obtained that lie flat on the substrate

(platelet plane parallel to substrate plane) with random lateral orientation. A reference sample

of a monolayer of CdSe dots (ZB structure) with similar emission energy was produced as an

isotropic emitter. The in-plane orientation of the platelets in a monolayer can be seen in the

TEM image in figure 2.1 (a). The samples on fused silica are introduced in an inverted microscope

like setup with a high numeric aperture (1.49) immersion oil infinity corrected objective (Nikon

1.49NA 60x). This forms a three layer system consisting of substrate/nanocrystals with ligands

/air (figure 2.1 c). The samples are excited by the second harmonic of a titanium sapphire laser

(Coherent Mira, FWHM 150 fs, 75.4MHz, 0.1W/cm2 excitation density) in the continuum of the

nanoparticle absorption at 2.99 eV (415 nm). Angle dependent confocal excitation is realized by

parallel displacement of the beam with respect to the optical axis of the objective. The Fourier

plane at the reverse side of the objective is imaged by a 1/4.3 magnification to the CCD. The

back aperture of the objective, and thus the k-vector distribution is recorded by a CCD camera.

For stray light suppression and definition of the sampling area (≈20µm diameter on sample) a

beam blend (BB) is placed between L3 and L4. The setup allows an angle and subsequently

k-vector dependent detection of the (spectrally integrated) photoluminescence (PL) signal from

the nanoparticle monolayer ensembles, see figure 2.1 (b).

Figure 2.2 a shows the concept of the experiment performed at room temperature. An emitter

placed in the sample plane (x-y plane) may have out-of-plane (OP) z-oriented dipoles and

in-plane (IP) dipoles. The Hertzian radiation pattern of IP or OP dipoles in the focus of the

objective can be related to a wave-vector distribution in the back focal plane. Thus the emitted

radiation can be decomposed into its Cartesian components ~k = ~kx + ~ky + ~kz leading to a two

dimensional projection of the radiation patterns in the kx-ky-space.

By introducing a polarizer we select electric fields oscillating parallel to the x-z plane, defining

radiation where ~E and ~k coincide in the x-z-plane as p-polarized. Radiation with ~E pointing in
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Figure 2.1: Monolayer of oriented CdSe nanoplatelets and the 2D k-space spec-
troscopy setup (a) Top: TEM image of 4.5ML nanoplatelets brought to a TEM grid by Langmuir
technique. Bottom: Gaussian fits to the distribution of short (ly) and long (lx) lateral length.
The platelets are lz = dNP L = 4.5 · 0.301nm thick. (b) 2D k-space spectroscopy setup. F2: low
pass edge filter to suppress the excitation at 415 nm, P2: polarizer transmitting light polarized
in the x-z plane. (c) Scheme of k-space coupling geometry. Glass coupling layer consisting of
substrate, immersion oil and objective (ε1), sample layer (ε2) and surrounding medium (air, ε3).
The sample layer is also produced by Langmuir technique, its thickness DML is determined by the
NPLs’ thickness and their ligand lengths.

x-direction and ~k lying in the y-z-plane is thus s-polarized. The selection of cuts in the back focal

plane, dashed white lines in figure 2.2 (a), reduces the analysis to a 2D problem: kx projections

contain information about dipoles lying in- and out-of-plane (p-pol projection); ky projections

(s-pol) contain only radiation from IP dipoles. Figure 2.2 (b) shows a k-vector resolved emission

of the oriented CdSe nanoplatelets (excited at normal incidence). Figure 2.2 (c) shows the CdSe

quantum dot reference. The measured intensity profiles of the kx- and ky-projections are plotted

next to the CCD images. Dashed lines indicate the selected regions (cuts). The k-scale is

normalized to the wave-vector in air. Radiation with a wave vector |kx,y/k0| > 1 cannot couple

into air resulting in increased reflected intensity collected by the objective for these k-vectors.

The k-dependent emission profile is considerably different for platelets and dots. It can

be mainly related to a different fraction of IP and OP transition dipoles. The s-polarization

projections (ky-cut) originate only from IP dipoles, their intensity profile merely depends on

the dielectric function and thickness of the nanocrystal monolayer. Details on s-pol projections

are found in appendix 2.6. In the following we will concentrate on cuts in kx direction as only

p-polarization contains signal from in- as well as out-of-plane dipoles.
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Figure 2.2: Momentum (k-space) resolved photo-luminescence (a) By choosing one po-
larisation axis, the back aperture image of a microscope objective can be analyzed with respect to
in-plane (IP) and out-of-plane (OP) transition dipole emission. Cuts in kx or ky direction are well
defined and reduce the problem to a 2D geometry. (b) k-vector dependent emission of a monolayer
of oriented nanoplatelets and (c) a monolayer of dots. The profiles attached to the images display
cuts in kx (p-pol) and ky (s-pol). The latter contain only emission from IP oriented dipoles. Cuts in
kx reveal the relative occurrence of IP and OP dipoles, i.e. the anisotropy of the dipole distribution.

The k-vector dependent platelet emission (at the lowest 2.42 eV heavy hole exciton transition

of CdSe platelets) and the absorption (into the 2D continuum at 2.99 eV) are modeled by a

multilayer system (glass - effective medium of oleic acid and nanocrystals - air). The oriented

CdSe platelets are surrounded by a ligand shell, consisting of oleic acid ligands. The nanoplatelet

monolayer samples form an anisotropic effective medium on top of the fused silica substrate

which will be discussed now.

2.2 Nanocrystal Monolayer as an Effective Medium

The depolarisation factors Lx,y,z of the platelets are calculated using eq. 1.23 and the results of

the TEM analysis (figure 2.1 a) on the lateral platelet dimensions: lx/2, ly/2 for the azimuthal

axes and thickness dNPL/2 for the short axis of the ellipsoid. Lx,y,z =0.04, 0.11, 0.85 are given by

cyclic permutation of the semi-axes. For spheres (QDs) we take Lx = Ly = Lz = 1/3. Following
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Sihvola et al.[52] the effective permittivity of an anisotropic medium of aligned ellipsoids at the

frequency ω in the direction i is:

εieff (ω) = ε(ω) + FV [εs(ω)− ε(ω)]ε(ω)
ε(ω) + (1− FV )[εs(ω)− ε(ω)]Li

(2.1)

where FV is the volume fraction of the semiconductor particles with permittivity εs in the host

material with the relative permittivity ε. Inserting Li = Lz yields the out-of-plane permittivity

εOPeff = εzeff . To take the lateral random in-plane azimuthal orientation of the nanoplatelets in

the monolayer into account we analyze the expectation value of the effective permittivity over

all in plane directions. Integration over a quarter circle (π/2) exploiting the symmetry of the in

plane depolarisation gives:

εIPeff (ω) = 〈εieff (ω)〉φ = 2
π

π
2∫

0

ε(ω) + FV [εs(ω)− ε(ω)]ε(ω)
ε(ω) + (1− FV )[εs(ω)− ε(ω)](Lx sinφ+ Ly cosφ)dφ

(2.2)

The dielectric function εs(ω) of ZB CdSe bulk at 415 nm for excitation and at 515 nm (525 nm)

for emission of our NPLs (QDs) is taken from Ninomiya et al.[57]. The optical permittivity

of oleic acid surrounding is assumed to be constant
√
ε = nOA = 1.46 [58]. As Rowland et

al.[59] show, the dielectric function of nanoplatelets at their excitonic resonance does not differ

strongly from that of bulk which can thus be used, in our case, for effective medium modeling.

To express the volume fraction FNPL in the monolayer we use an effective lateral extension

〈lNPL〉 =
√
ANPL (for lateral azimuthal random orientation in the monolayer) with ANPL the

platelet area. Further, the NPLs are assumed to be covered on all facets by their oleic acid

ligands. The volume fraction FNPL is given by the NPL volume divided by the volume of NPL

and ligands:

FNPL = dNPLANPL

(〈lNPL〉+ 2lOA + lOA,xy)2 (dNPL + 2lOA + lOA,z)︸ ︷︷ ︸
DML,NPL

(2.3)

Here lOA = 2.1 nm[60] is the length of an oleic molecule , lOA,xy and lOA,z are additional ligand

excess lengths in the in-plane (index xy) and perpendicular (index z) direction, respectively.

They are related to the fact that there is a slight ligand excess in the layer.

For our quantum dots of 4 nm diameter dQD the volume fraction in the monolayer is:

FQD =
4π
3

(
dQD

2

)3

(dQD + 2lOA + lOA,xy)2 (dQD + 2lOA + lOA,z)︸ ︷︷ ︸
DML,QD

. (2.4)
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With lOA,xy = 3.2 nm and lOA,z = 0 nm for NPLs and lOA,xy = 0nm and lOA,z = 0nm for

QDs we find volume fractions to be 16% for NPL and 13% for the quantum dot monolayers. The

thickness of the monolayers of NPLs (DML,NPL) and QDs (DML,QD) needed for the k-space

analysis (described in detail in appendix 2.6) are hereby determined by the length of the ligands

and the thickness (diameter) of the nanoparticles. It should be noted that the estimate of the

surface coverage from the TEM image in figure 2.1 (a) of ∼40% is in good agreement with the

41% resulting from the above used excess ligand length and platelet size.

With this we are set to model the dielectric function of the nanocrystal monolayers and

can proceed with describing the heterogeneous three layer system given by the experimental

geometry.

2.3 From 2D k-space Spectroscopy to Transition Dipole Moment

Distribution

In a heterogeneous system a transition dipole moment couples into a different optical density of

states as compared to air. For the coupling of IP and OP transition dipoles in the nanocrystal

monolayers we therefore use an effective density of states. According to Fermi’s Golden Rule,

the radiative rate Γr of an emitter is proportional to the product of the Einstein coefficient A

(proportional to the transition dipole moment (TDM)
∣∣µ2
∣∣) and the density of (photon) states ρ.

This yields Γr(ω) = A(ω)ρ̃(ω) = πω
3~
|µ(ω)|2

ε ρ(ω) with ε = εrε0. ρ̃(ω) is the normalized density of

states and ρ(ω) the optical density of states in a given medium. Using the density of states in

a homogeneous medium ρ0(ω) = ω2(εµ)3/2/π the total radiative decay rate and the TDM are

decomposed into IP and OP components. With the IP and OP Einstein coefficients[30, 48, 61]:

AIP (ω) = ρ0(ω)πω3~Nr,IP
|µIP (ω)|2

ε

AOP (ω) = ρ0(ω)πω3~Nr,OP
|µOP (ω)|2

ε

(2.5)

the PL emission originating from spontaneous heavy hole exciton recombination can be re-

lated to the density of photon states in the environment of the emitter. Nr,IP |µIP (ω)|2 and

Nr,OP |µOP (ω)|2 are the IP and OP projections of the dipole strengths with respect to the

principle axes of the transition dipole ellipsoid. Nr,IP and Nr,OP are the relative weights, which

depend on its eccentricity. ρ̃p,s(ω, kx,y) = ρp,s(ω,kx,y)
ρ0(ω) are the relative (photon) density of states

for p and s polarization. They account for the alteration of the radiative rate in our heterogeneous

system with respect to free space.
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Figure 2.3: Calculated k-space spectra of pure in-plane (a) and out-of-plane (b) tran-
sition dipoles and an isotropic distribution of them (c). Left column: p-polarized spectra
in k-representation. Right column: corresponding polar plots as a function of the angle θ with
respect to the surface normal of the sample plane. Angles and wave vectors are related by
ka

x = sin(θa) ·
√
εa

1ω
a/c and the permeability εa

1 of the glass substrate at the emission (a = out) or
excitation (a = in) frequency ωa. The Jacobian conversion satisfying

∫
I(k)dk =

∫
I(θ)dθ is taken

into account.[62] The case for emission is shown. Excitation is very similar as dispersion effects
do not strongly alter the spectra. Compared to (a) the OP dipole contribution in the isotropic
case (c) leads to an increase of the height difference ∆ of the outer and inner maxima and a less
pronounced minimum at |kx/k0| = 1 (the angle of total internal reflexion). (d) Excitation scheme,
sketches of the in-plane and out-of-plane dipole radiation patterns. The calculated 2D k-space
spectra, false color plots, display the modeled p-polarized emission I(kout

x ) as a function of the
excitation wave vector (kin

x ). The case for resonant excitation is shown.

As the radiative rates are related to the TDMs via eq. 2.5 we can model the measured angularly

dependent emission and absorption characteristics. This allows direct access to the internal

distribution of TDMs in IP and OP directions. For a detailed discussion of Fresnel terms and

photon density of states see appendix 2.6.

Figure 2.3 shows the theoretical predictions for pure IP transition dipoles (row (a)), pure OP

transition dipoles (b) at the emission energy. For an isotropic TDM distribution, shown in (c),

67% IP to 33% OP is expected, due to two degenerate IP dipole orientations in x and y-direction

and one OP dipole orientation in z-direction. The formalism for emission and excitation spectra

is analogous.[63] In our case – of continuum excitation and lowest exciton emission – the k-space

spectra (for the same TDM distribution) vary only slightly due to the materials dispersion

relations at the excitation and emission frequencies. Therefore the following discussion is valid

for the PL emission intensity as a function of kinx as well as for the emission spectra I(koutx ).



26 2 Directed Emission from Oriented Nanoplatelets and Relation to Bloch States

The left column of figure 2.3 (a-c) displays the k-space dependent luminescence intensity I(k).

For comparability the total intensity
∫
I(k)dk is the same in all three cases (a-c). The right

column shows the corresponding polar representation (angle θ with respect to the surface normal

of the sample plane). Typical features of the k-space spectra translate into characteristic angular

emission patterns in the right hand column.

The two side lobes in the pure IP dipole emission pattern correspond to modes beyond the

angle of total internal reflection (TIR) of the glass to air interface (|kx|/k0 = 1). They can

be observed with our objective due to the index matching immersion optics used. A perfectly

in-plane oriented transition dipole has no electric field component in the z direction and we

thus expect no emission or absorption around the TIR angle, as seen in (a). In contrast, pure

OP dipoles can only interact with the light field in a small region of k-vectors (angles) around

|kx/k0| = 1 (TIR angle), seen as two lobes in (b).

An important characteristic of k-space spectra is the height difference ∆ between the side

lobes and the local maximum at |kx|/k0 = 0, shown in figure 2.3 a and c. It increases with

increasing OP contributions. Further, the contribution of OP dipoles in an isotropic distribution

of transition dipoles (figure 2.3 c) leads to less deep dips at |kx|/k0 = 1 as compared to the pure

IP case.

In our 2D k-space spectroscopy we measure the emission I(koutx ) at different excitation k-

vectors kinx . For addressing IP and OP dipoles the excitation beam is p-polarized and varies in

kx, as indicated in figure 2.3 (d). Panel (d) also displays two dimensional plots of the k-vector

dependent luminescence intensity of pure IP or OP dipoles, which depends both on the excitation

and emission k-vector, kin and kout, respectively. For resonant excitation the 2D k-space images

are symmetric.[63]

The false color plots in figure 2.4 a and b show the measured p-polarized emission I(koutx ) as a

function of the excitation wave vector (kinx ) for platelets (a) and for the QD reference sample (b).

These 2D k-space maps are obtained by plotting the cut in x direction of the back aperture image

(see figure 2.2 b and c) for every excitation angle kinx . QDs’ 2D k-space maps are symmetric,

the NPLs’ less so – a first indication that NPLs have different transition dipole distributions

for absorption and emission. (Absorption and emission are measured different energies, see

figure 2.5 (b) and (d)).

The cross sections for emission spectra I(koutx ) are marked as vertical dotted lines for kinx /k0 =-

1.23; -1 and 0 (red, blue and gray respectively). They are plotted intensity normalized on

the right side of the false color plots. The curves on top of the false color plots show the

(intensity normalized) cross section I(kinx ) at koutx /k0 = 0, marked as dash-dotted horizontal

white lines. From the horizontal (excitation) and vertical (emission) cross sections we find that
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Figure 2.4: 2D k-space spectra of CdSe nanoplatelets (a) and quantum dots (b) The
false color plots are obtained by plotting the measured p-polarized emission I(kout

x ) for every
excitation wave vector (kin

x ). Crossectional plots on top of 2D plots: Intensity normalized horizontal
cross section, i.e. emission at kout

x /k0 = 0 as a function of excitation. Plots to the right: Intensity
normalized vertical cross sections at: kin

x /k0=-1.23, -1 and 0, red, blue and gray, respectively. Fit
curves are added as black lines as well as the resulting in-plane (IP) transition dipole contributions.
We find highly anisotropic distribution of emitting NPL dipoles. (c) and (d): Calculated 2D k-space
spectra for platelets and dots.

the angular emission changes in overall intensity but its shape is independent of the excitation

angle (kinx ). According to the discussion above this indicates that different dipoles are involved

in the absorption process at 415 nm and the emission at 513 nm. Thus the electronic system has

no ’memory’ of the excitation field’s polarization.

As seen in figure 2.4 (a) the height difference ∆ between the maximum of the center and of

the side lobes is smaller for emission compared to excitation. Further the dip around the TIR

angle |kx|/k0 = 1 for platelet emission I(koutx ) is more pronounced than for excitation. Following

the discussion in figure 2.3 nanoplatelets must have a lower fraction of emitting OP transition

dipoles, compared to absorption.

This conclusion can be confirmed by comparing the experimental results to our theory.

All model parameters are determined by literature values and experimental conditions, e.g.

nanocrystal sizes, monolayer thickness and resulting dielectric functions of effective medium at

the absorption and emission photon energy. They are listed in Table 2.1 in appendix 2.6. The
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only free parameters (determined by least square routine) are the dipole distributions, i.e. the

ratio of IP to OP dipole moments in absorption and emission as described in appendix 2.6.

The fit-model results are shown as black solid curves in figure 2.4 a and b, and as 2D k-space

maps I(kinx ,koutx ) in c and d for NPLs and dots, respectively. For both NPLs and dots we

observe an excellent agreement of the model with the experimental results for emission and

excitation. The fit of the absorption characteristics of nanoplatelets (dots) yields 70% (69%) IP

and 30% (31%) OP contributions. Also for the emission of CdSe dots we observe a nearly ideal

isotropic 68% IP to 32% OP ratio. The angular emission from dots thus does not differ from

their excitation.

The observed small deviations of the excitation characteristics of platelets and dots (top panels

of figure 2.4 (a) and (b)) are the result of dielectric effects. As mentioned above our nanoplatelet

monolayer samples form an anisotropic effective medium differing from the QD monolayer.

However, the angular dependent emission of CdSe nanoplatelets is considerably distinct from

their absorption. From our model we deduce a 95% IP to 5% OP distribution of the transition

dipole for the CdSe nanoplatelets’ heavy hole emission. All values given above have an absolute

error margin determined as ±5%.

A more intuitive representation of k-spectra are polar plots. They allow for an estimate

of the radiated power per solid angle in a given direction. Figure 2.5 (a) and (c) display the

angular dependent characteristics of platelets and dots for p-polarized excitation (blue frame)

and emission (green frame). Figure 2.5 (b) shows that the CdSe platelets are excited in the 2D

absorption continuum, as the expected step like, constant density of states is observed near the

excitation laser energy. For the used dots an excitation energy of 2.99 eV also leads to continuum

state absorption, figure 2.5 (d). Here the excited carrier states do not depend on the spatial

quantum confinement. As discussed later the TDM distribution of the QD ensemble is isotropic.

Due to the high contribution of IP transition dipoles the emission of CdSe platelets is

concentrated strongly along the surface normal. The ratio of the intensity within the angle of

total internal reflexion compared to the intensity of the side lobes increases from 3.5 (excitation) to

5.0 (emission) in figure 2.5 (a). Therefore NPLs can be considered as highly directional emitters.

The strong anisotropic confinement in the CdSe nanoplatelets has induced a predominant

orientation of the TDM in a bright plane that coincides with the nanoplatelets’ plane. Dipole

transitions in the orthogonal direction (OP) are absent as discussed later.

The insets in figure 2.5 (b) and (d) show the actual distributions of the transition dipole

moments of nanoplatelets and quantum dots in emission and continuum absorption. The

measured 95% IP contribution for CdSe platelets leads to a strongly oblate shape, reflecting the

bright plane.
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Figure 2.5: Angular dependent p-polarized emission and excitation of CdSe nano-
platelets and spherical quantum dot monolayers. (a) and (c): Polar plots of the angular
dependent emission (θout, green frame) and the excitation (θin, blue frame) along with theory
curves. Data and model are normalized to their total intensity, i.e. area under curve. The emission
is measured for θin = 0. The excitation curves are obtained by integrating the detected emission
over θout. (b) and (d): Absorption and photoluminescence spectra of the studied nanoplatelets and
QDs along with the exciting laser. Insets: distributions of dipole moments for random orientation
and for the strong anisotropic case of the emission of the oriented NPL monolayer calculated from
our model.

This has a great technological advantage. For example, light extraction efficiency in quantum-

well LED technology suffers from high contributions of OP dipoles.[64] In AlGaN-based LEDs,

for instance, this limits the total extraction efficiency to below 10% [65]. Zincblende NPLs

have (nearly) only IP TDMs in emission. Thus the out-coupling of radiation (within the TIR

angle) is strongly enhanced and non out-coupled radiation efficiently suppressed compared to, for

example, an isotropic emitter (see figure 2.5 a and c). Hence NPLs and comparable 2D materials

are promising candidates for efficient LED technology, boosting the out-coupling efficiency. In

particular ZB CdS[19] nanoplatelet based LEDs with adjustable UV emission may overcome the

fundamental light-extraction efficiency limitations[65] of AlGaN-based LEDs.
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2.4 Radiation Patterns of Oriented Nanocrystals

Up to now the external emission characteristics of the nanoparticle monolayers embedded in the

three layer system have been discussed. We now consider to which extent the directionality of

dipoles can be translated to the radiated field of CdSe nanoplatelets, and how it is affected by

the surrounding dielectrics. The internal distribution of transition dipole moments in the CdSe

nanoplatelet and QD monolayers could be extracted with the presented model. This allows

the reconstruction of radiation intensity patterns of an oriented platelet monolayer in different

dielectric surroundings.

The dipole distribution in the NPL or QD monolayer ensembles can be defined as an ellipsoid

with the semi-axes µ̃r,IP = Nr,IP |µIP (ω)|2 for both in-plane directions (x and y axes) and

µ̃r,OP = Nr,OP |µOP (ω)|2 for the z-axis:

|µ(θ,φ)|2 =
µ̃2
r,IP µ̃r,OP√

(µ̃r,IP µ̃r,OP cosφ sin θ)2 + (µ̃r,IP µ̃r,OP sinφ sin θ)2 + (µ̃2
r,IP cos θ)2

(2.6)

The radiance of a Hertzian dipole of strength |µ|2 can be expressed in spherical coordinates for

θ from 0 to π and φ from 0 to 2π as D̃(θ,φ,r) = |µ|2R(r)D(θ,φ). Its angle dependent emission

characteristics are given as:

D(θ,φ) = C2
(
1− cos2 θ

)
(2.7)

The constant C2 is chosen so that D(θ,φ) is in units of W/sr(Cm)2, i.e radiant intensity per

dipole moment squared.

Let us consider a unit sphere (with radius r) containing a monolayer ensemble of NPLs or

QDs in its center. The irradiance transmitted through the surface of the sphere at a given solid

angle is then Ir(θ,φ). To compare the radiation characteristics of the NPL and QD monolayer

ensembles their total emitted power Itot =
∫ ∫

Ir(θ,φ)dΩ with dΩ = sin θdθdφ is assumed to be

identical.

First, we study the case of a CdSe nanoplatelet emitting into a material without dielectric

contrast to CdSe. This resembles excitons radiating into a virtually infinite CdSe medium. This

intra platelet radiation pattern Ir(θ,φ) is given by the convolution of the dipole distribution

ellipsoid |µ(θ,φ)|2 with the angle dependent radiation pattern of a Hertzian dipole D(θ,φ)–as

indicated in figure 2.6 (a).

Ir(θ,φ) =
π∫

0

2π∫
0

|µ(θ − θ′,φ− φ′)|2 ·D(θ′,φ′)dΩ′ (2.8)
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This pure electronic contribution to the radiation pattern is shown in blue for NPLs and in

orange for dots in figure 2.6 (b). The radiation emission pattern of a single transition dipole

(like in many organic molecules[63]) is isotropic in the plane perpendicular to the dipole axis

and hence not directional, see Hertzian radiation pattern in figure 2.6 (a). Clearly, the emission

resulting from two degenerate dipoles forming a bright plane is by far more directional, see

figure 2.6 (b).

Now we consider an isotropic surrounding with dielectric contrast to the CdSe nanocrystals.

The refractive index of a matrix in which nanocrystals are typically embedded, oleic acid

n=1.46[58], is chosen for the surrounding. This simulates a realistic environment. The dielectric

effects are described by local field factors fx,y,z of the NPLs[54] at the exciton emission energy.

By averaging over the two in-plane components on the long axes of the platelets fx and fy we

take the azimuthal random orientation of the NPL monolayer ensemble into account:

〈
|f |2 (θ)

〉
φ

=
∫ 2π

0 |f |2 (φ, θ)dφ∫ 2π
0 dφ

(2.9)

using the field factor ellipsoid |f |2(θ,φ) as defined in eq. 1.27.

For directions parallel (IP) and perpendicular (OP) to the monolayer of oriented NPLs the

in-plane averaged local field factors at the frequency ω in an isotropic surrounding are:

〈
|f(ω)|2

(π
2

)〉
φ

= |f(ω)|2IP〈
|f(ω)|2 (0)

〉
φ

= |f(ω)|2OP
(2.10)

Similarly to the transition dipole ellipsoid we can define the local field factor ellipsoid |f |2 (θ,φ)

– obtained by replacing µ̃r,IP and µ̃r,OP in equation 2.6 by |f(ω)|2IP and |f(ω)|2OP , respectively.

The product[49, 66] of the field factor ellipsoid and the dipole distribution |µ(θ,φ)|2 is convo-

luted with the radiation pattern of a Hertzian dipole

Irlf (θ,φ) =
π∫

0

2π∫
0

|µ(θ − θ′,φ− φ′)|2 · |f(θ − θ′,φ− φ′)|2 ·D(θ′,φ′)dΩ′, (2.11)

with dΩ′ = sin θ′dθ′dφ′. The obtained angular dependent radiation intensity of an emitter in an

isotropic dielectric medium is shown in figure 2.6 (c) for NPLs (magenta) and QDs (orange).

Platelets have a highly anisotropic shape and high dielectric contrast to a typical ligand

or polymeric surrounding. Their in-plane local field factors (|fIP |2) exceed the one in the

out-of-plane direction (|fOP |2) by a factor ∼ 9. The radiation from in-plane dipoles, i.e. the

bright plane, is thus also favored by the dielectric effects. This leads to an even more directed
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Figure 2.6: Radiation patterns of nanoplatelet and quantum dot monolayer ensembles
in isotropic media. (a) The transition dipole distribution |µ|2(θ,φ) (shown here for platelets as
derived from the fits in figure 2.5) is convoluted with the radiation pattern of a Hertzian dipole. The
nanoparticle monolayers are oriented in the x,y plane. (b) The obtained radiation intensity pattern
of nanoplatelets (blue) and dots (orange) of the pure electronic contribution, as if the emitters were
embedded in a medium without dielectric contrast to CdSe. (c) The external radiation patterns
of platelets (magenta) and dots (orange) are calculated for an isotropic dielectric surrounding of
oleic acid, taking local field factors into account. The data in (b) and (c) is normalized to the
total intensity Itot emitted over 4π. (d) Comparison of radiation patterns of dots (orange) and
NPLs with and without dielectric effects (blue and magenta) in the x,z plane. Clearly, platelets
emit predominantly in direction of the surface normal, which corresponds to 0 and 180 degrees.
Dielectric effects (magenta) further enhance this directionality.

emission in a realistic environment, as seen in figure 2.6 (c). On the other hand, QD monolayer

ensembles emit isotropically since they have both an isotropic orientation and local field factors.

The cut through the x-z plane of the radiation patterns is plotted in figure 2.6 (d). In a

surrounding with no dielectric contrast to CdSe the intensity emitted perpendicular to the

platelet is ∼ 4 times higher as into the x-y plane (blue curve). When considering dielectric

effects in a typical surrounding (magenta) this values reaches ∼ 16.

We conclude from figure 2.6 that the emission of the CdSe nanoplatelets is highly directed

normal to the platelet plane due to the existence of a bright plane of IP dipoles. A bright plane

results in much more directional radiation as a linear dipole. This electronic effect is further

intensified by the shape of the platelets in a dielectric surrounding.

The relevance of alignment of transition dipole moments with the dielectrically favored axes of

the crystal and the influence of TDM distributions is illustrated in figure 2.7. It gives an overview

of the transition dipole distributions, local field factor ellipsoids and resulting radiation patterns

for CdSe wurtzite rods and ZB nanoplatelets. ZB dots are added for comparison. Rods grow

only in WZ structure, the c-axis coincides with the long axis of the rod. The TDM is along this

axis. The local field factors are highest along this axis so the out-coupling efficiency is–as for the

NPLs–dielectrically favored. The pattern here is calculated for rods aligned along their c-axis

with a similar disorientation as our NPL monolayer allowing for some IP dipole contribution

(80% OP 20% IP). The radiation pattern is very similar to the Hertzian radiation pattern of a
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Figure 2.7: Alignment of bright plane and local field factors and resulting radiation
patterns of CdSe zincblende dots and platelets and wurtzite rods. Top row: The transi-
tion dipoles of the emitting exciton in ZB platelets form a bright plane and wurtzite nanorods a
bright axis. Middle row: Local field factors obtained from modeling the nanocrystals as ellipsoids
in oleic acid. Dots of 4 nm diameter, rods with 2.6 nm diameter and 6 nm length and the 4.5ML
20x10 nm2 NPLs used above. For NPLs the local field factor ellipsoid coincides with the bright
plane, for NRs the long axes of TDM and local field factors also coincide. This leads to a quasi
Hertzian emission pattern from nanorods in a dielectric surrounding (oleic acid) compared to the
directed emission from nanoplatelets.

linear dipole. As mentioned above it is not isotropic but also not directed. In a more realistic

situation, e.g. obtained from Langmuir technique, rods would lie flat on a substrate[67]. As a

result the c-axis would be randomly oriented in the substrate plane and the emission isotropic.

2.5 Theoretical Considerations

The microscopic origins of the formation of a bright plane in CdSe nanoplatelets are discussed

in the following. The presented concepts are based on the work of Juan I. Climente (Universitat

Jaume I, Castelló de la Plana, Spain).

The optical anisotropy of ZB NPLs can be explained from their electronic structure. One can

describe the NPL as a cuboid with dimensions Lx ≥ Ly � Lz. For a qualitative study, we can

restrict to a simple effective mass description, disregarding band coupling. The wave function of

confined carriers is then given by Ψi = f iν,n |ui〉, where i = e,hh,lh,so indicates electron, heavy



34 2 Directed Emission from Oriented Nanoplatelets and Relation to Bloch States

hole, light hole or split-off hole, respectively. f iν,n is the envelope function, defined over the entire

NPL, whose point symmetry is ν and its main quantum number is n. |ui〉 is the band-edge

periodic function (Bloch function) at the Γ point, defined over the unit cell.

Periodic functions of electrons and holes

For ZB crystals with spin-orbit interaction, it is customary to define the periodic Bloch functions

in a basis of spherical harmonic functions with well defined total (orbital plus spin) angular

momentum and its z-projection, |J,Jz〉.[68] For conduction electrons, which have s-like symmetry,

the orbital angular momentum is l = 0. Hence, J = l + σ = 1/2. |ue〉 (including spin) can then

take the following forms:

|12 ,
1
2 〉e = |S〉| ↑〉 |12 ,−

1
2 〉e = |S〉| ↓〉

For valence band holes, which have p-like symmetry, the orbital angular momentum is l = 1.

Hence, J = 3/2, 1/2. For J = 3/2, Jz = ±3/2 projections correspond to the heavy hole subband.

|uhh〉 can then take the following forms:

|3/2,3/2〉 = − 1√
2
|(X + iY )〉| ↑〉 |3/2,− 3/2〉 = 1√

2
|(X − iY )〉| ↓〉.

In turn, J = 3/2 with Jz = ±1/2 projections correspond to light hole subband. |ulh〉 can then

be:

|3/2,1/2〉 =
√

2
3 |Z〉| ↑〉 −

1√
6
|(X + iY )〉| ↓〉 |3/2,− 1/2〉 =

√
2
3 |Z〉| ↓〉+ 1√

6
|(X − iY )〉| ↑〉.

Last, J = 1/2 corresponds to the split-off subband. |uso〉 can then be:

|1/2,1/2〉 = 1√
3
|Z〉| ↑〉+ 1√

3
|(X + iY )〉| ↓〉 |1/2,− 1/2〉 = − 1√

3
|Z〉| ↓〉+ 1√

3
|(X − iY )〉| ↑〉.

Strong confinement lifts heavy-light hole degeneracy at the Γ -Point

Considering the strong confinement in z-direction [001] (perpendicular to the platelet plane), the

energy of a carrier j is roughly given by Ej ≈ EjΓ + ~2π2

2mj[001]L
2
z

. Here Ej is the energy splitting

from the top of the respective band at the Γ point, and mj
[001] the effective mass in z-direction.

Unlike in wurtzite semiconductors, the top of the valence band in bulk ZB semiconductor has

degenerate hh and lh subbands (EhhΓ = ElhΓ ), see figure 2.8 (a). As the names infer the hh

effective mass (mhh
[001] = 0.33) exceeds the lh’s (mlh

[001] = 0.13) in z-direction[69] so that the top

of the valence band is formed almost exclusively by hh states. lh states and split-off holes are
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Figure 2.8: The contribution of different Bloch states determines the isotropic ab-
sorption and anisotropic emission of zincblende CdSe nanoplatelets (a) Bulk zincblende
(ZB) semiconductor has degenerate hh and lh subbands. The effective masses along the growth
direction are heavier for hh than for lh, so the top of the valence band in NPLs is formed almost
exclusively by hh states. (b) Schematic of the conduction band electron and valence band hole
energy levels in a rectangular (D2h) NPL with ZB crystal structure. Symmetry labels for envelope
|ν〉 and periodic parts |uj〉 of a few states, |ν〉|uj〉, are given. The envelope functions, characterized
by their basic symmetries (|Ag〉 and |B2u〉), are shown on the left. The Bloch states are given
color-coded at the bottom of (b). (hh): Dipole-allowed near-band-edge transitions (emission).
(cont.): Dipole-allowed high energy transitions in absorption. In emission only hh levels (red) are
involved, resulting in prevailing out-of-plane emission. In continuum absorption (cont.) hh, lh and
split-off holes are equally involved, resulting in isotropic absorption. The corresponding transitions
of (hh) and (cont.) are indicated in the NPL absorption spectrum in (c). In contrast to the bulk
case shown in (a) the confinement lifts the degeneracy of the hh and lh.

split by hundreds of meV, as noted in different experiments[17, 19] and indicated in figure 2.8 (c).

Owing to the large energetic separation between hh and lh states, low-energy levels are expected

to have weak hh− lh coupling.

A diagram of the electron and hole energy levels resulting from the above considerations is

plotted in figure 2.8 (b). The levels are labeled by the corresponding periodic function as well as

the envelope function symmetry related to the D2h point group of the rectangular nanoplatelet.

Polarization of inter-band transitions

The oscillator strength of a transition between a conduction and valence band level is proportional

to |µej |2 = |〈feνe,ne |f
j
νj ,nj 〉 〈ue|µ|uj〉|

2. The envelope integral provides selection rules, as only

transitions fulfilling δνe,νj will be allowed. The integral over the unit cell 〈ue|µ|uj〉 defines the

polarization of the emitted/absorbed light, as we show next.

µ = q ~r stands for the dipole moment of the electromagnetic radiation, with q the electric

charge. |uj〉 functions are given in the previous section. The cubic symmetry of zincblende
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crystals leads to 〈S|x|X〉 = 〈S|y|Y 〉 = 〈S|z|Z〉 = K, with all other integrals being zero. Note

that, while in bulk x, y and z directions are equivalent, in the presence of confinement z is taken

as the ([001]) direction. This is in line with the surface normal [001] of the platelets. With these

considerations, one can compare 〈ue|µ|uj〉 for different kinds of interband transitions.

For transitions involving hh levels, |〈ue|µ|uhh〉|2 can take the following values:

|〈1/2, 1/2|µ|3/2, 3/2〉|2 = |〈1/2,−1/2|µ|3/2,−3/2〉|2 = q2 K2


1
2
1
2

0

 (2.12)

|〈1/2, 1/2|µ|3/2,−3/2〉|2 = |〈1/2,−1/2|µ|3/2, 3/2〉|2 = ~0.

For transitions involving lh levels, |〈ue|µ|ulh〉|2 can take the following values:

|〈1/2, 1/2|µ|3/2, 1/2〉|2 = |〈1/2,−1/2|µ|3/2,−1/2〉|2 = q2 K2


0

0
2
3

 (2.13)

|〈1/2, 1/2|µ|3/2,−1/2〉|2 = |〈1/2,−1/2|µ|3/2, 1/2〉|2 = q2 K2


1
6
1
6

0

 .

Last, for transitions involving so levels, |〈ue|µ|uso〉|2 can take the following values:

|〈1/2, 1/2|µ|1/2, 1/2〉|2 = |〈1/2,−1/2|µ|1/2,−1/2〉|2 = q2 K2


0

0
1
3

 , (2.14)

|〈1/2, 1/2|µ|1/2,−1/2〉|2 = |〈1/2,−1/2|µ|1/2, 1/2〉|2 = q2 K2


1
3
1
3

0

 .

Equation 2.12 shows that transitions between electron and hh are enabled only by in-plane (x,y)

polarized light. Therefore, a heavy hole exciton Ψ = ΨeΨhh forms an in-plane electronic dipole,

identified as the bright plane. Since the levels near the top of the valence band in NPLs are of hh

character, this explains the fact that most photoluminescence emission propagates orthogonal to

the NPL plane. By contrast, eqs. (2.13) and (2.14) show that transitions between electron and lh

or so holes are enabled by any light polarization. For high energy interband transitions, like those

in the absorption measurements above, the final state can be of hh, lh or so character (or mixed
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character) with similar likelihood. In such a case |µej |2 =
∑
j |µej |2|/3 = q2 K2 (1/3,1/3,1/3).

That is, the polarization and the propagation of light is isotropic, as indeed observed in our

experiment.

In photoluminescence experiments, electron-hole recombination takes place between states

near the band edges, as population excited in the continuum relaxes fast and radiationless to

the band-edge. As shown in figure. 2.8 (b) column (hh), this involves only emission from the

heavy hole to which all excited higher excitons and e-h pairs cool down. The emission dipoles of

these hh excitons lie in the x-y plane and are thus IP. This theoretical expectation is in excellent

agreement with our measured 95% IP dipole orientation, considering our error margin of 5%.

Consequently, emission is mostly orthogonal to the NPL surface. Notice this is independent of

the envelope function symmetry, and hence compatible with previous works suggesting emission

can have finite contribution from excited (B2u) excitons. (Ref. [27] and Chap. 3). On the other

hand, our absorption experiments are performed at high energy. As shown in Figure 2.8 (b)

column (cont.), optical transitions include any kind of hole state (or their mixture). On average,

this means that the continuum absorption in our CdSe nanoplatelets is isotropic with respect to

the internal dipole distribution. This again is in agreement with our experimental results of a

nearly isotropic transition dipole distribution (70% in-plane to 30% out-of-plane) in absorption.

Conclusion

Using two-dimensional k-space spectroscopy we have demonstrated the directed emission of

highly oriented CdSe nanoplatelet monolayers. The presented analysis shows that the heavy-hole

(hh) exciton transition dipoles are oriented in a bright plane that coincides with the platelet

plane. The resulting out-of-plane directed emission is additionally favored by dielectric and local

field effects of the platelets.

It has further been shown that the observed anisotropic transition dipole distribution for

the lowest hh excitons is directly related to the basic anisotropy of the electronic Bloch states

governing the dipole moment. It is observable because the ultra-strong confinement lifts the

heavy-hole light-hole degeneracy. Ultimately, k-space spectroscopy allows direct access of the

internal Bloch states. The transition dipole distribution in the platelets’ 2D continuum, however,

has no preference: As the absorption and emission of quantum dot monolayers it is isotropic.

The combination of isotropic absorption and highly anisotropic emission makes CdSe nano-

platelets interesting for photonic applications like in display technology or lasing, where directed

emitters are desirable. As losses to non out coupled modes (under oblige angles) are suppressed

due to the dominating IP emission we show a route to overcome basic limitations to light

extracting efficiency in devices such as displays or LEDs.
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Gain media of oriented platelets in super structures are expected to outperform random

oriented or spherical nano emitters. Improved inversion conditions and reduction of losses

through spontaneous emission might be achieved with high directional gain and flexible pump

directions.

Exciton funneling in a solar cell funnels a broad energy spectrum of absorbed radiation to a

narrow energy band. In NPLs the contrasting properties of isotropic absorption in the broad

continuum, yet anisotropic emission of the heavy hole exciton might give funneling a new aspect:

Energy and k-space funneling. Energy in the whole continuum is collected isotropically in

k-space. It is then concentrated to the lowest states, where it is directionally re-emitted – an

energy and k-space concentrator.

Finally, the presented concept of combining 2D k-space spectroscopy and the assessment of

the underlying crystal Bloch functions can be applied to other systems such as 2D transition

metal dichalcogenides or perovskites to engineer their properties and investigate their electronic

system and effects of confinement.
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2.6 APPENDIX: k-space Analysis

In this section we develop the theory describing the k-vector and optical density of states

dependent absorption and emission.

For an isotropic dipole transition, the emission rate per unit frequency (δω) and in-plane

momentum (δk||) can be written as [30, 61]

Γ s,p = A(ω)ρ̃s,p(ω, kx) (2.15)

with the normalized electric local density of states

ρ̃s,p(ω, kx) = ρs,p(ω, kx)
ρ0(ω) (2.16)

The total spontaneous emission rates (i.e. Einstein coefficients) for electric dipoles within a

homogeneous isotropic medium (ε = εrε0) are given by Fermi’s golden rule [48]:

A(ω) = ρ0(ω)πω3~
|µ(ω)|2

ε
(2.17)

Here, ρ0(ω) = ω2(εµ)3/2/π is the density of electromagnetic modes in the emitter medium and

ω is the emission frequency. To distinguish between transition dipoles lying in-plane and those

that lie out-of plane, we write the respective rates as:

AIP (ω) = ρ0(ω)πω3~Nr,IP
|µIP (ω)|2

ε

AOP (ω) = ρ0(ω)πω3~Nr,OP
|µOP (ω)|2

ε

(2.18)

where Nr,IP |µIP (ω)|2 and Nr,OP |µOP (ω)|2 are in-plane and out-of-plane projections of the dipole

strengths with respect to the principle axes of the dipole ellipsoid. Nr,IP and Nr,OP are the

relative weights, which depend on orientation. As we are using cuts in the x-direction of the

x− y plane in our experiments we analyze only the x component of the rotationally symmetric

external radiation pattern, which is shown in figure 2.2. This way we obtain the ratio of the

IP transition dipole contribution in x direction to the OP contribution from z-oriented dipoles

from our model fits in figure 2.5. From this two dimensional (x-z–plane) IP to OP ratio we can

calculate the ratio taking also the (IP) dipoles oriented in the y direction into account. This

corresponds to the real contribution of all OP and IP contributions to the total emission in three

dimensions. The fraction Rx−z of IP and OP dipole contributions to the emission in the x-z
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plane is defined as

Rx−zIP = Nr,IP |µIP (ω)|2

Nr,IP |µIP (ω)|2 +Nr,OP |µOP (ω)|2

Rx−zOP = Nr,OP |µOP (ω)|2

Nr,IP |µIP (ω)|2 +Nr,OP |µOP (ω)|2

(2.19)

and the 3D fraction of OP and IP contributions as:

R3D
OP = 1

2
Rx−z
OP

− 1
(2.20)

R3D
IP = 1−R3D

OP (2.21)

With these equations we calculate the fractional IP and OP contributions with respect to 3D

space.

The geometry used for k-space analysis consists of three dielectric layers schematically shown

in Figure 2.9. Glass substrate, immersion oil and microscope objective are taken as one layer

with (ε1) followed by a thin sample layer (ε2) of thickness DML, that contains either NPLs or

QDs. The third layer is air (ε3). The plane of incidence is chosen to be the x− z-plane, which

defines the s-polarized field to point in the y-direction.

With the vacuum wave-vector k0 = ω
c and the wave-vector component parallel to the interface

kx = √ε1k0 sin(θin), which is conserved between each layer, we get for the perpendicular

components

ki,z =
√
k2

0εi − k2
x (2.22)

in media i=1,2,3, respectively.

If the emitter is placed in an uniaxial material as described above by the local field approach

to the effective medium, we can calculate the effective permittivities with eqs. 2.1 and 2.2 for

the axis parallel (εIPeff ) and the axis perpendicular to the interface (εOPeff ) . In the case of pure

e1

e3

e2 DML

k z1,

k1,x

k1

x

z

y

mOP

mIP

k z1,

Substrate

Immersion oil

High N.A. objective

Figure 2.9: Scheme of k-space coupling geometry.
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s-polarization, the electric field directly follows the dielectric function along the interface and its

wave-vector is

ks2,z =
√
k2

0ε
s
2 − k2

x, where εs2 = εIPeff (2.23)

For p-polarized light, we can define an angle-dependent dielectric function

εp2(θin) =
εIPeffε

OP
eff√

(εIPeff sin θin)2 + (εOPeff cos θin)2
(2.24)

to take into account the anisotropy of the material. The respective wave-vector is then given by

kp2,z =
√
k2

0ε
p
2 − k2

x (2.25)

For reciprocal (linear, time-invariant) media, the linear density of states is proportional to the

absorption rate for an identically oriented dipole [70].

ρ̃s,p(ω, kx) = C0

∣∣∣Ex(ω, kx)
Es,p0

∣∣∣2 + C0

∣∣∣Ey(ω, kx)
Es,p0

∣∣∣2 + C0

∣∣∣Ez(ω, kx)
Es,p0

∣∣∣2 (2.26)

with

C0 = 1
8πk2

0

k0

k3,z
(2.27)

Now we can distinguish between in-plane and out-of-plane contributions to the density of

electromagnetic modes in the emitter medium:

ρ̃sIP (ω,kx) = C0

∣∣∣t̄s12e
1
2 ik

s
2,zDML(1 + rs23e

iks2,zDML)
∣∣∣2

ρ̃pIP (ω,kx) = C0

∣∣∣ kpz2√
εp2k0

t̄p12e
1
2 ik

p
2,zDML(1− rp23e

ikpz2DML)
∣∣∣2

ρ̃pOP (ω,kx) = C0

∣∣∣ kx√
εp2k0

t̄p12e
1
2 ik

p
z2DML(1 + rp23e

ikpz2DML)
∣∣∣2

(2.28)

where multiple reflections are taken into account by a Fabry-Pérot model.

t̄s12 = ts12

1−rs23r
s
21e

2iks
z2DML

t̄p12 = tp12

1−rp23r
p
21e

2ikp
z2DML

DML is given in eqs. 2.3 and 2.4. The Fresnel coefficients are defined as

rsij = kz,i−kz,j
kz,i+kz,j , tsij = 2kz,i

kz,i+kz,j ,

rpij = kz,iεj−kz,jεi
kz,iεj+kz,jεi , tpij = 2√εi

√
εjkz,i

kz,iεj+kz,jεi .

for s- and p-polarization, respectively.

We can now fit a superposition of the in-plane and out-of-plane excitation and emission rates

to the observed experimental signal S from our samples for s-polarization and p-polarization
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Table 2.1: Permittivities used in the model. DML is the thickness of the effective medium (E.M.)
of ligands and nanocrystals, see eqs 2.3 and 2.4.
Material ε(ωexc.) ε(ωem.) DML(nm)
Bulk CdSe[57] 7.9+3.5i 7.9+2.6i
Oleic acid (OA) ligands[58] 2.129 2.129
Eff. medium NPLs+OA ordinary (εIPeff ) 2.663+0.263i 2.652+0.192i 5.6
Eff. medium NPLs+OA extraordinary (εOPeff ) 2.337+0.033i 2.332+0.026i 5.6
Eff. medium QDs+OA (εeff ) 2.335+0.058i 2.327+0.044i 8.2
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Figure 2.10: Polar plots of the measured external excitation (a) and emission (b)
characteristics in the x-z plane for CdSe nanoplatelets and dots along with the fits to the
presented theory.

and deduce the fraction of IP and OP dipole contributions.

Ss(ω,kx) = C1ρ̃
s
IP (ω,kx)AIP (ω)

Sp(ω,kx) = C1

[
ρ̃pIP (ω,kx)AIP (ω) + ρ̃pOP (ω,kx)AOP (ω)

] (2.29)

The s-polarization projections (ky-cut) originate only from IP dipoles, their intensity profile

merely depends on the dielectric function and thickness of the nanocrystal monolayer. The

parameters are listed in Table 2.1. The fits to s-pol and p-pol excitation and emission from NPL

and QD samples are shown in figure 2.10.



Part II

Controlling the Exciton Lifetime by

Shape, External Fields or Band

Alignment





45

st
1  approximation: 
Thermal occupation + constant rates

Exciton polarisation:

3 Level system LO phonon bottleneck

Resonant

∆E

Off-resonant

∆E

Temperature dependence Field dependence 

Stark shift:

Dephasing rates

Exciton - phonon coupling

Dipole polarisability

Exciton binding energy

Dynamics:  Rate equation model

2.4 2.5
 Energy (eV)

Transition dipole polarisability

Transition dipole moment

Field control of bottleneck
GOST effect in 2D

nd
2  approximation: 

Figure IIA: A three level system with a longitudinal optical phonon bottleneck gov-
erns the recombination dynamics of CdSe nanoplatelets. Temperature dependent studies
reveal the intrinsic radiative rates of the excited and ground state exciton and their inter-scattering
rate γ0 as a function of the platelet size. Applying an external field allows for manipulation of these
rates within one platelet size. Many other properties can be quantified by rate equation modeling
of static and dynamic photoluminescence data.

So far the (directed) emission properties at room temperature have given insight to the effect

of transverse confinement on the electronic system of CdSe nanoplatelets. Now we study their

dynamics. This will, amongst other findings, give insight into the effects of lateral confinement.

Time-resolved photoluminescence (TR-PL) measurements allow to access various aspects of

the studied electronic system[71], such as the exciton fine structure [72, 73], trions [74], biexcitons

[75, 76], amplified spontaneous emission and lasing dynamics [75, 77]. Since the coupling to

the light field also governs the dynamics, dielectric effects can be studied with TR-PL [48, 49].

Further it reveals non-radiative processes such as Auger recombination and energy transfer

processes [59, 78].

As mentioned in chapter 1 the radiative rate of an exciton is proportional to its transition

dipole moment. In a bulk semiconductor it is determined by the band-to-band dipole matrix

element – a property given by the material system. In lower-dimensional systems, however, the

confinement induced redistribution of oscillator strength allows to control and manipulate the

dynamics by their shape.

In this part of the work the radiative rates will be manipulated in three different ways:

intrinsically by the shape of the nanoplatelets [27], exploiting the Giant Oscillator Strength
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(GOST) effect; externally by applying an electric field [24]; and by spatially separating the

electron and hole wavefunction with an in-built type II band-alignment [79].

In chapters 3 and 4 the temperature dependent time-resolved PL of core only CdSe nanoplatelets

is studied. As illustrated in figure IIA a double emission is observed and related to two emitting

excitonic states. This ground state (GS) and excited state (ES) are identified as an s-state

and a p-state, with energies confirmed by theory. Their energetic separation decreases with

increasing platelet area and is of the order of the CdSe longitudinal optical (LO) phonon energy

– a situation that leads to an LO phonon bottleneck governing the inter-relaxation between the

two states. In a first approximation this three level system of GS, ES and the crystal ground

state is modeled by a rate equation system with temperature independent radiative rates in

chapter 3.

The model is refined in chapter 4 with the introduction of the GOST effect. It connects the

radiative rates with the homogeneous transition linewidths leading to temperature dependent

radiative rates. Careful analysis shows that the radiative rate is either determined by the physical

platelet size or by a smaller area given by the homogeneous linewidth. We extract, for the first

time, dephasing rates from a PL experiment, see figure IIA.

In chapter 5 the radiative rates in the platelets are externally manipulated by a static electric

field. As indicated in figure IIA the presented time-resolved stark spectroscopy allows to derive

the transition dipole moment of the excited and ground state exciton and their transition

polarizabilities – to our knowledge the ever reported for colloidal nanocrystals. Further, the first

experimental proof of the high exciton binding energy in CdSe nanoplatelets is given [24].

In the final chapter 6 type II CdSe-CdTe Core-wing nanoplatelets are studied. It will be shown

that the spatial separation of electron and hole wavefunction decreases the radiative rate of the

emitting transition by two orders of magnitude, compared to core only platelets. Electron and

hole are identified as Coulomb correlated excitons. This rules out unbound electron-hole pairs as

the emissions’ origin – an important implication for the applicability of these hetero-structures

in solar cells or lasing devices.

Throughout this part the global analysis of static and dynamic PL data will prove a powerful

tool, for example, for reducing fitting ambiguities when working with rate equation systems.
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Time-integrated and Time-resolved Photoluminescence Setup

Setup for time resolved and integrated photoluminescence experiments. By removing
mirrors M2 to M5 different excitation sources and wavelengths can be used. The emission of the
sample is collected by an objective and can be brought to a spectrometer with attached CCD for
time integrated measurements or to a streak camera or avalanche photo diodes for time resolved
measurements.

The experimental setup used for TR-PL It allows the consecutive measurement of time-

integrated and -resolved fluorescence of a sample in a cryostat or at room temperature. The

samples are excited in a confocal configuration and their emission detected through an objective

(N.A.=0.4). A spectrometer with an attached CCD (Horiba IHR550 and Roper Spec10) is

used for time-integrated measurements. For fast dynamics (chapters 3 to 5) a streak camera

(Hamamatsu C5680) is operated with 3.5 ps (120 ps) and 23 ps (2.2 ns) time resolution (range).

As excitation source the second harmonic (SHG) of a titanium sapphire laser at 420 nm is used.

The slow dynamics of type II systems in chapter 6 is recorded with avalanche photo diodes

(APDs) with 400 ns time range, the temporal response function is given in chapter 6. Here a

pulsed laser diode, GaN-diode excites the samples. A continuous wave (CW) laser diode at

409 nm is used for low excitation density measurements. The excitation source of time integrated

field dependent PL measurements (chapter 5) is a HeCd laser (CW at 441mn).





3 | Excited-State Luminescence and an LO Phonon

Bottleneck in CdSe NPLs

This chapter mainly consists of work published as Achtstein, A. W., Scott, R. et al. (2016), Phys.
Rev. Lett., 116(11). Figures are adapted with permission from ref. [27], ©2016 the American
Physical Society.

In this chapter the effects of the lateral CdSe platelet size on the temperature dependent

photoluminescence and its dynamics are studied. At first, emission from an excited excitonic

state is evidenced well below ground state saturation. It will be demonstrated in the following

that the energy difference ∆E between the ground state (GS) and this excited state (ES) strongly

increases with the lateral platelet quantization. The observed bi-exponential photoluminescence

decay of NPLs is connected to the very large radiative rates of the ES and GS and a longitudinal

optical phonon bottleneck governing their inter-relaxation. In nanoplatelets longitudinal optical

(LO) phonon modes are suppressed due to the strong transversal confinement [17]. This leads to

a slowdown of the ES–GS exciton transfer rate and subsequently to observable ES luminescence

well below ground state saturation.

The ES–GS inter scattering rate is size dependent. This size-tunable three level system is,

for instance, ideal to tune lasing properties – changing the inter-scattering rate between the

two states is expected to influence the inversion conditions of this system. CdSe platelets are

perfectly suited to control the exciton-phonon interaction by changing their lateral size while

the optical transition energy is determined by their thickness.

The size dependent energies as well as the population dynamics of ES and GS will be determined

by four independent methods: time-resolved photoluminescence (PL), time-integrated PL, rate

equation modeling and Hartree renormalized k ·p calculations – all in very good agreement.

Possible scenarios such as biexcitons, trions and LO phonon replica will be excluded as the origin

of the observed double emission. The k ·p calculations indicate that the ground and excited

state are related to an s- and p-state, respectively.

For the investigated CdSe nanoplatelets figure 3.1 (a) shows the evolution of the lowest exciton

s and p-states with increasing transversal confinement and anisotropy. Their (single particle)

wave functions and allowed transitions are indicated in panel (b).

http://doi.org/10.1103/PhysRevLett.116.116802
http://doi.org/10.1103/PhysRevLett.116.116802
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ΔE

(a) (b)

Figure 3.1: Anisotropic confinement lifts the p-state degeneracy. (a) Evolution of the
electron p-shell degeneracy when an isotropic quantum box evolves into a platelet with unequal side-
lengths. (b) Overview of the allowed optical (coulomb correlated) transitions observed in experiment
along with wave-function probability density plots in real space. A measured ground-state (GS)
and excited-state (ES) PL spectrum is pictured in the center.

Samples

The investigated 4.5 monolayer (ML) core-only CdSe NPLs with the first exciton absorption

bands around 512 nm (4.5ML) and 3.6x8.1, 17x6, 29x8, 30x15 and 41x13 nm2 lateral size were

synthesized as described in ref. 75. The sizes 21x7 and 30x10 nm2 were synthesized as in ref. 80.

Exemplary TEM images are shown in figure 3.2. The particles were redissolved in toluene and

embedded in PMAO polymer (from Aldrich) on thin fused silica substrates. They were mounted

in a Cryovac Conti IT cryostat (3.5-300K) in the setup shown in figure 2.12. The volume fraction

in the polymer was kept below 1% to avoid any aggregation or FRET effects [81].

3.1 Double Emission

The samples were excited at 420 nm by a 150 fs 75.4MHz Ti:Sa laser with ∼0.2W/cm2 (CW

equivalent). The dual photoluminescence (PL) emission of CdSe NPLs is shown in figure 3.2 (a).

We see an overall (slight) red-shift with increasing NPL size – as expected for decreasing lateral

confinement. Also the intensities and energetic separation of the two peaks changes with lateral

size. The peak centers and integrated peak areas of the excited state (ES) and ground state

(GS) are quantified by Voigt-fits. In figure 3.2 (b) the ES to GS peak area ratio is plotted versus

the ES-GS energy difference ∆E. A clear minimum close to the LO phonon energy in CdSe of

25.4meV is observed as a first hint to lateral confinement controlled LO-phonon coupling. From

figure 3.2 (c) it can be seen that the energy difference between the two states ∆E increases from

18 to 38meV with decreasing platelet size, i.e. with increasing lateral confinement. The results

of k·p envelope function theory are added in figure 3.1 (c) and discussed in appendix 3.6. We

find good agreement between calculated and experimental energy spacings.
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Figure 3.2: Excited and ground state emission in CdSe nanoplatelets. (a) Time-
integrated PL emission at 4K of 4.5 monolayer (ML) CdSe NPLs with increasing lateral size from
top to bottom (blue lines). The ground-state (GS) and excited-state (ES) emission peaks are fitted
with Voigt-profiles. (b) LO-Phonon bottleneck: ES–GS PL intensity ratios at 4K vs. the detuning
of the ES–GS energy spacing ∆E to the LO phonon energy. Open dots are deduced from (a), solid
dots from time-resolved spectra using data from fig. 3.3 and eq. 3.8. (c) ∆E from experiment (PL)
and calculations (Calc.) plotted vs. the NPLs’ area (sizes in nm in parenthesis, dotted line only a
guide to the eye).

3.2 Dynamics

To support the hypothesis of p-state emission and control of LO-phonon coupling by lateral

size we investigate the luminescence dynamics. Streak camera measurements on two time scales

of both emissions are performed. A short time scale streak image is shown in figure 3.3 (a). A

rate equation model describing the dynamics of a three level system will be compared to the

data. From the differing dynamics of the ES and the GS we will exclude the double emission to

originate from a zero-phonon peak and its first LO phonon replica. Biexciton and Trion emission

as well as GS saturation will also be ruled out by CW and power dependent measurements

in section 3.5. A table listing the experimental energy spacings can be found in table 3.1 in

appendix 3.6. Figure 3.3 (a+b) displays a streak measurement of 29x8 nm2 (lateral dimensions)

platelets along with spectral cuts in time showing the evolution of the dual ES-GS emission.

A fast ES and a slower GS PL decay can be observed and separated by fitting the spectral

contributions vs. time (fig. 3.3 (b)).

The ES fills the GS, while the ground state then decays on a longer time scale. The detuning of

the ES-GS energy spacing to the LO phonon energy (∆E−ELO) varies for the different samples

(c-f). In the resonant case (d+e) an ultra fast ES recombination and GS filling is observed.
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Figure 3.3: Excited and ground state dynamics in CdSe nanoplatelets at 4K. (a)
Transient PL decay and evolution of the ES and GS emission with time for a platelet size of
29x8 nm2 (b) Spectral cuts with exemplary Voigt fits at different times for 2 ps temporal bins.
(c)-(f) ES (red) and GS (black) transients obtained from Voigt fits as in (b) for different NPL sizes
and corresponding ES-GS spacings ∆E. The fits to the rate equation model (solid lines, eqs. 3.6
and 3.7) include convolution with the instrument response (IRF).

In the off-resonant case (c+f) the ES dynamics slow down. This effect is directly related to

the existence of an LO phonon bottleneck between the excited and the ground state. When

∆E 6= ELO the ES-GS inter-relaxation is suppressed. Correspondingly the ES/GS emission

intensity ratio increases with increasing detuning from the minimum at the LO phonon resonance,

as seen in figure 3.2 (b).

This trend is independently confirmed by both dynamic and static PL data: Time-integrated

ES/GS intensity ratios can be deduced from biexponential fits to the ES and GS decay transients

(solid lines in figure 3.3 (c-f) to be reasoned in the following). This ES/GS intensity ratio derived

from dynamic PL is in good agreement with that derived from the time-integrated PL data, see

open and solid dots in figure 3.2 (b).

3.3 A Three Level System - Rate Equation Model

To analyze the dynamics of the double emission in our CdSe nanoplatelets we employ a three

level system. As depicted in figure 3.4 it consists of the crystal ground state 〈0| (no exciton) and

ground 〈GS| and excited 〈ES| exciton states. GS and ES can decay radiatively into the crystal

ground state or non radiatively into trap states. They are connected to each other by an LO
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Figure 3.4: Scheme of a three level system with all the rates and energy levels used in the
rate equation model.

phonon mediated scattering rate. This rate equation system is described by:

ṅES = −nES (Γ rES + ΓnrES + γ0 (n∆ + 1)) + nGSγ0n∆ (3.1)

ṅGS = −nGS (Γ rGS + ΓnrGS + γ0n∆) + nESγ0 (n∆ + 1) (3.2)

Here (i = ES,GS) denotes the excited and ground state. ni and Γ ri are the population and

the intrinsic, temperature independent radiative rate. Γnri = Γnr,0i · exp (−∆Eti/kbT ) is the

non-radiative decay rate with the trapping frequency factor Γnr,0i and activation energy ∆Eti . γ0

is the zero temperature scattering rate between ES and GS. The energy spacing ∆E between ES

and GS and the temperature dependence of the ES↔GS scattering rate are taken into account

by a Bose statistics factor n∆ =
(
e∆E/(kbT ) − 1

)−1.

We identify eqs. 3.1 and 3.2 as a system of coupled first order differential equations, which we

solve by calculating the state Eigenvectors. We take

ṅES = AnES +B nGS (3.3)

ṅGS = C nES +DnGS

with the matrix elements:

A = −Γ rES − ΓnrES − (1 + n∆) γ0 (3.4)

B = n∆γ0

C = (1 + n∆) γ0

D = −Γ rGS − ΓnrGS − n∆γ0

and eigenvalues:

λ1/2 = A+D

2 ∓
√
A2

4 + D2

4 +BC − AD

2 (3.5)



54 3 Excited-State Luminescence and an LO Phonon Bottleneck in CdSe NPLs

Since both λ1 and λ2, are negative and λ1 < λ2, we identify λ2 as the slow and λ1 as the fast

decay rate, referred to as −λS and −λF .

After photoexcitation, carrier cooling and exciton formation have been found to occur on a

time scale faster than our time resolution limit [82]. As initial condition to find our Eigenvectors

we can thus assume n(t=0)
GS = n

(t=0)
ES . The solution for the intensity evolution of ES and GS is

then:

IES (t) = S0Γ
r
ESnES (t) = S0Γ

r
ESn

(t=0)
ES

e−λF t
f︷ ︸︸ ︷

−
C

λF+D + 1
1 + C

λS+D
e−λSt

 (3.6)

IGS (t) = S0Γ
r
GSnGS (t) = S0Γ

r
GSn

(t=0)
GS

 −C
λF +D︸ ︷︷ ︸

g

e−λF t + C

λS +D

C
λF+D + 1
1 + C

λS+D︸ ︷︷ ︸
h

e−λSt

 (3.7)

Here S0 is a proportionality factor given by the sensitivity of the setup. ES and GS decay

bi-exponentially with identical decay constants λF and λS , but with different amplitudes (1,f , g

and h). The fits shown in figure 3.3 (c)-(f) are global bi-exponential fits (for each sample) with

shared decay constants. The amplitudes are not always positive, especially for NPLs where

∆EGS−ES is nearly resonant to the LO-phonon energy. Here a negative amplitude of the fast

component of the GS reflects its filling from the ES.

At elevated temperatures it is not possible to resolve ES and GS spectrally from streak images

as well as at 4K. We therefore spectrally bin the ES and GS emission. The long time range

measurements (figure 3.5 b and d) are fitted mono exponentially to extract the slow component

λS . It is then taken as fixed in the biexponential fits of the fast time range PL transients

(figure 3.5 a and c). The resulting slow decay component λS and fast decay component λF are

plotted in the upper panel of figure 3.5 (e), for 29x8 nm2 and 41x13 nm2 sized platelets.

The experimentally accessible time integrated PL ratio of ES to GS emission is shown in

in the lower panel of figure 3.5 (e). It can also be expressed with the parameters of the rate

equation system. For this IES (t) and IGS (t) are integrated from zero to infinity. Taking the

ratio RTI−PLES,GS (T ) of these two quantities eliminates the proportionality factor S0 and we obtain:

RTI−PLES,GS (T ) =
∫∞

0 IES (t) dt∫∞
0 IGS (t) dt

= Γ rES
Γ rGS

·
λ−1
F + fλ−1

S

gλ−1
F + hλ−1

S

(3.8)

The temperature dependence of the fast and slow decay constants (λF and λS) as well as

the time integrated PL intensity ratio RTI−PLES,GS (T ) can then be fitted simultaneously. This is

done by sharing the same temperature independent radiative rate (Γ rES/GS), the non-radiative
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Figure 3.5: Temperature dependent decay dynamics of CdSe nanoplatelets. (a-d) Blue
lines: PL decay curves at 4, 35 and 100K of CdSe NPLs with lateral size of 29x8 nm2 (a and b) and
41x13 nm2 (c and d). The bi-exponential fits (on top of data) to the fast time-range decays (a and
c) use the slow decay rate derived from mono-exponential fits in (b and d) recorded in a wider time
window. The instrument response function (grey line) is used for deconvolution. Inset: Spectrally
dispersed Streak Camera image of the PL decay in the first 0.5 ns of 29x8 nm2 CdSe NPLs at 4K.
The excited state emission is clearly visible. The fast time range is indicated by a gray frame. (e)
Decay rates of 29x8 nm2 and 41x13 nm2 NPLs from time-resolved PL measurements (top panel)
and time integrated ES/GS PL intensity ratios (lower panel) vs. temperature. The ES-GS energy
spacing ∆EES−GS was held fixed when simultaneously fitting eq. 3.5 to the fast and slow decay
rates, λF and λS , and eq. 3.8 to the intensity ratios (solid lines).

(ΓnrES/GS) rates and inter-scattering rate γ0. Note that the radiative and non-radiative rates

are different for ES and GS. Together with γ0 they determine the decay constants (λF and λS)

that are identical for ES and GS. The energy spacing ∆E obtained from time integrated PL

measurements is held fixed. The inclusion of the ES/GS ratio in the fit introduces a further

boundary condition that reduces the fit ambiguity, see appendix 3.6 figure 3.7. Further, the used

method of fitting the temperature dependence of the fast and slow components and PL intensity

ratio does not include assumptions about the relevant rates.

3.4 Results

Figure 3.5 (e) shows the excellent agreement of the fit with the experimental fast and slow decay

rates and with the PL emission intensity ratio, for the 29x8 and 41x13 nm2 samples. The

following radiative rates are obtained: for 29x8 nm2 NPLs (Γ rES = 16ns−1, Γ rGS = 3.7ns−1),

and for 41x13 nm2 (Γ rES = 50 ns−1, Γ rGS = 6.4 ns−1). With increasing lateral platelet size the ES

and GS PL decay tends to become faster (higher rates). This is in line with the predictions of

the Giant Oscillator Strength (GOST) effect [83]. The very large ES radiative rates enable the

observation of the dual ES and GS PL emission. This finding is accompanied by an LO phonon

mediated ES ↔ GS scattering rate γ0. It is higher in the near resonant case of 29x8 nm2 NPLs
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with (∆EES−GS − ELO = 1.5meV) γ0 = 101ns−1. It slows down in the off-resonant case of

41x13 nm2 NPLs with (∆EES−GS − ELO = −7.9meV) γ0 = 25 ns−1. The rate equation system

thus independently confirms the manifestation of an LO phonon bottleneck previously deduced

from the ES/GS intensity ratios in figure 3.2 (b).

The PL quantum yield is not unity in our samples. Thus the introduction of the non-radiative

decay channels in the rate equation model is justified. It further allows to calculate the quantum

yield of our samples – given by the sum of all radiative decay rates divided by the sum over

all radiative and non-radiative rates. The fits in figure 3.5 (e) produce a trapping frequency

factor Γnr,0ES 0.15ps−1 / 0.28ps−1 and Γnr,0GS 0.03ps−1 / 0.06ps−1, respectively, for our 29x8

/ 41x13 nm2 samples. The activation energies of the trap states ∆Eti are shared by ES and

GS to reduce fitting ambiguities. They are found to be 11.0 and 12.0meV for our 29x8 and

41x13 nm2 samples. Using the radiative rates for ES and GS and the non-radiative rates (eq.

given above) the calculated quantum yield is 14 and 20% at 300K, for 29x8 and 41x13 nm2

NPLs, respectively. This is in very good agreement with the off-resonant quantum yield at room

temperature measured for CdSe NPLs[84] (chapter 7.4).

3.5 Exclusion of LO Phonon Replica, Trions, GS Saturation and

Bi-excitons

The excitation density of the pulsed frequency doubled Ti:Sa laser was held below 0.2W/cm2

(CW equivalent) to avoid any heating, ground state saturation and the presence of higher order

processes such as biexcitons or trions. They will be discussed now.

Biexcitons: Using the absorption cross sections of the CdSe NPLs (section 7.2.1 and ref. [54])

we calculate that only < 0.1 percent of the platelets are excited within one laser pulse. This

results in an average number of excitons per platelet per pulse < N > below 10−3 at the used

excitation intensity, see green arrows in figure 3.6 (c) and (d). The probability that a platelet

undergoes two subsequent photoexcitations or two excitations within one pulse is < 10−6 and

thus negligible. This excludes relevant bi-excitonic effects.

Photogenerated Trions: For trion formation, the excess carrier added to the generated

exciton has to stem from an ionized exciton from the previous laser pulse. The very low excitation

density used here rules out an efficient trion generation. The efficiency of such a combined

process must be even lower than the one for biexcitons. The repetition time of the laser (13 ns)

is too long for an efficient trion formation. The probability of trion formation by the collision of

two excitons generated within one pulse and platelet[85] will also be considerably lower than

10−6. A kinetic argument against trions holds as well, since the ratio of the exciton to trion
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Figure 3.6: Power dependence of the excited and ground state emission at 4K. (a) and
(b) PL spectra of 30x10 and 17x6 nm2 CdSe NPLs for excitation densities (pulse peak irradiance)
ranging over an order of magnitude. (c) and (d) The peak areas of the excited and ground state
(ES and GS) resulting from Voigt fits to the spectra in (a) and (b) versus the fraction of excited
platelets within one laser pulse <N>. The excitation density used for the measurements and
analysis above is indicated by green arrows. (e) and (f) show the indistinguishable normalized
spectra after CW (at 409 nm, black) and pulsed (at 420 nm, gray) excitation.

lifetime is found to be universally τX/τT = 2.2 in CdSe nanoparticles [74]. In our case the GS

and ES decay rates differ by a factor of 4.3-7.8.

Additionally, the linear powerdependence seen in figure 3.6 (a-d) does not comply to the

non-linear powerdependence expected for trion and bi-exciton emission.

GS saturation: In figure 3.6 (e)-(f) we observe identical normalized time integrated ES-GS

PL spectra for both CW and fs pulsed excitation. This rules out that the observed ES emission

is due to GS saturation, biexcitons or trions.

LO-phonon replica: The energy difference ∆E between the ES and the GS increases from

18 to 38meV with increasing lateral platelet confinement. This excludes that the energy spacing

is related to a zero-phonon peak and its first LO phonon replica. In this case it should have a

nearly confinement independent energy spacing of the LO-phonon energy 25.4meV. Further, the

peaks featuring the double emission should have identical dynamics. As seen above in figure 3.3

this is clearly not the case. The double emission has also been reported by Biadala et al.[72] in

time-integrated PL spectra and had been interpreted as the zero phonon line with its first LO

phonon replica. By chance the observed energy spacing there nearly matched the LO phonon

energy of CdSe.
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Conclusion

It has been shown that CdSe nanoplatelets exhibit not only lowest s-exciton (ground state GS)

related photoluminescence (PL) upon continuum excitation. Also an excited state is observable,

far below GS saturation. Theoretical considerations (k·p theory) indicate that this excited state

is p-state related, thus an exciton. Other possible origins of the observed double emission such

as trions, bi-excitons and longitudinal phonon replica could be excluded from continuous wave

and power dependent excitation as well as from the PL dynamics.

Time integrated PL and k·p calculations, in good agreement, show a strong dependence of

the ES-GS energy spacing on the lateral quantization of the exciton wavefunction. The spacing

increases from ∼18 to 38meV with lateral platelet sizes decreasing from 30x15 to 8.1x3.6 nm2 –

at a constant NPL thickness of 4.5 CdSe monolayers. These energy spacings are in the order of

the longitudinal optical (LO) phonon energy in CdSe NPLs of 25.4meV. In fact, an LO phonon

bottleneck between the two states is observed. The inter-scattering rate between the ES and GS

depends strongly on the detuning of the ES-GS energy spacing to the LO phonon energy, with a

high impact on the dynamics of these NPLs. For platelets with an energy spacing of ES and GS

resonant to the LO phonon energy the inter-scattering rate between the two states is high. It

is suppressed in off resonant cases. The existence of this LO phonon bottleneck is confirmed

by four methods: (1) A rate equation model for the temperature dependence of the emission

dynamics, (2) the temporal course of spectrally resolved ES and GS emission at 4K, showing

e.g. ES→GS filling, (3) the observation of a minimum in the ES/GS emission intensity ratio

derived from the decay kinetics as well as (4) from time-integrated PL.

In a first approximation the used rate equation model assumes temperature independent

radiative rates for the two luminescent states. They are shown to increase with the lateral

platelet size. This phenomenon is attributed to the Giant Oscillator Strength Effect in 2D and

will be addressed with a more sophisticated model in the following chapter.

To conclude, we have now demonstrated that exciton energy on the one hand, and LO-phonon

coupling and oscillator strength on the other, can be controlled separately in CdSe nanoplatelets.

The former is tuned by the thickness (z-direction) whereas the lateral size (x,y-direction) allows

for a sensitive control of the LO phonon coupling and dynamics.
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3.6 APPENDIX: k·p envelope function theory

Energies

This section is based on the contribution of Andrei Schliwa (TU Berlin) to the article in ref. [27].

As in previous work [17] the electronic structure on the nanoplatlets is obtained using a 3D

implementation of eight-band k·p envelope function theory. Following the discussion in ref. [22]

the self-energy term for the Coulomb term is implemented in this Hartree approach. Both, the

effects arising from the dielectric environment and the electron and hole self-energy are included.

The used dielectric constants are: εPlateletr = 9.4 and εoutr = 2.3 [86]. Table 3.1 summarizes the

experimental and theoretical GS energies EGS and the corresponding ES-GS energy spacings

∆E. The resolution of the numerical grid is half a monolayer in all three directions. Parameters

Table 3.1: Sizes, hh ground state emission EGS at 4K, and energy difference between ground state
and excited state emission ∆E of the investigated CdSe core NPLs extracted from PL measurements
(PL) and calculated values (Theo).

Size E
(PL)
GS ∆E(PL) E

(Theo)
GS ∆E(Theo)

(nm2) (eV) (meV) (eV) (meV)
17x6 2.486 36 2.485 41
21x7 2.480 32 2.477 35
29x8 2.469 27 2.465 27
30x10 2.470 24 2.454 24
30x15 2.466 20 2.447 22
41x13 2.468 18 2.449 22

of the calculations (5K) are given in Table 3.2. The artificial bandgap of the outer material

(ligand oleic acid) is taken as 8 eV which is in good agreement with the HOMO-LUMO gap of

the similar fatty acid stearic acid (7.76 eV) [87]. Therefore the used CB and VB-offsets are 3.5 eV

and 2.494 eV.

Table 3.2: Parameters of CdSe for zinc-blende structure.
Parameter CdSe Reference
a (nm) 0.6052 [88]
EG (eV) 1.766 [89]
Ep (eV) 16.5 [19]
∆SO (eV) 0.42 [89]

γ1 4.4 [90]
γ2 1.6 [90]
γ3 2.68 [90]

me (m0) 0.12 [91]
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Radiative Rates

Further we performed theoretical calculations of the radiative rates of ES and GS and obtained

good agreement for the ground state, and deviations for the ES. For the GS of the 29x8 nm2

platelet we obtain Γ r,calcGS = 3.8 ns−1, which is in good agreement to our experimental fit result

of 3.7 ns−1. The theoretical ES rate is also 3.8 ns−1, which deviates from our experimental result

of 16 ns−1. The ES deviations may be related to a different impact of the Giant Oscillator

strength effect on s and p-states. Even for fixed (exact) energy levels, the transition dipole

moments depend on further parameters such as the center of mass exciton motion. It is clear

that calculations of the state energy and its oscillator strength / transition rate are two different

issues. However we want to point out that a theoretical analysis of this effect is beyond the

scope of this article/work and may be subject of a separate, demanding theoretical investigation.

However, there is no doubt, that the ES radiative rate is greater than the GS rate. In figure 3.7

we fit the decay dynamics (eq. 3.5) as well as the time-integrated PL intensity ratios of ES and

GS (eq. 3.8) in the global model with shared parameters. Black lines indicate restricted fits with

equal ES and GS radiative rates (Γ rES = Γ rGS), the blue lines show the fit results for the case

where Γ rES and Γ rGS are independent from each other. Clearly, (nearly) equal GS and ES rates

are not possible, as they do not allow for fitting the temperature dependent ES/GS intensity

ratio. Hence the excited state radiative rate has to be larger than the ground state’s.
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Figure 3.7: Fast and slow PL decay rates globally fitted together with the time integrated ES and
GS emission ratio. Thin black lines indicate the restricted fits. For the two upper curves the black
and blue curves coincide for both platelet sizes. This also shows to what extent the consideration
of the ES/GS time integrated intensity ratio reduces the fitting ambiguities.
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phasing in NPLs

The polarization dynamics of a semiconductor reflects the coherence of the exciton wavefunction

with respect to an exciting photon. Room temperature exciton coherence [31], and the Giant

Oscillator Strength Effect (GOST)[17, 19, 26] have been demonstrated in CdSe NPLs. The

GOST effect in 2D directly relates the exciton coherence and dephasing with the radiative

lifetime [83, 92].

In the following this unusual coupling of radiative lifetime and exciton dephasing in 2D will

be investigated. This requires to unify the ES and GS population relaxation model discussed in

the previous chapter (and in ref. [27]) with the occurrence of the GOST effect. For this a new

refined rate equation model will be introduced that also takes the linewidths of the luminescence

into account.

It will be shown that the exciton lifetimes, dephasing rates and phonon coupling can be tuned

by the platelets’ lateral size over more than an order of magnitude. The radiative lifetime

of excitons can be controlled by the exciton coherence volume. It is either governed by the

physical lateral extent of the nanoplatelets or by the exciton’s coherence length which in turn is

determined by the homogeneous linewidth. When the exciton coherence is limited by the lateral

platelet size, dephasing and subsequently the radiative lifetime can be controlled via the lateral

extent. This clear control of the 2D exciton coherence area, now possible in colloidal quantum

wells of finite size, is entirely new.

The ES-GS energy separation in our CdSe nanoplatelets is also lateral size dependent and

controls the ES-GS inter-scattering. Adjusting the ES-GS energy separation and exciton

coherence area by a change in lateral confinement allows to suppress or enhance the coupling to

LO-phonons as well as to tune the radiative rates of ES and GS (chapter 3). Tunable radiative

lifetimes of the order of 10 ps can be achieved. This makes CdSe nanoplatelets one of the fastest

nanoemitters with strong application potential in photonics.

Further it will be shown, for the first time, that dephasing rates and homogenous linewidths

of quantum well excitons can be deduced from the temperature dependent time-integrated and

-resolved PL data. The results of our global analysis model are in good agreement with classical

Four Wave Mixing (FWM) results [26, 31].
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Figure 4.1: Exciton dephasing and the Giant Oscillator Strength (GOST) effect. (a)
GOST effect: Carriers are thermalized to wavevectors outside the radiative cone and cannot decay
there radiatively leading to a prolongation of lifetime with temperature. (b) The fraction r(T ) of
excitons that can decay radiatively is governed by the intrinsic homogeneous linewidth, e.g. for
∆0 = 5meV (solid blue line) or ∆0 = 10meV (red line). The dashed lines show r(T ) when the
coupling to acoustic (AC) and longitudinal optical (LO) phonons is added to the homogeneous
linewidth ∆(T ). (c) Homogeneous linewidth ∆(T ), radiative rate Γ and dephasing rate γ̃ for an
exciton state. (d) Sketch of the two cases to be considered in colloidal quantum wells: the 2D
exciton coherence area is either limited by the physical lateral size (Ap) or by the homogeneous
linewidth limited exciton coherence area (Ac). For temperatures below a critical temperature Tc

(at which the two areas match Ac = Ap) the platelet area limits the spatial exciton coherence. At
elevated temperatures the homogeneous exciton linewidth limits the spatial coherence of a 2D
exciton in CdSe nanoplatelets to an area Ac smaller than the platelet area. Therefore the radiative
rate is quasi constant for low temperatures (as r(T ) is quasi constant at low temperatures). Above
Tc the radiative rate decreases ∝ r(T )/∆(T ).

4.1 Linewidth and Oscillator Strength

The homogenous linewidth∆ of an exciton transition and its temporal coherence are characterized

by the total dephasing rate γ∗. The population decay rate Γ (inverse to the lifetime) and the

pure dephasing γ̃ originating e.g. from decoherence due to phonon scattering are related to the

total homogeneous linewidth via[93]

∆ = γ∗ �/2 = (Γ/2 + γ̃) �/2 (4.1)

see figure 4.1 (c). If we consider a system, where the exciton lifetime depends on the homogeneous

exciton linewidth, so that τ → τ(∆), we introduce a dependence of the population lifetime and

the pure dephasing rate γ̃ via the equation above. This idea stimulated the following investigation.

It will be shown that the lifetime and therefore the transition oscillator strength of 2D excitons

in CdSe nanoplatelets is transition linewidth and subsequently dephasing dependent. Thus, the

oscillator strength and the pure dephasing are no longer independent of each other, allowing to

retrieve the pure dephasing rates from lifetime measurements. The transition oscillator strength
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F is related to the exciton intrinsic radiative rate via [83, 92]

Γ r = |flf |
2
ñe2ω2F

2πε0m0c3 (4.2)

where ñ is the refractive index, m0 the electron mass and flf the local field factor. The other

symbols have their usual meaning.

The Giant Oscillator Strength Effect in semiconductors at low temperatures occurs due to the

fact that only excitons with small center of mass K-vector (K < K0) can decay radiatively.[83, 92]

K0 is the wave vector of light in the crystal with the same energy as the exciton. Excitons with

large center of mass wave vector K > K0 cannot decay radiatively because of the K conservation

rule in the direction of free exciton motion.

When the homogenous linewidth ∆ of excitons is large so that the uncertainty of the wavevector

is comparable to K0 it limits the spatial coherence of the 2D excitons to the coherence area

Ac = 2π~2/M∆ (with the exciton mass M). In this case the K = 0 exciton lifetime is replaced

by a longer lifetime determined by Ac. The maximum wave vector of radiative exciton transitions

K0 is replaced by π
√
π/Ac.[83, 92] Only the fraction of excitons r(T ) having energies (and

related K vectors) smaller than the homogenous linewidth ∆ can then decay radiatively.[83]

The maximum exciton momentum and ∆ are related by the 2D parabolic exciton dispersion

E(K) = ~2K2/2M , figure 4.1 (a). Thermally activated scattering processes (e.g. with phonons)

lead to an increasing number of excitons outside the radiative cone in thermal equilibrium.

Defined by Maxwell statistics, the fraction r(T ) = 1− e−∆(T )/kBT of excitons that can decay

radiatively thus decreases with increasing temperature, as illustrated in figure 4.1 (b). This

(GOST) effect leads to a prolongation of the radiative lifetime with temperature.

The homogenous linewidth ∆(T ) is itself temperature dependent. The broadening of the

exciton resonance due to coupling to acoustic (AC) phonons and longitudinal optical (LO)

phonons can be expressed as:[94]

∆(T ) = ∆0 +∆ACT + ∆LO

eELO/kBT − 1
(4.3)

Where ∆AC and ∆LO are, respectively, the coupling constants to AC and LO phonons, ∆0 is

the 0K homogeneous linewidth and ELO the LO phonon energy.

With the introduction of r(T ) the exciton transition oscillator strength has to be replaced

with the effective 2D oscillator strength according to:

F 2D
x,eff = F 2D

x r(T ) (4.4)
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Nanoplatelets are quantum wells of finite lateral size. Figure 4.1 (d) illustrates the two cases to

be considered here: either the exciton’s spatial coherence and thus the 2D oscillator strength

F 2D
x is limited by the nanoplatelets’ finite area Ap or by a smaller coherence area

Ac = 2π~2/∆(T )M, (4.5)

determined by the homogeneous linewidth. The effective oscillator strength can now be written

as [83]

F 2D
x,eff = r(T )f0

Ap
Ax

, for Ap < Ac (4.6)

F 2D
x,eff = r(T )f0

Ac
Ax

, for Ap > Ac (4.7)

f0 is the oscillator strength per unit cell and Ax = π
(
a2D
B

)2 the 2D exciton area. a2D
B is the 2D

exciton Bohr radius. Using the (2D) exciton binding energy E2D
B = ~2/2µ(a2D

B )2 we obtain

F 2D
x,eff = Ap ·

r(T )f02µE2D
B

π~2 , for Ap < Ac (4.8)

F 2D
x,eff = Ac ·

r(T )f02µE2D
B

π~2 , for Ap > Ac (4.9)

With eq. 4.2 the temperature dependent radiative rate can now be expressed as:

Γ r(T ) = τ−1(T ) = ñe2ω2f0µE
2D
B |flf |

2

π2~2ε0m0c3 · r(T )AXC (4.10)

where AXC denotes the exciton coherence area, which is either the platelet area Ap for Ap < Ac

or the linewidth limited coherence area Ac (eq. 4.5) for Ap > Ac.

Figure 4.1 (d) shows a sketch of the coherence area. At low temperatures it is limited by the

physical size of the nanoplatelet and thus constant. For temperatures above a certain transition

temperature Tc (where Ac = Ap) the coherence area decreases due to more dephasing by phonon

scattering increasing the exciton linewidth. In both cases the radiative rate (Γ r ∝ F ) relates the

homogeneous linewidth ∆(T ) via r(T ). For T < Tc the radiative rate scales with the nanoplatelet

area Ap. At higher temperatures T > Tc an additional dependence on ∆(T ) is introduced by

the linewidth limited coherence area of the 2D exciton. The homogeneous linewidth is related

to the dephasing rate. In a 2D system such as nanoplatelets, the exciton lifetime, oscillator

strength and pure dephasing are thus not independent anymore and connected by the GOST

effect. Therefore measurements of the radiative decay times in quantum wells are also sensitive

to the pure dephasing.
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4.2 Three Level System Combined with Giant Oscillator Strength

Effect

In order to extract the radiative rates from PL decay measurements it is crucial to have detailed

knowledge about the recombination dynamics of the studied system. Following chapter 3 the

population dynamics in CdSe nanoplatelets is governed by an LO-phonon bottleneck between

an excited (ES) and a ground (GS) exciton state. The three level system is shown here again in

figure 4.2 (b). The solutions of the underlying coupled differential equation system are given in

eqs. 3.6 and 3.7 in chapter 3. There temperature independent, constant radiative rates Γ ri are

assumed for the excited and ground state (i = ES,GS). Now we identify them as proportional

to the effective oscillator strength F 2D
x,eff . To connect this population model with the Giant

Oscillator Strength Effect the constant Γ ri are replaced by the temperature and linewidth

dependent radiative rates for ES and GS Γ ri (T ) (eq. 4.10).

The non-radiative rates are assumed to be thermally activated according to Γnri = Γnr,00
i +

Γnr,0i e−∆E
t
i/kBT with a zero temperature non-radiative rate Γnr,00

i , a trapping frequency factor

Γnr,0i and an activation energy ∆Eti , assumed to be pairwise identical for ES and GS.

In the previous chapter the experimentally accessible quantities used were the time-integrated

intensity ratio of the ES and GS emission and the decay constants λF/S of the biexponential

decay of the spectrally binned ES and GS emission. Now, with the introduction of the GOST

effect, they can be connected to the linewidths ∆tot(T ) of ES and GS. From the time integrated

PL measurements we can also asses ∆(T ). Due to the exact thickness quantization to n+1/2

CdSe monolayers and no or very weak lateral confinement nanoplatelets show only a small

(temperature-independent) inhomogeneous broadening ∆00. The experimentally accessible

emission linewidth is the total linewidth

∆i
tot(T ) = ∆i

00 +∆i(T ) (i=ES,GS). (4.11)

It is obtained from Voigt fits to the time-integrated photoluminescence peaks of ES and GS

(example shown in figure 4.2 (a)). Thus the linewidths of ES and GS can be included in the fit.

Now we have five experimental curves addressing the parameters within completely different

functional dependencies on them: the ES/GS time-integrated emission intensity ratio, the

linewidths ∆tot(T ) of the two states and the PL decay constants λF/S . They are plotted in

figure 4.2 (d) and (e) for 29x8 and 41x13nm2 nanoplatelets. The quantities are presented on a

logarithmic scale due to their strongly differing scale values.
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Figure 4.2: Three level system in CdSe nanoplatelets and global analysis of photolu-
minescence data. (a) Time-integrated photoluminescence (TI-PL) at 4, 35, 100 and 135K of
29x8 nm2 CdSe platelets reveals excited (ES) and ground state (GS) emission separated by ∆E.
(b) An LO-phonon bottleneck couples the ES and GS with a zero temperature inter scattering
rate γ0. The three level system of |ES〉, |GS〉 and crystal ground state (zero exciton state) |0〉
leads to a biexponential decay. (c) Spectrally binned PL decay transients featuring a fast (λF )
and a slow (λS) decay component. Inset: Spectrally resolved PL transient (29x8 nm2). (d+e)
The temperature dependence of the measured linewidths ∆tot, the ES/GS PL intensity ratio and
the components of the PL decay for 29x8 nm2 (d) and 41x13nm2 (e) CdSe platelets are plotted on
a decadic logarithmic scale and modeled simultaneously by our global analysis scheme (solid lines).

They can now be modeled with the same set of parameters. We globally fit the temperature

dependence of these experimental quantities with linked model parameters resulting in a multi-

dimensional analysis. The model (implemented in C-code) solves the transcendental equation

Ap = Ac using eq. 4.5 in every fit iteration. This way the temperature Tc is obtained at which

the transition from platelet limited to linewidth limited exciton coherence area occurs. In the

two temperature regimes AXC in eq. 4.10 is replaced by Ap for T < Tc and by Ac(T ) for T > Tc.

A more detailed description is found in appendix 4.5. Since the zero temperature homogeneous

linewidth and phonon scattering constants can differ between ground and excited state this

procedure is done separately for the GS and ES in the analysis routine. Tc is found to decrease

from 92K to below 4K with increasing platelet size.

Figure 4.2 (d) and (e) show the results of this analysis as solid curves. Fit and data are in

good agreement, especially when considering that all curves are modeled with the same set of

parameters (for each platelet size). The rate equation model shown in figure 3.5 (e) in chapter 3

assumed constant radiative rates. This first approximation led to a less good agreement of data

and model. The more sophisticated model used here takes the GOST effect into account – an

apparently better description of the system.

The other studied lateral platelet sizes range from 17x6 to 41x13 nm2 core only and an 8x8 nm2

CdSe core with CdS lateral wings (14x14 nm2) platelet. The fits for all sizes are shown in the

appendix 4.5 of this chapter.
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Figure 4.3: Population and polarization decay in CdSe nanoplatelets. (a) Radiative
rates of excited (ES) and ground state (GS) excitons scale linearly with the exciton coherence area
at 4K. (b and c) Contributions to the total dephasing in terms of linewidth ∆ (left hand scale)
and corresponding rate γ∗ (right scale). Width and rate related by ∆ = γ∗~/2: Pure dephasing is
by far the largest contribution to the total dephasing rate γ∗ (and to the homogeneous linewidth)
at all temperatures. Thus γ∗ and γ̃ coincide in the plots. Due to scattering with AC and LO
phonons the pure dephasing remains the dominant component at higher temperatures. As kBT
approaches the ES-GS spacing ∆EES−GS , the ES↔GS relaxation and scattering (dashed line)
outpaces the radiative contributions (dotted lines) for platelets resonant (29x8 nm2) (b) and off
resonant (41x13 nm2) (c) to the LO-phonon bottleneck (δ = ∆EES−GS −ELO). Dephasing widths
reported by others have been inserted for comparison: . Tessier et al. [95], � Naeem et al.[26], ◦
Cassette et al. [31] and our single particle measurement on the same NPLs ×.

4.3 Dephasing

From the results of this global model analysis we can calculate the radiative rates Γ r at 4K,

presented in figure 4.3 (a). As expected a linear dependence of the radiative rates of excited and

ground state on the exciton coherence area AXC is observed. For larger platelets the exciton

coherence area at this temperature is already determined by the linewidth limited area Ac,

marked by •. For the smaller platelets the critical temperature Tc is higher. For them at 4K the

exciton coherence area is limited by their physical lateral extent, the platelet area Ap, marked

by 4.

The radiative rates of ES and GS, and the dephasing rates and coherence areas can now be

calculated as a function of temperature. The contributions associated to population decay are

the (non) radiative decay Γ r,nrES,GS and inter-level scattering, i.e. γ0n∆ for GS and γ0(n∆ + 1) for

ES. By subtracting them from the total dephasing using eq. 4.1, the pure dephasing rates γ̃ of

the excited and the ground exciton state in the nanoplatelets are obtained.

Figure 4.3 (b) and (c) display the temperature dependent contributions of pure dephasing,

radiative population decay and ES↔GS inter-level scattering to the total dephasing rate (right

scale). The corresponding linewidth is displayed in the left scale. Clearly, the pure dephasing γ̃
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associated with acoustic and optical phonon scattering is the dominant component. The radiative,

and ES-GS inter-level scattering related constituents have only a (very) low contribution to the

total homogenous linewidth. Therefore the Giant Oscillator Strength effect is most sensitive on

the dominating pure dephasing.

Nonetheless, these dephasing results must be compared to classically obtained results by Four

Wave Mixing (FWM). Naeem et al.[26] found 5K homogeneous linewidths of 4.5ML 350 nm2

CdSe platelets of about 0.8 and 4meV. Identified from biexponential fits to the polarization

decay, however, their analysis does not consider the presence of the ES and GS. The two states

may have been addressed simultaneously by the exciting laser pulse generating the population

grating. Nevertheless, the results are inserted as � in figure 4.3 (b) (similar sized platelet) and

show good agreement with ours.

Cassette et al.[31] recently reported room temperature FWM data for one monolayer thicker

5.5ML CdSe platelets of 33x12 nm2 size. The resulting T2 time corresponds to a dephasing rate

of 54 ps−1, shown as ◦ in figure 4.3 (b). This is comparable to our results on 4.5 ML platelets at

room temperature.

We also find good agreement of our dephasing related linewidths with reported single platelet

emission linewidths. Single platelet emission is, obviously, not subject to inhomogeneous

broadening. For one monolayer thicker 5.5ML 35x8 nm2 CdSe platelets Tessier et al.[95]

measured 3meV at 20 K and ∼40meV at room temperature for comparable excitation densities,

see . in figure 4.3 (b). A single platelet emission spectrum at 10K of the same 29x8 nm2

nanoplatelets as used here is found in appendix 4.5. The obtained linewidth is marked by × in

figure 4.3 (b) and in very good agreement with the GS.

The above mentioned comparisons infer that the global analysis method delivers dephasing

results in good agreement with published FWM and single particle emission results – both at

low and high temperatures. Therefore it has been shown that dephasing rates can be deduced

from luminescence experiments on quantum wells. This is essentially new.

The dependency of the radiative lifetime, homogeneous linewidth and dephasing occurs within

the GOST effect in 2D and allows to extract pure dephasing rates from PL experiments. Normally

it is impossible to derive the homogeneous linewidth from PL experiments because it cannot

be separated from the inhomogeneous contribution in an ensemble. Here we made use of the

correlation of ∆(T ) and the radiative rate Γ r. This provides a new method for the analysis of

dephasing and population decay in 2D semiconductors.
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4.4 Exciton-Phonon Coupling Constants

The presented global PL data analysis allows to extract further information beyond the exciton

dephasing rates and radiative lifetimes. Figure 4.4 shows the exciton-phonon coupling constants

and the zero temperature ES-GS scattering rate. Since the addition of a shell of another material

influences the phonon coupling in nanocrystals [96, 97], the type I 8x8 nm2 CdSe core / CdS

lateral shell nanoplatelet is excluded from the following discussion.

For the core platelets the coupling to acoustic phonons (∆AC) versus platelet area is shown in

figure 4.4 (a). A first interesting observation is the increase of the coupling to acoustic phonons

∆AC with decreasing lateral size. This trend is in line with calculations by Kelley[98] and

Takagahara et al.[43] for spherical CdSe quantum dots. There, an increase of deformation

potential coupling with confinement lead to an observed increasing coupling of excitons to

acoustic phonons. The results for large platelets are comparable to large dots, where Takagahara

et al. found the coupling to be about 7 µeV/K. For small quantum dots of diameter comparable

to the thickness of our 4.5ML platelets (1.4 nm), they obtained ∼100µeV/K. This is in good

agreement with the values of smaller platelets in figure 4.4 (a).

The LO phonon coupling constant (∆LO) is plotted versus the detuning between the ES-GS

energy spacing and the LO-phonon energy δ = ∆EES−GS − ELO in 4.4 (b). A slight minimum

in the coupling to LO-phonons is observed when the ES-GS energy spacing approaches the LO

phonon energy of 25.4meV [27] (zincblende CdSe). Yet the reason for this minimum is unclear.
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The minimum value corresponds to a ∼300 nm2 sized platelet with 15meV LO-phonon coupling

(GS). For similarly sized 289 nm2 CdSe nanoplatelets Achtstein et al.[17] found comparable

12meV. In general the obtained coupling constants are in the same range as reported by Chia et

al. on thicker CdSe epilayers (≈20meV) [99].

An LO-phonon bottleneck exists between ES and GS. The detuning δ = ∆E−ELO dependent

transition rate γ0 is expected to have a maximum for δ = 0. Using Fermi’s Golden Rule [100, 101]

the detuning dependence of the transition rate of this phonon transition can be expressed as

γ0 = C ∗ ∆t

(∆E − ELO)2 + (∆t/2)2 (4.12)

It has a Lorentzian shape and a distinct resonance for ∆E = ELO at the LO phonon energy. C

is a constant and ∆t the phonon mediated ES-GS transition linewidth.

Figure 4.4 (d) shows the results based on our global fits on platelets of different lateral size, i.e.

different ES-GS energy spacing ∆E and thus detuning to the LO phonon energy. As expected,

there is a strong detuning dependent LO-phonon bottleneck resonant to the LO-phonon energy.

It can be well fitted with eq. 4.12. The resulting transition linewidth is 6.9meV. This is a clear

proof of the coupling of ES and GS in CdSe nanoplatelets via an LO-phonon bottleneck that is

controllable by the lateral size.

Conclusion

The population and polarization dynamics in CdSe nanoplatelets are governed by the 2D Giant

Oscillator Strength Effect together with a size-dependent longitudinal optical phonon bottleneck

between an excited and ground state exciton.

The radiative rates of the two emitting states are determined by the 2D exciton coherence area.

In these quantum wells of finite size this area is either limited by the lateral platelet dimensions

or by a smaller coherence area related to the homogeneous exciton linewidth. The homogeneous

linewidth and coherence area are determined by the dephasing in the system. This unusual

coupling of radiative lifetime and linewidth in 2D thus leads to a dephasing-limited radiative

lifetime. A phenomenon not encountered up to now.

For the first time it has been shown that it is possible to derive pure dephasing rates from

time-resolved and time-integrated photoluminescence measurements on 2D quantum wells of

finite size. The used global analysis scheme includes measured decay constants, the excited to

ground state emission intensity ratio and the PL linewidth. The obtained results are in good

agreement to classical FWM measurements. Hence we can measure dephasing in a linear PL

experiment, an entirely new regime. The approach introduces a new way to connect the radiative
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decay rates to the coherence volume and the dephasing rate reflected in the homogeneous

linewidth of the nanoplatelets.

In addition, the model allows to extract the coupling constants of the emitting excitons to

acoustic and longitudinal optical (LO) phonons – in good agreement with quantum dots and

quantum wells of comparable size. Further, the obtained inter-scattering rate between the

excited and ground exciton state is found to follow Fermi’s Golden Rule – a further proof for

the LO phonon bottleneck in CdSe nanoplatelets. It shows the expected maximum when the

energetic separation of the two states approaches the LO phonon energy of CdSe. The width of

this LO-phonon transition is found to be 6.9meV.

Tunable radiative lifetimes of the order of 10 ps are feasible, making CdSe nanoplatelets one

of the fastest nanoemitters with strong application potential in nanophysics and photonics.

The provided insights to fundamental aspects of the optoelectronic properties of colloidal

quantumwells might serve as rational guidelines for the future development of 2D colloids in

light emitting technology. They can be transferred to other 2D materials.
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4.5 APPENDIX: Modeling a Three-Level System with the GOST

Effect

For clarity we list all parameters involved in our global analysis model. Some parameters are

intrinsically equal for ES and GS properties such as:

ELO: LO phonon energy of 24.5meV in zincblende CdSe [102]

∆EES−GS : Energy spacing between ES and GS obtained from time integrated PL

γ0: Zero temperature ES-GS inter-level scattering rate

Ap: Nanoplatelet area obtained from analyzing TEM images.

M : Exciton mass using me = 0.12m0 and mh = 0.48m0. [27]

The following quantities are treated separately for ES and GS:

ζES,GS : Temperature independent proportionality factor of the radiative rate (see eq. 4.13)

∆ES,GS
0 : 0K homogeneous linewidth

∆ES,GS
AC : Acoustic phonon coupling constant

∆ES,GS
LO : LO phonon coupling constant

Γnr,00
ES,GS : Non-radiative rate at 0K

Γnr,0ES,GS : Trapping frequency factor

∆EtES,GS : Trap activation energy (assumed identical for ES and GS)

Γ r(T ) = τ−1(T ) = ñe2ω2f0µE
2D
B |flf |

2

π2~2ε0m0c3︸ ︷︷ ︸
ζ

·r(T )AXC (4.13)

The experimental data were modeled in a global fitting approach for each platelet size sharing

this set of parameters. The fast and slow decay components λF,S are fitted with eq. 3.5, the

ES to GS time-integrated PL intensity ratio RTI−PLES,GS (T ) with eq. 3.8 and the total linewidths

(obtained from PL) with eq. 4.11 and 4.3. The formula are implemented in C-code. As mentioned

above, it is important to distinguish between physical size- and homogeneous linewidth- limited

exciton coherence area. The platelet area Ap is constant in temperature whereas the linewidth

limited coherence area Ac ∝ ∆(T )−1 decreases with increasing temperature predominantly

due to phonon scattering, see Fig. 4.1 (d). In these two temperature regimes the functional

dependencies of the linewidths on the radiative rates (eq. 4.10) differ strongly. This strongly

influences the modeled quantities, e.g. decay rates and ES/GS intensity ratio, via the underlying

rate equation system. Therefore the fitting procedure begins with starting values for the model
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parameters (listed above) and the transcendental equation

Ap −Ac(T ) = Ap −
2π~2

M
(
∆0 +∆ACT + ∆LO

eELO/kBT−1

) = 0 (4.14)

is solved (separately for ES and GS) for T to obtain the temperatures Tc at which the ES and

GS exciton coherence areas are limited by the platelet’s physical size Ap (T < Tc) or (at higher

temperatures, T > Tc) by the smaller exciton linewidth limited coherence area Ac(T ). At a given

temperature one of the four different cases can occur: (1) both ES and GS are limited by the

platelet area, (2) both are limited by their linewidth-dependent coherence area AES/GSc or (3-4)

one state is limited by Ap while the other by Ac. An if, else if, else if, else structure checks which

case occurs to which temperature (using the given starting values or later the values from the

last iteration). Accordingly AXC in equation 4.10 is replaced by Ap or AES/GSc (T ) for ES and

GS separately, the modeled quantities (λF,S(T ), RTI−PLES,GS (T ) and ∆ES/GS
tot (T )) are calculated for

each temperature, compared to the experimental data, optimized to all data simultaneously and

the fit goes into the next iteration with new model parameters until it converges. The results of

this procedure for all investigated samples are plotted in Fig. 4.6.
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The work presented in the following can also be found in ref. [24] Scott, R. and Achtstein, A. W. et
al. (2016), Nano Letters 16(10), 6576–6583. All figures adapted with permission, ©2016 American
Chemical Society.
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Figure 5.1: Time-Resolved Stark
Spectroscopy in CdSe Nanoplate-
lets allows to deduce the exciton bind-
ing energy, polarizability and the field
dependent radiative rates. These in
turn give access to the exciton tran-
sition dipole moment |µ| and its polar-
izability.

Excitons with high binding energies are desirable for many photonic applications (e.g. lasing

[75]) and are of current interest. They occur in 2D semiconductor nanomaterials with strong

confinement and high dielectric mismatch to the surrounding [25, 103]. These robust excitons are

expected to allow high spectral modulation while preventing field ionization in field controlled

nanoemitters and nanostructure based modulators. This has great application potential in

miniaturized and integrated photonics such as modulated emitters, switchable single photon

sources or ultra high bandwidth, field-controlled modulators [80, 104–111].

While field-controlled electroabsorption based modulators have been studied intensively both

in experiment and theory [108, 109, 112–121], field-dependent photoluminescence nanoemitters

[111, 122–125] have been mostly discussed on a qualitative or semi quantitative level. Having a

strong electrooptic response [80] CdSe nanoplatelets (NPLs) offer a good model system for field

dependent photoluminescence (PL) studies.

An external field changes the static exciton dipole moment and the exciton’s transition dipole

moment. The Quantum Confined Stark Effect and the Franz-Keldysh Effect lead to a strong

alteration of the exciton wavefunction resulting in a change of the intensity, lifetime, linewidth

and energy of the PL emission.[109, 112–116]

Based on the rate equation model for recombination dynamics in CdSe nanoplatelets at

zero field in chapter 3, a formalism is developed to connect these field-induced changes to the

microscopic processes. This allows to quantify the exciton transition dipole moment µ, its

polarizability X as well as the exciton’s polarizability α from time-integrated and -resolved field

dependent PL studies.

http://doi.org/10.1021/acs.nanolett.6b03244
http://doi.org/10.1021/acs.nanolett.6b03244
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Further, for the first time, the high exciton binding energies of ≈ 170meV of CdSe nanoplatelets

could be deduced experimentally – in line with theoretical predictions.

Up to now it is still an open question to what extent the exciton binding energy and the

field-induced changes of the radiative rates affect the field-dependent emission intensity and

broadening of nanoplatelets. An important question for spectrally broad modulators that

Time-Resolved Stark Spectroscopy can answer.

5.1 Field-Dependent Sample Structure and Experimental Details

CdSe core only NPls with the first exciton absorption bands around 550 nm (5.5 Monolayers

(ML)) and 42± 7 nmx 8.7± 2.1 nm lateral size were synthesized as in Ref. 80. A TEM image of

the sample is shown in figure 5.2 (b). The NPLs were embedded in thin polymeric films (made of

PMAO (poly maleic anhydride-alt-octadecene) and deposited on the surface of indium-tin-oxide

(ITO)-coated glass. Their volume fraction in the polymer was held well below 5% to avoid

Förster Resonant Energy Transfer (FRET) effects[81]. A sandwich-like ITO/Polymer:CdSe-

NPLs/epoxy/ITO structure is obtained by attaching a second ITO electrode to the polymeric

film with epoxy glue, see figure 5.2 (c). A DC voltage power supply is used to apply the external

electric field, calculated via the exact distance between the ITO electrodes that is measured to

be 48µm.

For time integrated field dependent PL measurements a HeCd laser (CW, continuous wave

at 441mn) is used as excitation source. The photoluminescence signal is collected by an

N.A.=0.4 objective and detected with a liquid Nitrogen cooled CCD (Roper Spec10) attached to

a spectrometer (Horiba IHR550). For time resolved measurements the sample is excited by the

second harmonic of a titanium sapphire laser at 440nm (Coherent Mira 900F, FWHM 150 fs,

75.4MHz) and detected by a streak camera (Hamamatsu C5680). The excitation density of

0.7W/cm2 (CW equivalent) in both excitation configurations results in an average population of

< 10−3 excitons per platelet, excluding multi-excitonic effects. See also Ref. 27 and section 3.5.

5.2 Exciton Binding Energy of Nanoplatelets Determined by

Experiment

Changing the applied field in the nanoplatelet field-effect structure alters the emission strongly,

figure 5.2 (e). Decreasing emission intensity, line broadening and increasing spectral shifts are

observed with increasing applied electric fields. To analyze the changes in more detail we use
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Figure 5.2: Field-effect structure and field dependent time integrated photolumines-
cence of CdSe nanoplatelets. (a) Level scheme of the CdSe platelets’ electronic structure of
crystal ground state |0〉, ground |GS〉 and excited state |ES〉 exciton, radiative transition rates
Γ r

ES/GS , ES↔GS zero temperature scattering or relaxation rate γ0 and nonradiative rates Γnr
ES/GS .

(b) TEM image of the platelets embedded in polymer in the sandwich-like field-effect stucture
shown in (c). (d) Model sketch of the dual ES and GS emission of CdSe nanoplatelets centered
at Ec,0/F

ES/GS
and separated by δE0 for zero and δEF for finite field F . Voigt emission profiles

(total FWHM wF
ES/GS) with natural Lorentzian linewidth wL,F

ES/GS and Gaussian inhomogeneous
linewidth wG

ES/GS (field-independent inhomogeneous broadening) are used to fit the experimental
field-dependent emission spectra in (e). The area under curve AF

ES/GS of each emission is propor-
tional to the emission intensity IF

ES/GS . (e) Experimental data: Zero-field and field-dependent
time integrated PL along with Voigt fits as well as the field-dependent differential emission spectra.
Thin grey dotted line: Weak, red shifted defect emission.

the differential emission defined as

(
∆I

I

)E,F
= IE,F − IE,0

IE,0
(5.1)

shown in the lower part of figure 5.2 (e) where IE,F is the emission at a spectral position (energy

E) at an external field F . A strong electro-modulation behavior is observed. The local minimum

and maximum of the differential emission spectrum correspond to the ES and GS exciton

transition energies[109] of the CdSe nanoplatelets. Quantities related to the excited state or

ground state are indicated by a subscript ES or GS, respectively. See illustration in figure 5.2 (d)

for the used nomenclature. Both field F dependent emissions are modeled by Lorentzian profiles

fL(E) of width wL,FES/GS convoluted with a normalized Gaussian inhomogeneous broadening

fG(E) of width wGES/GS . The inhomogeneous broadening is assumed to be field independent
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and has thus no superscript F. The resulting emission profiles are Voigt profiles V A,Ec,wL,wGES/GS of

area under curve A and center energy Ec. We use

V A,Ec,w
L,wG

ES/GS (E) = const+ fL(E)⊗ fG(E) (5.2)

fL(E) = 2A
π

wL

4 (E − Ec)2 − (wL)2

fG(E) =
√

4ln2
π

e
4ln2E2
(wG)2

wG

to fit the field dependent emission spectra of ground and excited state. To avoid too many

indices, the field dependence in the formula above has been omitted. The homogeneous linewidth

wL,FES/GS , the emission center energy Ec,FES/GS and the spectrally integrated emission AFES/GS are

field dependent. With this definition the total emission of ES and GS and its field dependent

differential change (eq. 5.1) can be expressed as:

I(E) = VES(E) + VGS(E) (5.3)

so that (
∆I

I

)E,F
=
V E,FGS + V E,FES −

[
V E,0ES + V E,0GS

]
V E,0ES + V E,0GS

(5.4)

Upon application of an external field the parameters of the Voigt profiles are altered. The

following conventions are used:

- Peak areas AES/GS → AFES/GS

- Peak centers EcES/GS → Ec,0ES/GS +∆Ec,FES/GS

- Lorentzian widths wLES/GS → wL,0ES/GS +∆wFES/GS

A weak, broad defect emission at lower energies is taken into account by a Gaussian peak,

seen as dotted lines in figure 5.2 (e). Figure 5.2 (e) also shows the corresponding global fits to the

field-dependent emission, (upper panels) and differential emission (lower panels), using eqs. 5.3

and 5.4, respectively. For each field-strength the field-dependent and zero field emission and their

differential spectrum are fitted simultaneously sharing the set of parameters listed above. The

ES-GS energy spacing δEF can be sensitively determined due to the inclusion of the differential

emission spectra. The fits for zero-field yield: Ec,0ES = 2.239 eV, Ec,0GS = 2.215 eV and wL,0ES =

46meV, wL,0GS = 51meV. The zero field ES-GS energy spacing of Ec,0ES − E
c,0
GS = δE0 = 23.9meV

is close to the LO phonon energy in zincblende CdSe of 25.4meV[27].

The fit-results for the field-induced changes of the transition energies ∆EF and homogeneous

(Lorentzian) broadening ∆wL,FES/GS are summarized in figure 5.3. The observed redshift of the
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excitonic emissions, accompanied by a significant broadening, is a characteristic of the Quantum

Confined Stark and Franz-Keldysh effect. It has previously been observed in various quantum

wells and quantum dots [109, 112, 114, 116, 126–128]. The quantum confined Stark shifts

mostly originate from a distortion of the square well confinement potential reducing the energetic

difference between hole states in the valence band and electron states in the conduction band.[112]

The broadening is mostly due to the Franz-Keldysh effect for platelets with a preferential parallel

orientation to the electric field[112]. They are polarizable due to the formation of spatially

distorted excitons in the presence of an external field. The platelets are randomly oriented in the

field effect sample, thus the observed spectral shifts and broadening correspond to the angularly

averaged internal electrical field-strengths in the platelets.

DC Local Field Factor

In order to quantify the observed spectral shifts, knowledge of the internal field inside the

platelets is required. The applied external field is defined as F = U/d. U is the applied voltage

and d the distance between the ITO electrodes of the field-effect structure. F is lowered in

the polymer by: Fpoly. = F/εr,poly. This field is further reduced inside the platelets by local

field effects due their shape and dielectric contrast to the polymer. By replacing the optical

permittivity εM and εS in equation 1.24, respectively, with the static permittivity of the host

polymer and CdSe, the static local field factors fDCx,y,z of the platelets can be calculated. The

static dielectric constant of the platelet environment is taken as εr,poly = 2.5 [129], while the

CdSe platelets have εr = 10.2 [130]. With the basis vector in spherical coordinates and with
~Epoly. = Epoly. · êr(φ,θ), the field strength inside the particle is:

Eint(φ, θ) = Epoly.

√
|fDCx |2 sin2 θ cos2 φ+

∣∣fDCy ∣∣2 sin2 θ sin2 φ+ |fDCz |2 cos2 θ (5.5)

Here |fDC |(φ,θ) = Eint./Epoly. is the local field factor for the electric field strength in spherical

coordinates. Accounting for the random orientation of the platelets in the polymer we calculate

its expectation value flf over the whole solid angle, using dΩ = sin θdφdθ:

flf =
〈
|fDC |(φ,θ)

〉
Ω

=
∫
Ω
|fDC |(φ,θ)dΩ∫

Ω
dΩ

(5.6)

In order to relate the applied external field F directly to the (average) internal field inside the

platelets Fint the effective local field factor f̃lf = Fint/F = flf/εr,poly is introduced.
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Figure 5.3: External electric field induced changes of the photoluminescence of CdSe
nanoplatelets. (a) ES and GS transition energy shifts ∆EF

ES/GS and fits according to eq. 5.7. (b)
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ES). (c) Field-induced homogeneous (Lorentzian) broadening ∆wL,F
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Exciton Polarizability and Binding Energy

The field-dependent energetic shift ∆EF of the PL can be modeled as[110, 122]

∆EF = (p+ pind)Fint = (p+ αFint)Fint =
(
p+ α

∣∣f̃lf ∣∣F ) ∣∣f̃lf ∣∣F = p
∣∣f̃lf ∣∣F + α

∣∣f̃lf ∣∣2 F 2

(5.7)

with a linear and quadratic dependence on the external field F . The permanent exciton dipole

moment p and its polarizability α will be discussed now in detail.

The exciton polarizability α can be interpreted as the difference of the polarizabilities of the

final and initial state of the exciton transition. In analogy, the permanent dipole moment p of

an exciton can be interpreted as the difference in dipole moments of the final and initial state of

the exciton [118]. No (measurable) permanent dipole moment p in the CdSe nanoplatelets is

observed, as the induced average shift in a random distribution of dipoles is expected to be zero.

For further discussion it is convenient to estimate the (external) field for exciton ionization

in CdSe nanoplatelets. Exciton ionization is assumed to occur once the field induced drop of

potential energy across its spatial extent (exciton Bohr radius aB) equals its binding energy:

Fion,int = EB/2eaB. With the effective local field factor and EB ∼ 200meV [22], this results

in approx. 2.6MV/cm external field strength for ionization. A factor of ∼ 15 higher than the

highest applied field strength, so that we are not in a regime where exciton ionization contributes

to the observed energy shift. This approximation is in line with the observed small induced shifts

of the exciton transition energies with respect to the exciton binding energy (∆EF << EB)

obtained from analysis of the data in figure 5.2 (e) and plotted in figure 5.3 (a).

The measured field-dependence of the transition energies shown in figure 5.3 (a) is well fitted

with the model equation 5.4 (solid lines). For the GS a dipole polarizability α of 8.6±1.6 ·10−8 eV

cm2/kV2 is found. It equals 1.4± 0.3 · 10−36 Cm2/J in SI units. For the ES α is found to be
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1.8± 0.2 · 10−6 eV cm2/kV2 (3.0± 0.3 · 10−35 Cm2/J). These values can now be compared with

previous theoretical and experimental work.

A rough estimate of the polarizability can be obtained from perturbation theory: α =

2e2 〈r2〉 /∆E [131, 132]. Here
〈
r2〉 is the expectation value of the position operator squared, e

the elementary charge and ∆E an average energy spacing of all allowed transitions. The spatial

extent of the exciton limits the dipole length. Thus the volume of the exciton is estimated

as a cylinder with the height Lw = 1.67nm (well width in perpendicular direction) and a

radius equal to the Bohr radius aB = 1.41nm. The expectation value of the position operator

squared is then
〈
r2〉 =

(
πLwa

2
B

)2/3
/4. ∆E is approximated by a typical exciton binding

energy in CdSe nanoplatelets of EB ∼ 200meV[22]. The same value was also used to calculate

aB = ~/(2µrEB)1/2 = 1.41 nm with the reduced exciton mass µr.[17] This perturbation theory

approximation yields α = 1.9 · 10−36 Cm2/J , in good agreement with the experimental ground

state value given above.

Kunneman et al.[78] measured an imaginary part of the mobility of µI = 2.0 cm2/Vs in CdSe

nanoplatelets. As their experiment cannot distinguish between the contributions of ES and GS,

the reported value corresponds to the sum of ES and GS polarizabilities. The imaginary mobility

can be related to the polarizability by α = 2πfµI/e where f is the used THz probe frequency in

the experiment in ref. [78]. A value of ∼ 1.0 · 10−35 Cm2/J is obtained, in good agreement with

the sum of our ES and GS results, i.e. with the ES due to its much larger value.

Compared to the ES, the GS polarizability is found to be substantially smaller (by more

than one order of magnitude). This is in line with calculations of the in-plane polarizability of

infinite quantumwells by Pedersen [133]. It must be noted that reducing the dimensionality of

an exciton from bulk (D=3) to D=2 in a quantumwell increases the energy level spacings and

limits the dipole length due to the spatial confinement. In general this strongly reduces the

exciton polarizability. This confinement-related decrease of the polarizability is stronger for the

GS [133], resulting in a lower polarizability of 2D GS excitons with respect to ES excitons.

The presented polarizabilities extracted from our model thus are in good agreement with

perturbation theory for the GS, with mobility measurements [78] for the sum of ES and GS. Also

the trend of a smaller GS polarizability compared to ES is in-line with theoretical work[133].

The measured ground state exciton polarizability α can be related to the polarizability volume

Vpol via Vpol = α/4πε0. This volume allows an estimate of the exciton binding energy. We

assume that the polarizability volume of a quasi 2D exciton is determined by its physical size

(exciton volume). Approximating the exciton again as a cylinder of height Lw and radius aB
(with EB = ~2/2µra2

B), we obtain

EB ≈ ~2πLw/2µrVpol = 170± 31meV. (5.8)
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This experimentally obtained exciton binding energy is in good agreement with the mentioned

theoretical results of Benchamekh[22] EB = 193meV, and the predictions in Ref. 17 for the used

platelet thickness. This provides the first experimental proof for the predicted high exciton

binding energies in colloidal CdSe nanoplatelets.

The proposed approximation of the exciton binding energy via the polarizability also works

on reported field dependent data of CdSe quantum dots. Menéndez-Proupin and Trallero-Giner

[134] report data on the field dependent Stark shift of the lowest exciton transition of CdSe QDs

of 4 nm radius. We extract α from the reported shift. Using our method and assuming a spherical

polarizability volume for the dots, the exciton binding energy is approximated to be 75meV.

This value obtained with our method is in good agreement with calculations on the same sized

dots. For the same quantum dot size Laheld and Einevoll [135] calculate exciton binding energies

between 65 and 75meV, depending on the used confinement potential. This indicates that the

proposed method for approximating exciton binding energies from the measured polarizability α

is a valuable tool, also for other systems.

Summarizing, the GS polarizability presented here is in good agreement with perturbation

theory approximation, as is the sum of ES and GS polarizabilities with THz experiments.

The polarizability volume allows an approximation for the exciton binding energy in CdSe

nanoplatelets: EB ≈ 170± 31meV. This first experimental value is found to be in very good

agreement with reported predicted theoretical exciton binding energies for CdSe nanoplatelets.

5.3 Transition Dipole Moment and its Polarizability

Figure 5.3 (b) shows field-induced modulation of the total PL intensity of up to 22 %. In this

case the magnitude of the PL reduction is only limited to the experimentally accessible range of

fields. There is potential to reach an even higher modulation depth as well as spectral shifts.

At this point it is worth mentioning that the total amount of absorption in the system is

unaffected by the external field. Oscillator strength is only redistributed by the field. The

so-called f-sum rule applies[32, 136], see figure 5.7 in the appendix 5.4. At the spectral position

of the exciting laser in the continuum, though, the field-induced changes of absorption are below

0.1 %. Thus the change of the emission intensity under field is clearly not related to field-induced

changes of absorption.

The observed high modulation of the total emission suggests a strong alteration of the transition

dipole moments of ES and GS under an applied external field which will be investigated in the

following.
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Figure 5.4: Time-resolved field-dependent photoluminescence of CdSe nanoplatelets.
(a) Time resolved photoluminescence and temporally binned PL as well as spectrally binned
transients (in (b)) for 0 kV/cm and 175 kV/cm. The binning ranges are indicated as white dashed
lines in (a). The instruments response function (IRF) used for convolution is displayed in (b).
Transients in (b) are fitted with biexponentials consisting of a fast and a slow PL decay component
as inferred from our rate equation model due to both the emissive GS and ES.

The field-dependent transition dipole moments can be understood as an addition of a pertur-

bation to the zero field transition dipole moment µ [109]

µFES/GS = µ+XFint (5.9)

with X the transition dipole moment polarizability and Fint the field in the nanoparticle. The

radiative transition rate Γ r relates to the transition dipole moment µF via[50]

Γ r,F = ω3n |fopt|2

3πε0~c3

∣∣µF ∣∣2 . (5.10)

Inserting eq. 5.9 into eq. 5.10 gives us:

Γ r,F = ω3n |fopt|2

3πε0~c3

∣∣µ+X|f̃lf |F
∣∣2

= ω3n |fopt|2

3πε0~c3

(
µ2 + 2µX

∣∣f̃lf ∣∣F +X2 ∣∣f̃lf ∣∣2 F 2
)
. (5.11)

The transition dipole moment polarizability X is negative as indicated by the decrease of the

radiative rates with field. The induced change of the dipole moment though is small with

respect to the zero-field case, so that µ+X|f̃lf |F > 0 for all field strengths. With this the last

simplification in equation 5.11 can be made. fopt is the optical local field factor at the transition

energy, n the refractive index of the surrounding matrix and ω the transition frequency.

The rate equation model introduced in chapter 3 allows to extract radiative rates of ES and GS

as well as their inter-relaxation rate γ0 from the PL dynamics of the three level system. Time-
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resolved field-dependent PL measured at room temperature is shown in figure 5.4. Biexponential

fits to the spectrally binned decay transients in (b) yield the fast and slow decay rates (λf/s from

eq. 3.5) as well as the ratio of population decaying through these two channels. Time integrated

PL yields ES and GS shifts and intensity ratios as well as relative changes of their intensity

under electric field. In the following this data will be analyzed in order to retrieve the ES and

GS transition dipole moment, its polarizability and the inter relaxation rate γ0.

The field dependent radiative rates Γ rES/GS of eq. 5.11 can be inserted as the radiative rates

in the rate equation system discussed in section 3.3. The inter-relaxation rate γ0 can also be

expressed as a function of the external electric field. The LO-phonon mediated transition between

ES and GS follows Fermi’s Golden rule[100]:

γ0(∆E) = CLO
δLO

(∆E − ELO)2 + (δLO/2)2 (5.12)

where CLO is a coupling strength constant, δLO the transition width, and ∆E the detuning to

the phonon energy ELO.

The energetic spacing between ES and GS at zero field δE0 for the nanoplatelets that were

used here is nearly resonant to the LO-phonon energy. ES and GS have a different shift with

applied field. As shown in figure 5.3 (a) the ES-GS energy spacing δE = δEF = EFES −EFGS =

δE0 − (∆EFES − ∆EFGS) is field-dependent and decreases with increasing field. Figure 5.5 (b)

shows the dependence of the zero temperature ES-GS scattering rate γ0 on the detuning dE.

A field-induced change in the ES-GS energy spacing δEF makes γ0(δEF ) field-dependent and

externally controllable by the applied voltage:

γF0 (δEF ) = CLO
δLO

(δE0 − (∆EFES −∆EFGS)︸ ︷︷ ︸
shifts, obtained from figure 5.3 (a)

−ELO)2 + (δLO/2)2
(5.13)

For the analysis shown in the following CLO = 0.131meV/ns and δLO = 6.9meV are used from

chapter 4.

The shifts are obtained from the quadratic fit curves in figure 5.3 (a). It turns out that the

ES-GS relaxation rate is strongly field-dependent and varies by a factor of ∼ 3 in the range of

applied fields, figure 5.5 (b). Now the parametrized field dependent ES-GS transition rate γF0
can be included into the rate equation model. The biexponential decays of ES and GS in eqs. 3.6

and 3.7 depend only on the radiative, non-radiative and inter relaxation rates. As in chapter 3

n
(t=0)
GS = n

(t=0)
ES is chosen as boundary condition. The amplitudes f , g, and h are functions of

the rates. The ratio rTR,F of the total population decaying through the fast and the slow decay
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Figure 5.5: Time resolved stark spectroscopy analysis. (a) Field-dependent relative
change of the time integrated ES IF

ES/I
0
ES and GS IF

GS/I
0
GS emissions and the differential change

(∆RT I/R)T I,F of the time integrated intensity ratio of the ES to GS emission. (∆r/r)T R,F is the
differential change of the ratio of the population decaying through the fast and slow PL decay
components. The ratio of the ES and GS emission at zero-field I0

ES/I
0
GS before each measurement

at a finite field F is also shown. It is constant, indicating the absence of degradation or memory
effects. (b) Field-dependent change of the ES-GS scattering rate γ0: At zero-field the ES-GS energy
spacing, δE0 = E0

ES − E0
GS of the measured CdSe nanoplatelet sample is near resonant to the

LO-phonon bottleneck at ELO = 25.4meV in zincblende CdSe[27]. An increasing field leads to
an alteration of the energy spacing (Fig. 5.3 (a)) and larger detuning dE = δEF − ELO to the
LO-phonon resonance. γ0 is thus reduced with applied field. The accessible field range is indicated
by a gray shaded area. The displayed curve is taken from chapter 4 using a Fermi’s Golden rule
model for an LO-phonon mediated transition[100].

component can be expressed as:

rTR,F = (Γ rES+gΓ rGS)λ−1
f

(fΓ rES+hΓ r
GS)λ−1

s
=

j︷ ︸︸ ︷
λ−1
f Γ rES +

k︷ ︸︸ ︷
λ−1
f Γ rGSg

λ−1
s Γ rESf︸ ︷︷ ︸

l

+λ−1
s Γ rGSh︸ ︷︷ ︸

m

= j + k

l +m
(5.14)

introducing the new placeholders j,k,l,m. Superscript F is introduced to denote the field

dependence given by the transition and inter-relaxation rates. Further the ratio of time integrated

ES and GS PL emissions RTI,FES/GS = RTI,F is obtained as:

RTI,F =
∫
IES(t)dt∫
IGS(t)dt

= Γ rES
Γ r
GS
· λ
−1
f

+fλ−1
s

gλ−1
f

+hλ−1
s

=

j︷ ︸︸ ︷
Γ rESλ

−1
f +

l︷ ︸︸ ︷
Γ rESfλ

−1
s

Γ rGSgλ
−1
f︸ ︷︷ ︸

k

+Γ rGShλ
−1
s︸ ︷︷ ︸

m

= j + l

k +m
(5.15)

This directly defines our time integrated zero field (F = 0) ratio I0
ES/I

0
GS = RTI,F=0

ES/GS plotted in

figure 5.5 (a). The zero-field ratio is obtained before each measurement of finite field. No changes

are observed from measurement to measurement, indicating that there is no degradation with

time.
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From the time-resolved, field-dependent PL we get (∆r/r)TR,F , the relative change of the

ratio rTR,F with respect to zero field. jF , kF , lF ,mF with superscript F mark the quantities

with field on. Superscript 0 indicates the zero field case:

∆rTR,F

rTR,0
=
(
∆r

r

)TR,F
=

(
jF+kF

lF+mF

)
(
j0+k0
l0+m0

) − 1 (5.16)

The experimental values of (∆r/r)TR,F are depicted in figure 5.5 (a) as black dots. From time

integrated PL we obtain the ratio of time integrated ES and GS emission RTI,F . Its relative

change with respect to zero field is then:

∆RTI,F

RTI,0
=
(
∆R

R

)TI,F
=

(
jF+lF
kF+mF

)
(
j0+l0
k0+m0

) − 1 (5.17)

The experimentally obtained (∆R/R)TI,F are shown as green dots in figure 5.5 (a). It should

be noted that (∆r/r)TR,F and (∆R/R)TI,F are different quantities, which in general do not

coincide due to different dependencies on the rates.

The field-induced changes of the ES and GS emissions IFES/GS =
∫∞

0 IFES/GS(t)dt are shown

normalized to the respective zero-field emissions as blue and red dots in figure 5.5 (a).

All above mentioned quantities: IFES/GS , (∆r/r)TR,F (eq. 5.16) and (∆R/R)TI,F (eq. 5.17)

are analytical functions of the radiative, non-radiative and inter-scattering rates. They are

fitted together with the zero-field ES/GS intensity ratio sharing the same set of parameters:

Zero field transition dipole moment µES,GS , its polarizability XES,GS and the field independent

non-radiative rates.

Including time integrated and resolved PL data in this global approach makes the fit very

sensitive to field-induced changes in all three rates: γF0 which is parametrized and Γ r,FES,GS which

only depend on µES,GS and XES,GS .

Figure 5.6 shows the results of the analysis for the field-induced changes in the radiative rates

Γ r,FES/GS . We observe both a reduction of the radiative rates and of the inter-relaxation rate γ0

with increasing field. The decrease of the radiative rates can be understood within the Quantum

Confined Stark and Franz-Keldysh effect. The electric field polarizes the electron and hole wave

functions in the exciton. This reduces the spatial overlap integral to which the transition dipole

moment and thus the radiative rate is proportional in an envelope function approximation [42].

The reduction of the ES-GS relaxation rate on the other side is a consequence of the decrease of

the ES-GS energy spacing with applied field. In zero-field the used platelets are nearly resonant

to the bottleneck. The applied field detunes the energy spacing from the resonance to the
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Figure 5.6: Field-dependent radiative rates of CdSe nanoplatelets. ES-GS scattering
rate γF

0 and intrinsic radiative rates Γ r,F
ES/GS of ES and GS as inferred from our global fit model.

The red dot represents the ground state radiative rate at zero field obtained from the transition
dipole moment calculated using a k·p based simple approximation.

LO-Phonon energy. This reduces the transition rate between ES and GS according to Fermi’s

golden rule, eq. 5.13.

Via eq. 5.11 the GS and ES transition dipole moments and their polarizability are directly

obtained from the global fit. This results in |µGS |2 = 9.0 ± 2.3 · 10−58 C2m2 and |µES |2 =

5.5 ± 1.4 · 10−58 C2m2 for the zero-field transition dipole moment (squared). For s-states,

i.e. the ground state, the squared exciton transition dipole moment can be compared to an

estimate of the transition dipole moment using a k·p based simple approximation [137]. The

material constants from ref. 27 are used for the CdSe nanoplatelets. The rough theory estimate

|µ|2 ≈ 9.3 · 10−58 C2m2 is shown as a red dot in figure 5.6. This is in excellent agreement with

our analysis for the GS.

Table 5.1: Results from Time-resolved Stark spectroscopy. Exciton polarizability α, the
transition dipole moment |µ|2, and its polarizability X of the ground and excited state of 5.5ML
CdSe nanoplatelets with 42± 7 nmx 8.7± 2.1 nm lateral size.

α |µ|2 X
(Cm2/J) (C2m2) (Cm2/V)

GS 1.4± 0.3 · 10−36 9.0± 2.3 · 10−58 −6.9± 1.8 · 10−37

ES 3.0± 0.3 · 10−35 5.5± 1.4 · 10−58 −4.1± 1.0 · 10−37

The fitting procedure also allows to derive the transition dipole moment polarizability XES/GS

via eq. 5.11. As seen there the linear and quadratic terms in F do not have independent coefficients.

The polarizability of the transition dipole moment leads to a linear and quadratic change of

Γ rES/GS with applied field. From the fit in figure 5.5 we obtain: XGS = −6.9± 1.8 · 10−37 Cm2/V

and XES = −4.1± 1.0 · 10−37 Cm2/V. To the best of our knowledge these are the first reported
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values of the polarizability of the transition dipole moment in colloidal nanocrystals. Values

in the same order of magnitude have been reported for the transitions of Frenkel excitons of

similar binding energy in hydrazones [138].

The model for the field-dependent PL emission also allows, for the first time, to discriminate

between the effects of transition rate changes and field-induced broadening, and to quantify

their contributions. Both reduce the radiant flux per unit wavelength. Consider first a narrow

band PL detection of e.g. 1 nm, much smaller than the FWHM of the zero-field emission. For

this narrow band the GS emission (at E = 2.215 eV) can be lowered by 28% in total detection

at a field of 175 kV/cm. 29% of this reduction are related to broadening. The other 71% are

related to the transition dipole polarizability, i.e. to the changes of transition oscillator strength.

For a broad detection (much bigger than the spectral zero-field FWHM) only the change in the

transition oscillator strength leads to a field-dependent alteration of ≈22% of the total emission.

Conclusion

It has been shown that CdSe nanoplatelets are a good model system to study the effect of

external fields on colloidal 2D quantum wells.

Time-resolved Stark spectroscopy is proven to be a powerful tool for field dependent studies.

Photoluminescence intensity changes, broadening, spectral shifts and recombination dynamics

are modeled simultaneously. Both the excited state and the ground state exciton are addressed

by this method. The static exciton polarizability, the exciton transition dipole moment and its

polarizability can be retrieved from the data.

The static exciton polarizability α is found to be 8.6·10−8 eVcm2/kV2 for the GS and 3.0±

0.3 · 10−35 eVcm2/kV2 for the ES – in excellent agreement with theory and other reports. The

value of the GS is in good agreement with perturbation theory. The sum ES and GS is in

good agreement with THz experiments[78] (where ES and GS are indistinguishable). The trend

αES > αGS is in line with theoretical predictions for lower dimensional systems[133].

The presented analysis further allows an estimate of the exciton binding energy – giving the

first experimental proof of the high exciton binding energies in CdSe nanoplatelets. For the

studied 5.5ML platelets we find EB = 170meV, in good agreement with theoretical predictions.

Thus CdSe NPLs exhibit highly robust excitons, which are stable even at room temperature.

The method is also shown to be applicable to other nanoparticles.

The zero-field radiative rate is determined by the exciton transition dipole moment, found to

be 3.0 · 10−29 Cm for the ground state exciton. The field dependent radiative rate is determined

by the polarizability X of the transition dipole moment. It is found to be in the order of
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magnitude of similarly bound Frenkel excitons in organic molecules [138]. To the best of our

knowledge we report, for the first time, values for X for a colloidal nanocrystal.

The field dependent spectral changes of the PL intensity are related to changes in both

the radiative rates and the emission linewidth. The presented global analysis also allows a

quantitative discrimination of the two phenomena. For narrow band modulation at an external

electrical field of 175 kV/cm the PL emission is reduced by 28% (of which 29% derive from

broadening, the rest from exciton polarization). For broad band detection the 22% modulation

is only due to exciton polarization.

These results show that an efficient field control over the exciton recombination dynamics,

emission linewidth and emission energy in these nanoparticles is feasible and opens up application

potential as field-controlled emitters.
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5.4 APPENDIX: Field-Dependent Absorption of CdSe Nanoplatelets
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Figure 5.7: (a) Field dependent absorption spectra of CdSe nanoplatelets with the laser peaks of
the HeCd laser used for time integrated and the Ti:Sa used for time-resolved field dependent PL
studies. (b) The total oscillator strength (integrated absorption spectrum) is unchanged under the
applied field strengths. The differential changes to zero field are far below 1%, confirming the f-sum
rule[32]. The applied field is only a small perturbation to the electronic system. (c) Normalized
total PL intensity under field (right axis), compared to the normalized change of absorption of the
exciting lasers (left axis). No changes of the absorption around 440 nm can be seen.
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a Type II Band Alignment

The results of this chapter are found in Ref. [79] Scott, R. et al. (2016), Phys. Chem. Chem. Phys.,
18(4), 3197. All figures are reproduced and adapted by permission of the PCCP Owner Societies.
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Figure 6.1: Indirect and direct ex-
citons in hetero CdSe-CdTe and
core only platelets. Due to the spa-
tial separation of the electron and hole
wavefunction indirect excitons at a type
II hetero junction show prolonged radia-
tive decay compared to direct excitons
in core only platelets.

Beyond the possibilities to alter physical properties and recombination dynamics by the above

mentioned approaches (size and external fields), hetero nanoparticles offer a further possibility

to tune their dynamics by an in-built type II transition.[139–141]

The properties of CdTe-CdSe hetero nanodots and -rods have been investigated in systems of

spherical or axial symmetry in the last years [142–148]. Recent studies on the synthesis of type II

CdSe-CdTe and CdTe-CdSe core-lateral shell nanoplatelets have investigated their morphology,

the type II band offsets as well as the prolongation of the PL decay time compared to core only

nanoplatelets at room temperature [149–151].

In the following the temperature-dependent decay dynamics of type II CdSe-CdTe and CdTe-

CdSe core-lateral shell nanoplatelets are investigated. By combining the temperature-dependent

decay dynamics and the quantum yield we deduce the non-radiative and radiative lifetimes of

hetero nanoplatelets. In line with the predictions of the Giant Oscillator Strength Effect in 2D

the radiative lifetime increases with temperature. Comparing core only and hetero platelets a

significant prolongation of the radiative lifetime by two orders of magnitude in type II platelets is

observed. The quantum yield is barely affected. In a careful analysis of the PL decay transients

different recombination models are compared – including electron-hole pair and exciton decay.

This is a relevant issue for the applicability of those structures in photonic devices like solar cells

(e-h pair) or lasers (exciton). The observed PL decay in hetero platelets is biexponential. It is

shown to occur predominately due to spatially indirect excitons present at the hetero junction,

see figure 6.1, and not ionized e-h pair recombination.

http://doi.org/10.1039/C5CP06623A
http://doi.org/10.1039/C5CP06623A
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Figure 6.2: Room temperature absorption, PL and PLE spectra of 4.5ML CdSe (a)
and 3.5ML CdTe (f) core only platelets as well as 4.5ML CdSe-CdTe (b) and inverse
3.5ML CdTe-CdSe (h) hetero platelets. The PLE spectrum is recorded at the hetero platelet
emission maximum at 680 nm (b) and 550 nm (h), respectively. Inset left: HAADF STEM images of
(c) the 16x8 nm2 CdSe core and (d) 27x47 nm2 CdSe-CdTe hetero nanoplatelets. (e) A color coded
STEM-EDX elemental map (Te red, Se green and Cd blue) resolves the CdSe core (aquamarine) and
CdTe lateral shell (pink). Insets right: (g) Core only CdTe plates with lateral size 42x35 nm2. (i)
and (j): TEM and color coded STEM-EDX elemental map of CdTe and CdSe of 3.5ML CdTe-CdSe
hetero platelets with total lateral size of 70x58 nm2 and the same core size as in (g).

6.1 Characterization of CdSe-CdTe and Inverse Hetero-Nanoplatelets

4.5 monolayer (ML) CdSe core only, 4.5ML CdSe-CdTe nanoplatelets and inverse type II CdTe-

CdSe nanoplatelets were synthesized according to recent literature.[149] Figure 6.2 shows the

absorption, PL and photoluminescence-excitation (PLE) spectra of 4.5ML CdSe core only (a)

and CdSe-CdTe core lateral shell platelets (b) as well as their transmission electron microscopy

(TEM) characterization (insets (c)-(e)). The right side of figure 6.2 displays the corresponding

data for the 3.5ML CdTe only and the inverse 3.5ML CdTe-CdSe samples. Due to the stronger

transverse confinement (thinner platelets) the corresponding CdTe hh and CdSe hh transitions

are blue shifted with respect to the left side of figure 6.2. The actual thickness of the CdSe

and CdTe plates and lateral wings is n+1/2 times the thickness of one monolayer[44, 45, 152]

(Zincblende: dCdSeML = 0.304nm, dCdTeML = 0.324nm). Figure 6.2 (a) shows the characteristic

4.5ML heavy hole (hh) exciton luminescence (orange) around 512 nm, whereas the PL peak

of the hetero system is red shifted to 680 nm (b). From the corresponding absorption and PL

spectra the hh absorption peaks of both, the CdSe core at 512 nm and CdTe shell at 555 nm,
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Figure 6.3: Normalized time-resolved photoluminescence of 4.5ML CdSe core only
platelets (a) recorded at the spectral maximum of the emission for selected temperatures (5.5,
75 and 100K). The biexp. fits (solid curves) take the convolution with the instrument response
function (IRF, green curve) into account. (b) Short and long time constants, τ1 and τ2, deduced
from biexp. fits in (a) together with the average lifetime τ . (c) Radiative and non-radiative lifetimes
τr and τnr calculated from equation 6.7 and 6.8.

can be identified. The PLE spectrum recorded at the type II transition wavelength of 680 nm

clearly proves the formation of a CdSe-CdTe hetero junction. The PLE spectrum resembles

the cumulative absorption spectrum of the CdSe-CdTe nanoplatelets.[149–151] The samples

were embedded in a poly(lauryl acrylate) host matrix on quartz substrates for low temperature

measurements.

6.2 Temperature Dependent Luminescence Dynamics of

Hetero-platelets

Figure 6.3 shows that the 4.5ML CdSe core only platelets are characterized by relatively fast PL

decay times. The PL decay is bi-exponential[27], as seen by the bi-exponential fits in figure 6.3 (a)

and discussed in section 3.2. The convolution with the instrument response IRF (green curve) is

taken into account. The IRF is recorded at the emission wavelength of the excitation laser (Laser

diode: 409 nm, 50 ps pulsewidth, 1MHz repetition rate). The excitation density is 0.2W/cm2

(CW equivalent). The PL decay components of CdSe core only nanoplatelets are fast and of the

order of 200 ps for the short and 1-2 ns for the long component, figure 6.3 (b). The radiative and

non-radiative rates in panel (c) are discussed later.

In contrast to the fast recombination of core only CdSe nanoplatelets type II hetero nanoplate-

lets show a strongly prolonged PL decay, see figure 6.4 for 4.5ML CdSe-CdTe (a) and 3.5ML

CdTe-CdSe (b). For comparison the 5.5K decay curve of 4.5ML core only platelets is shown in

panel (a). The prolongation of the PL lifetime in the hetero platelets is due to the formation of

a charge transfer state at the hetero interface.[144] After a carrier pair is optically generated
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Figure 6.4: Normalized time-resolved photoluminescence of 4.5ML CdSe-CdTe (a)
and 3.5ML CdTe-CdSe (c) nanoplatelets recorded at the spectral maximum of their respective
type II emission bands shown in figure 6.2 (b) and (h). Grey lines are biexponential fits for exemplary
temperatures taking the convolution with the instrument response into account. (b) shows a
comparison of a biexponential fit, a second order decay fit and one according to Mourad et al.[153]
for the 4.5ML CdSe-CdTe platelets at 100K. The adjusted R2 values clearly show that the biexp.
model (red curve) reproduces the data with a very high accuracy.

in the CdSe or CdTe it diffuses fast to the hetero interface. The electron wavefunction is then

mainly localized in the CdSe, the hole wavefunction in the CdTe part of the junction.[149] This

results in a spatially indirect state. The corresponding valence band (VB) and conduction band

(CB) offsets at the junction have been determined to be 0.56 and 0.36 eV for CdSe-CdTe and

CdTe-CdSe platelets, respectively.[149, 151]

However, it is still rather unclear whether the observed type II luminescence is related to an

uncorrelated e-h pair or to a coulomb correlated exciton state. This question can be answered by

the PL decay dynamics of the excited species. A free e-h pair is expected to decay with a Debye

second order decay for the electron (n) and hole (p) densities according to dn/dt = k2 · n p.

Under the valid assumption n = p for optical excitation this results in a hyperbolic PL decay

according to Ĩ(t) = k2 ∗n2
0/(1 + k2 ∗n0 ∗ t)2 with initial concentration n0 and decay rate k2 [154].

The fit obtained with this function in figure 6.4 (b) shows rather limited agreement. Systematic

deviations on long timescales with respect to the resulting χ2 indicate that this model cannot

reproduce the data.

It has been pointed out that the polarization field generated by carrier separation at the

junction may alter the decay kinetics and its rate constant k2. Following Mourad et al.[153] the

rate constant k2 = γn is then proportional to the carrier density with a proportionality constant

γ. The resulting altered PL decay function Ĩ(t) = γ ∗ n2
0/(1 + γ ∗ n0 ∗ t)3/2 does not fit the data

appropriately either (figure 6.4 (b)). In contrast to these e-h pair recombination based models all
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PL decays Ĩ(t) can be well fitted by bi-exponentials which are expected from exciton decay.

Ĩ(t) = A1 · e−t/τ1 +A2 · e−t/τ2 . (6.1)

They are indicated by light gray lines in figure 6.4 (a) and (c) for several temperatures.

The comparison of the three fit models for an exemplary temperature of 100K in figure 6.4 (b)

clearly indicates the superior agreement of the biexponential fit (red) with the measured data.

From the viewpoint of the χ2 hypothesis test it is the most suitable model. Therefore it can be

concluded that the predominant species causing the observed (red shifted) type II emission is

related to exciton recombination and not e-h pairs.

Figure 6.5 (a) shows the resulting time constants τ1 and τ2 of the biexponential fits for the

temperature range from 4 to 300K. The shorter time constant seems to be practically temperature

independent, whereas the longer one exhibits a significant increase with temperature. Using

these results we calculate the average lifetime of the two components[155]

τ =
∫∞

0 t · Ĩ(t) dt∫∞
0 Ĩ(t) dt

=
∑
i Aiτ

2
i∑

i Aiτi
(6.2)

as plotted in red in 6.5 (a).

The observed PL lifetime τ(T ) is related to the quantum yield η(T ), the intrinsic radiative

lifetime τrad and the non-radiative lifetime τnr by

τ(T ) =
(

1
τrad(T ) + 1

τnr(T )

)−1
= τrad(T ) · η(T ). (6.3)
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Knowing the temperature dependent quantum yield η(T ) makes it possible to derive the

radiative and non-radiative lifetimes from the measured τ(T ). With η(300K) determined by a

dye referencing method (to Rhodamin 6G), the temperature dependent quantum yield can be

obtained from a measurement of the temperature dependent time-integrated PL I(T ).

η(T ) = I(T )
I(300K)η(300K) (6.4)

Figure 6.6 shows the temperature dependence of the time integrated luminescence for the CdSe

core only and the two hetero platelet samples. The temperature dependence can be well fitted

with a thermally activated quenching model according to [156]:

I(T ) = I(0K)
1 + C · e−EA/kBT

(6.5)

Using η(T ) = η(0K)I(T )/I(0K) the temperature dependent quantum efficiency is obtained:

η(T ) = η(0K)
1 + C · e−EA/kBT

(6.6)

with the activation energy EA and constant C. Figure 6.6 shows the results of the temperature

dependent quantum yield and the fits to equation 6.6.

At low temperatures the quantum yield of our hetero platelets approaches 70%. It drops

to 19% and 13% for the CdSe-CdTe and CdTe-CdSe hetero platelets at room temperature,

comparable to core only platelets – in the order of 20%. The corresponding activation energies

for the PL quenching deduced from the fits in figure 6.6 are 16meV (4.5ML core only), 50meV

(4.5ML CdSe-CdTe) and 31meV (3.5ML CdTe-CdSe). With the knowledge of η(T ) we can

calculate the temperature dependence of the radiative

τrad(T ) = τ(T )
η(T ) (6.7)

and non-radiative lifetime

τnr(T ) =
(

1
τ(T ) −

1
τrad(T )

)−1
= τ(T ) (1− η(T ))−1

. (6.8)

The resulting temperature dependence of τrad and τnr for the 4.5ML core only and CdSe-CdTe

hetero nanoplatelets is shown in figures 6.3 (c) and 6.5 (b), respectively.
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Figure 6.6: Arrhenius plots of the spectrally and time-integrated photoluminescence
of (a) 4.5ML CdSe core only, (b) 4.5ML CdSe-CdTe and (c) 3.5ML CdTe-CdSe nanoplatelets.
The right hand scales show the corresponding temperature dependent quantum yield. Excitation
conditions are identical to figure 6.4.

6.3 Discussion

Two trends can be identified in figures 6.3 (c) and 6.5 (b): While the non-radiative lifetime

decreases, the radiative lifetime increases with temperature. The increase of the radiative lifetime

with temperature in a 2D system is related to the Giant Oscillator Strength Effect (GOST) in

2D [17, 26, 83] as discussed in chapter 4. With increasing temperature, a thermal redistribution

of the generated excitons leads to a higher fraction of excitons with a k-vector outside the

radiative light cone that cannot radiatively decay. Since the out-of-light-cone scattering processes

are thermally activated, this phenomenon prolongs the overall decay of the photo-generated

excitons with increasing temperature. The effect leads to an increase of the radiative lifetime

with temperature from 70 to 270 ns for hetero nanoplatelets. Core only nanoplatelets show a

sixfold increase of the lifetime. As in chapter 4, here the strong increase of the radiative lifetime

with temperature in our core and core-lateral shell platelets can be understood as a suppression

of the radiative recombination due to the increase of the homogeneous exciton linewidth with

temperature.

The above mentioned effect of a moderate increase of the radiative lifetime with temperature

further indicates that excitons and not e-h pairs are present in the hetero platelets. In case of

free electron-hole pair recombination a far stronger temperature dependence of the bimolecular

recombination coefficient k2 according to k2 ∝ (kBT )−3/2 would be expected[157]. For example

an increase from 4 to 200K would result in a decrease of k2 by a factor ∼ 350. This would

translate into a prolongation of the radiative decay time τrad (∝ 1/k2) by more than two orders

in magnitude – clearly not reflected in the experimental results on the radiative lifetime. In line

with the findings above, this rules out the presence and decay of electron-hole pairs.

In contrast to the mentioned radiative processes also non-radiative processes such as exciton

trapping and decay at defects take place. These non-radiative channels can be seen as temperature
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Figure 6.7: Decay and radiative lifetimes of 3.5ML CdTe-CdSe hetero nanoplatelets.
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activated processes. The mobile excitons have to overcome some activation energy to move to a

defect or quenching site. Thermally activated, the non-radiative rate increases and equivalently

its lifetime decreases with temperature as observed in figure 6.5 (b). Since a larger fraction of

excitons is decaying non-radiatively a decreasing luminescence intensity is observed in figure 6.6.

Having discussed 4.5ML CdSe-CdTe platelets we now investigate the temperature dependence

of the radiative and non-radiative lifetime of the inverse 3.5ML CdTe-CdSe platelets in figure 6.7.

The corresponding average lifetime in panel (a) is again derived by bi-exponential fits, and the

temperature dependence of the radiative and non-radiative lifetimes in (b) from eqs. 6.7 and 6.8.

With ∼120 ns the non-radiative lifetime is comparable to the 4.5ML CdSe-CdTe nanoplatelets

at low temperatures. It decreases more strongly above 40K (∼0.025 k−1) leading to an overall

decreasing average lifetime with temperature. This stronger impact of non-radiative processes in

the inverse structure is also reflected in the intensity drop of the PL emission and quantum yield

in figure 6.6 (c). An explanation for this observed difference between the normal and inverse

structure may be synthesis-related. A higher interfacial defect density in the inverse type II

structure or more defects at the edges of the outer CdSe lateral shell are expected. A higher

electron trap density in the CdSe lateral shell compared to the hole trap density in the CdTe

lateral shell may result in different non-radiative lifetimes for the CdSe-CdTe and CdTe-CdSe

heterostructures.

A stronger contribution of thermally activated non-radiative channels in 3.5ML CdTe-CdSe

plates leads to a strongly decreasing average lifetime with temperature, figure 6.7 (a). The much

weaker thermally activated non-radiative contribution in the 4.5ML CdSe-CdTe platelets leads

to an average lifetime that is dominated by the prolongation of the radiative decay rate due to

the Giant Oscillator Strength Effect (figure 6.5 (b)).
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However, even with the occurrence of relevant non-radiative recombination channels the

CdSe-CdTe and inverse CdTe-CdSe hetero platelets show much longer average (10-60 ns) and

radiative (50-270 ns) lifetimes as compared to core only plates (sub nanosecond) and CdSe-CdS

type I nanoplates [149]. Therefore it is possible to engineer the decay dynamics in these 2D

CdSe nanoparticles by the introduction of a lateral hetero transition. The experimental results

indicate that the ∼ 100 fold lifetime prolongation is not related to uncorrelated electron hole

pairs but to the formation of spatially indirect excitons.

Conclusion

The temperature-dependent decay kinetics of type II CdSe-CdTe and CdTe-CdSe core-lateral shell

nanoplatelets have been investigated. Their quantum yield is comparable to core-only platelets.

A kinetic analysis of the photoluminescence (PL) decay is combined with a measurement of

the temperature dependent quantum yield. This approach reveals the temperature dependence

of the radiative and non-radiative lifetime of hetero nanoplatelets. The observed increase of

the radiative lifetime with temperature is in line with the predicted increase due to the Giant

Oscillator Strength Effect in 2D. It is thus attributed to an increase of the homogeneous transition

linewidth with temperature. This temperature dependence indicates that predominantly spatially

indirect excitons are present at the hetero junction and not ionized e-h pairs.

In comparison to core only platelets we observe a significant prolongation of the radiative

lifetime by two orders of magnitude in type II nanoplatelets. At room temperature, for example,

the radiative lifetime of hetero plates is found to be ∼300 ns – very slow compared to the

sub-nanosecond decay of core-only platelets. It is expected that the radiative lifetime can be

further tuned by a hetero-junction via confinement and band offsets.

The analysis of the CdSe-CdTe and CdTe-CdSe hetero platelet PL decay shows that it is

biexponential. A bimolecular e-h pair recombination can be excluded by the decay kinetics and

its temperature dependence. This kinetic argument also indicates the presence of charge carriers

in form of spatially indirect excitons at the type II hetero-junction of these ultra-strong confined

nanoplatelets.

Stable even at room temperature with long (carrier) lifetimes these robust excitons are desirable

for photonic applications. These findings suggest that hetero nanoplatelets are less suitable

for solarcells, since the generated carriers are coulomb correlated. On the other hand, lasing

applications might strongly benefit from a broad gain spectrum generated by the excitonic type

II transition.
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The results shown in this chapter are presented in Ref. [84] Scott et al. (2015), Nano Letters, 15,
4985. Figures adapted with permission, ©2017 American Chemical Society.

2P-PLE

z-scan

local field

electronic effects

Figure 7.1: Two-photon absorption
cross sections of CdSe nanocrystals re-
vealed by Z-scan and two-photon excitation
spectroscopy. Both electronic confinement
and local field effects favor the platelets –
reaching 107 GM, the largest ever reported
cross sections for (colloidal) semiconductor
nanocrystals – ideally suited for two-photon
imaging and broadband nonlinear optoelec-
tronics.

Two-photon absorption (TPA) is the simultaneous absorption of two photons of an energy

below the bandgap of a material. Their combined energy induces a transition from a ground

state into an excited electronic state. In 1931 Göppert-Mayer[158] predicted this process that

scales with the square of the photon flux. The introduction of the laser providing high enough

light intensity enabled Kaiser and Garrett[159] to measure TPA for the first time in 1961.

Two-photon absorption of semiconductor nanocrystals is of current interest towards applications

such as non-linear gain media[45], optical power limiting, photo-dynamic two-photon (TP) cancer

therapy[160] or bio-labeling[161]. Confocal TP imaging in the range of 650-1350 nm is ideally

suited for cell and animal in-vivo imaging[162], combining high spatial resolution and deep tissue

penetration[163]. Further applications, e.g. in micro-fabrication, lithography, polymerization,

data storage and spectroscopy have been demonstrated [164–166].

The TPA cross section of molecules and nanocrystals is typically given in Göppert Mayer:

1GM=10−50 cm4 s photon−1 particle−1. It can be seen as the product of two one-photon cross

sections and an interaction time. Organic TP absorbers typically have cross sections smaller than

1000GM[167], although cross sections of up to 106 GM have been reported[168, 169]. However,

II-VI semiconductor based nano-particles offer significantly higher TPA cross sections with

respect to the particle volume.[84, 170, 171] The higher the cross section per particle or volume,

the lower the excitation intensities needed to obtain the same response in TPA applications with

less amount of material.

It is thus desirable to understand the influence of the semiconductor material as well as the

shape and size of the nanocrystals on their two-photon absorption cross section. Such a study

http://doi.org/10.1021/acs.nanolett.5b00966
http://doi.org/10.1021/acs.nanolett.5b00966
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Figure 7.2: Two-photon absorption and coefficient (a) Schematic illustration of a one-photon
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of magnitude, from small molecules over dyes (1)[172] to mesoscopic particles such as e.g. gold
clusters (2) [173] and (as shown here) CdSe nano crystals [84].

would help to engineer efficient two-photon absorbers for various opto-electronic applications

and give insight into the fundamental processes of TPA.

Here we investigate the influence of volume and shape of colloidal CdSe nano-platelets, -rods

and -dots on their TPA cross section. Platelets combine large particle volumes with ultra strong

confinement in one dimension and will be in the focus of this work. In contrast to weakly

confined nanocrystals, the TPA cross sections of CdSe nanoplatelets scale super-linearly with

their volume (V ∼2) and show ten times more efficient TPA than nano-rods or dots. This strong

shape dependence goes well beyond the effect of local fields. The larger the particles’ aspect ratio,

the greater is the electronic contribution to the increased TPA. Both, electronic confinement

and local field effects favor the platelets and make them unique two-photon absorbers with

outstanding cross sections of up to 107 GM, the largest ever reported for (colloidal) semiconductor

nanocrystals, see figure 7.2

Before presenting these results in detail the concept of TPA will be briefly introduced together

with the analytical framework and linear measurements needed to obtain TPA cross sections

from the two non-linear techniques used: z-scan and two-photon excitation spectroscopy.
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7.1 Theory

At low field strengths the light-induced dipole moment per unit volume in a medium, the

polarization P (t), depends linearly on the electric field strength P = ε0XE. ε0 is the permittivity

of free space, X the linear susceptibility. In a semi classical approach the polarization can be

expanded in a power-series of E to describe the response for high fields[174]:

P = ε0

(
X (1)E + X (2)EE∗ + X (3)EEE∗ + · · ·

)
(7.1)

X (n) are the n-th order optical susceptibilities and tensors of rank (n+1). They have generally

complex entries. Second order processes such as second harmonic and sum-frequency generation

or third order processes like Four-Wave-Mixing where photon energy is conserved are related

to the real part of X (2) and X (3), respectively, and referred to as parametric processes[175].

Two-photon absorption is a non-parametric process where population is transferred from the

ground to an excited state. The linear absorption coefficient α is proportional to the imaginary

part of the linear susceptibility X (1). Similarly the TPA coefficient β is proportional to the

imaginary part of X (3). For the case of degenerate TPA involving two photons of identical

frequency ω [174]:

β ≈ 8π2ω

ε0c2n2
0
ImX (3)(ω,ω,− ω) (7.2)

with c the vacuum speed of light and n0 the (linear) refractive index of the medium. Clearly, β

and X (3) are spectral quantities, as are P and E.

β is proportional to the probability WTPA of a TPA process taking place via the square of

the light intensity: WTPA ∝ βI2. Using an intermediate state that is related to all Eigenstates

of the electronic system – as done in the original work of Göppert-Mayer [158] – the probability

of a TPA process is given by second order Fermi’s golden rule:

WTPA = 2π
~
∑
i,f

∣∣∣∣∣∑
m

〈i |~e · ~p|m〉 〈m |~e · ~p| f〉
Em − Ei − ~ω

∣∣∣∣∣
2

δ(Ef − Ei − 2~ω) (7.3)

A derivation can be found in e.g. R. Boyd: Nonlinear Optics[175]. Here |j〉 and Ej are the wave

function and energy of the electron in the initial (j = i), intermediate (j = m) or final (j = f)

state. ~e is the light polarization vector and identical for both photons in the degenerate case that

is considered in this work. ~p is the momentum operator. Concentrating on the electronic system

of semiconductor nanocrystals, initial states |i〉 are in the valence band, final states |f〉 in the

conduction band. Intermediate states |m〉 can be in any band. For zincblende CdSe platelets or
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dots the valence bands are heavy hole (HH), light hole (LH) or split-off (SO) subband as shown

in figure 7.3. For wurtzite rods they consist of the A, B and C band.

The matrix elements in the numerator give the optical selection rules. Two-photon transitions

take place through the virtual intermediate state |m〉, which is short-lived and thus energetically

not well defined.[174] The efficiency of the transition is proportional to the sum of perturbational

terms involving all possible non-resonant states |m〉, illustrated for a fixed initial and final state

|i〉 and |f〉 in figure 7.3 (b). The denominator in eq. 7.3 gives a rough estimate of the intensity of

a given process, maximized when there is an intermediate state near the laser energy ~ω so that

(in the degenerate case) Em ≈ Ef−Ei
2 . However, |m〉 should never be exactly resonant, as this

would resemble sequential TPA (∝ I) a first-order transition, a fundamentally different process

than non-resonant TPA (∝ I2). Figure 7.3 (c) shows that the delta condition for initial and final

state matching the two-photon energy can be met for different |i〉 and |f〉, taken into account by

the outer sum in equation 7.3.

7.2 Experimental Techniques

A variety of experimental methods has been used to obtain TPA cross sections of II-VI semi-

conductor nanocrystals, non-linear transmission experiments such as z-scan [176, 177] as well

as indirect methods such as two-photon induced fluorescence (TPIF)[178, 179]. Degenerate or

non-degenerate excitation[180, 181] has been performed and pump-probe measurements[176].

Blanton et al.[96] presented TPIF of single particles and relative TPA spectra of CdSe QDs[182].
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More exotic particles such as doped[183] or surfactant-capped[184] QDs and quasi type II

CdSe/CdS dots in rods [185] with TPA cross sections up to 105 GM also have been investigated.

Our goal is to study the influence of dielectric and electronic confinement effects on the TPA

cross section and spectra of nanocrystals. For this fundamental, systematic investigation we

concentrate on CdSe NPLs, NRs and QDs of different sizes. To determine their TPA cross

sections we use open aperture z-scan[186] at 800nm. For NPLs the TPA behavior is further

investigated for wavelengths resonant to the first excitonic one-photon transition up to the 2D

continuum by two-photon photoluminescence excitation spectroscopy (2P-PLE) from 750 nm to

950 nm. We also present a new, highly efficient method to obtain TPA spectra.

7.2.1 Nanocrystal Solution Concentrations Determined by Size and Shape

A study of the influence of shape and geometry, i.e. the local field, on the TPA cross-sections of

CdSe nanoparticles requires knowledge of the particle size and concentration in solution (for

z-scan). This will we be treated here briefly before presenting the z-scan and 2P-PLE technique.

Sizes and aspect ratios

The set of samples for the TPA studies consists of CdSe zincblende nanoplatelets (NPLs)

and quantum dots (QDs) and hexagonal (wurtzite) nanorods (NR). For NRs the aspect ratio

(AR) is defined as AR = l/d, with length l and diameter d. Since some studied NPLs have

non-identical lateral sizes in x and y direction (edge-lengths lx and ly), we use the geometrical

average L =
√
lx ly as the NPL’s effective edge-length to characterize them. Their aspect

ratio is then defined as AR = n · dML/L. The lateral sizes are determined from TEM-analysis,

dML = 0.304 nm is half the lattice parameter for zinc blende CdSe[44] (1 monolayer, ML) and n

the number of CdSe monolayers. We assume NPLs to be cadmium-terminated on both basal

planes as shown by Li et al. [44] and She et al..[45] NPLs emitting at a wavelength of around

460 nm with three Se and four Cd monolayers will be referred to as 3.5ML NPLs, NPLs emitting

at 512 nm and 550 nm as 4.5ML and 5.5ML, respectively. TEM images of NPLs and rods are

shown in figure 7.4. The occurring of aspect ratios in the ensembles can be fitted with log-normal

distributions (solid lines).

Determining Particle Concentration in Solution

We will now discuss the influence of the nanoparticles’ shape on its one-photon absorption cross

section and how it can be used to determine the particle concentration of a colloidal solution.

The intrinsic one-photon absorption cross section µi can be derived by Lorentz local field theory

combined with an effective medium Maxwell-Garnett approach in the continuum absorption
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Figure 7.4: Aspect ratios and TEM images of CdSe nanoplatelets (a) and rods (b)
used in TPA experiments

region. Here the bulk dielectric function can be used since it is unaffected by size quantization

effects.[54, 187–190]

µi(ω) = σ(1)(ω)
VP

= 2ωnS(ω)kS(ω)
3nM (ω)c

〈
|f(ω)|2

〉
Ω

(7.4)

Here, σ(1)(ω) is the one-photon absorption cross section of the particle and Vp its volume. n

and k are the refractive index and absorption coefficient of the matrix (M) or the semiconductor

inclusion (S).
〈
|f(ω)|2

〉
Ω

is the expectation value over all angles of the local field factor squared

|f(ω)|2 (φ, θ) (see eq. 1.27 in sec. 1.2), accounting for random ensemble orientation:

〈
|f(ω)|2

〉
Ω

=
∫ 2π

0
∫ π

0 |f(ω)|2 (φ, θ) sin θdθdφ∫ 2π
0 dφ

∫ π
0 sin θdθ

(7.5)

Figure 7.5 shows the calculated shape dependency of the intrinsic absorption cross section

for CdSe nanoparticles in the continuum at 4 eV. Due to the two in-plane field factors close to

unity, nanoplatelets have the largest one-photon absorption cross section per volume. Because of

typically larger particle volumes Vp NPLs also have larger absorption cross sections per particle

σ(1) (eq. 7.4).

The extinction coefficient of a solution with absorbers can be expressed by Beers Law ε̃(ω) =

A(ω)/(CmL). Here Cm, A, L are the molar concentration, measured absorbance and sample
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r=c/a

R=b/a

Figure 7.5: Shape dependence of the intrinsic linear absorption cross-section µi. The
randomly oriented zinc-blende CdSe nanoparticles at 4 eV (310 nm) are modeled as general ellipsoids
with semi-axes a, b, c with a>b>c. R = b

a
is the lateral aspect ratio and r = c

a
the ratio of the

shortest to longest semi-axis.

length (e.g. cuvette containing nanocrystal solution), respectively. It can also be expressed by

ε̃(ω) = NAσ
(1)(ω)

1000 ln(10) (7.6)

with the Avogadro constant NA and the linear absorption coefficient of the absorber σ(1)(ω).

Equating the two expressions for ε̃(ω) yields the molar concentration Cm:

Cm = A · 103ln(10)
LµiNAVp

. (7.7)

which is related to the particle concentration Cp by the number of particles per mole (scaling

with its volume Vp), the molar mass M and density ρ of the material, in this case CdSe.

Cp = Cm
MCdSe

ρCdSeVp
. (7.8)

Summarizing, TEM images yield the particle size from which the linear absorption cross

section in the continuum can be calculated. In connection with an absorbance measurement

the nanocrystal concentration in solution can then be obtained. This procedure has proven to

be applicable to CdSe dots, rods and platelets of various sizes and confirmed by concentration

determination via inductively coupled plasma atomic emission spectroscopy (ICP-AES) in

Ref. [54]. It is used to determine the concentration of sample solutions in order to derive absolute

two-photon absorption cross sections in the course of this chapter. Concentrations of several

nanocrystal samples used in z-scan experiments are given later together with the experimental

details on the z-scan.
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7.2.2 Z-Scan

In the following we will derive the model fit function to obtain the TPA coefficient β of a sample

from data obtained by an open aperture (OA) z-scan (figure 7.6). β and the cross section of

a particle σ(2) are proportional via the concentration of TP absorbers in the sample and the

photon energy ~ω:

β = σ(2)C

~ω
(7.9)

For a collimated beam the attenuation of the photon flux dφ/dz induced by two-photon

absorption[186, 191] is:
dφ

dz
= −~ωβφ2 = −σ(2)Cφ2 (7.10)

In a z-scan experiment the irradiance or photon flux φ(0) at the front face of a sample containing

TP absorbers is varied as it passes through the waist of a focused laser beam, see figure 7.6. If

the sample length L is short compared to the Rayleigh length z0, a constant beam waist along

the sample can be assumed. If, further, the sample shows no one-photon absorption at the given

wavelength (see e.g. figure 7.2 b) and we assume negligible ground state depletion (small fraction

of absorbers excited by TPA) the photon flux at its exit face is given as[191]:

φ(L) = φ(0)
1 + σ(2)CLφ(0)

(7.11)

In order to derive a fit-function to our experimental z-scan transmittance curves that also takes

the sech2(t/τ0) temporal pulse shape of our Ti:Sa regenerative amplifier system into account we

choose eq. 34 from Rumi and Perry[191] as a starting point. There the beam profile in space and

time is given by a Gaussian profile. By replacing the Gaussian temporal profile e−t2/τ̃2 with

sech2(t/τ0) =
(

2
e
t
τ0 +e

− t
τ0

)2
the instantaneous photon flux at a given time t (within a pulse)

and radial distance r from the optical axis at the position z becomes:

φz(r; t) = φ0(r = 0; t = 0)w2
0

w2
z

e−2r2/w2
z sech2(t/τ0) (7.12)

with the peak photon flux φ0(r = 0; t = 0) in the focal spot at z = 0 and for the time t = 0:

φ0(r = 0; t = 0) = E

Eph
· 1
πw2

0τ0
. (7.13)

E is the integrated pulse energy, Eph the energy of one-photon, w0 the beam radius at z = 0

and wz is the z-position dependent beam radius. Using eqs. 7.11 and 7.12 the energy transmitted

by a sample of length L at the position z over the whole beam waist and pulse duration is given
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Figure 7.6: Z-Scan setup (a) A sample (e.g. a cuvette with collodial nano crystals in solution)
is passed through the waist of a focused laser beam along the z-axis. As a function of the position
z the beam waist (b) decreases, the irradiance (c) increases leading to more two-photon absorption
processes (∝ I2). The transmittance (d) is obtained by dividing the non-linear transmission (NLT)
by the reference signal (Ref.). It reaches a minimum in the focal position. As the sample is moved
out of the focus position the trends are reversed.

by

Ez(L) = Eph

+∞∫
−∞

dt
∞∫

0

2πrdr φz(r; t)
1 + σ(2)CLφz(r; t)

(7.14)

Integration over r yields:

Ez(L) = Eph
πw2

z

2σ(2)CL

+∞∫
−∞

dt ln
(

1 + qz sech2
(
t

τ0

))
(7.15)

with

qz(L) = φ0σ
(2)CL

1 + z
z0

(7.16)

By expanding the logarithm in a power series

ln(1 + x) =
∞∑
m=1

1
m
xm(−1)m+1 (7.17)
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and integrating each series term over time, the z-position dependent transmittance Tz, i.e. the

ratio of the energy incident on the sample E and the energy transmitted through it Ez is given

by:

Tz = Ez
E

=
m∑
n=0

√
π

2(n+ 1)
Γ (n+ 1)
Γ (n+ 3

2 )
·

 −2 arcsech
(

1√
2

)
· σ(2)LCPavg
hωτFWHMfπ(√

w2
x +

(
z−b

2 θx
)2
)(√

w2
y +

(
z−dz−b

2 θy
)2
)

n

(7.18)

Pavg is the average power incident on the sample, f the repetition rate of the laser. The

full width at half maximum of a sech2(t/τ0) profile is defined as τFWHM = 2 arcsech
(
1/
√

2
)
τ0.

Due to slightly different divergence angles of the laser beam in x and y direction we define wx,y
as the beam radius and θx,y as the divergence angle of the focused beam in the (x,z)-plane

(subscript x) and (y,z)-plane (subscript y), see fig. 7.6. The distance between the two focal

positions is measured to be dz = 0.3mm, much smaller than the focal length of the focusing

lens (300mm). Beam profile measurements following the protocol described in ref. 192 obtained

wx = 27µm; wy = 30µm with corresponding Rayleigh lengths of zr,x = 2.7mm; zr,y = 3.1mm.

In our notation z is the z-position of the sample along the Gaussian beam waist with respect

to the beam waist at z = b. Γ (n) denotes the Gamma function. Z-scan curves are fitted with

eq. 7.18, the only free parameters are b and the TPA cross section σ(2).

Experimental z-scan setup and curves

The z-scan curves in figure 7.7 (a) were recorded using a Titanium:Sapphire (Ti:Sa) regenerative

amplifier laser system (Spitfire, Spectra Physics) with 1 kHz repetition rate, 1W average output

power at 800nm (corresponding to a single photon energy of 1.55 eV) and a sech2(t) temporal

profile (90-150 fs FWHM). As shown in figure 7.6 the beam is split up. One beam passes the

focusing lens and the sample. The colloidal solutions are held in 1mm fused silica cuvettes

attached to a 10 cm travel (z) translation stage. The pulse energy transmitted through the

sample (ET ) and the reference pulse energy (Eref ) from the other beam are recorded by two

energy detectors. The transmittance (T = ET /Eref ) is calculated per pulse. This eliminates

noise caused by pulse-to-pulse energy variations. A pulse-length of τFWHM = 110 fs was held

constant throughout all measurements, monitored with an auto-correlator. Every sample was

measured with power-densities in the focal plane (z=0) ranging from 50 to 170GW/cm2. These

are below reported TPA saturation power-densities in II-VI semiconductor QDs [176].

Figure 7.7 (a) shows z-scan curves of 3.5 (17x11), 4.5 (16x8) and 5.5 (82x22) CdSe nano-platelets,

sizes given in number of monolayers (lateral extensions in nm), 25 x 3 nm CdSe nano-rods and



7.2 Experimental Techniques 113

-2 -1 0 1 2

97.0

97.5

98.0

98.5

99.0

99.5

100.0

100.5

 

R
el

at
iv

e 
Tr

an
sm

itt
an

ce
 (%

)

z (cm)

(a) (b)

4.5 ML

3.5 ML

5.5 ML

25x3nm

2.7nm

N
PLs

Rod

Dot

23 24 25
-10

-8

-6

-4

-2

ln
(1

-T
z)

ln(Iz)

Figure 7.7: Z-Scan curves of CdSe nanoparticles (a) Representative z-scan curves of
3.5 (17x11), 4.5 (16x8) and 5.5 (82x22) nano-platelets, 25 x 3 nm nano-rods and 2.7 nm diameter
quantum-dots. The curves are stacked by 0.5% for clarity. The solid lines represent fits using
our TPA model. (b) ln(1− Tz) over ln(Iz) plot as proposed in Ref. 193. A slope of one indicates
two-photon absorption.

2.7 nm diameter CdSe quantum-dots. The particle concentrations are, respectively, 5.9·1013 cm−3,

1.7 · 1014 cm−3, 2.5 · 1014 cm−3, 1.3 · 1014 cm−3 and 5.7 · 1016 cm−3. The TPA model, eq. 7.18,

fits the data excellently. In panel (b) ln(1− Tz) is plotted over ln(Iz) as proposed in Ref. 193. A

slope of one indicates two-photon absorption. The slopes of the linear fits are: 1.07 (4.5ML), 1.01

(3.5ML), 1.1 (5.5ML), 1.12 (25 x 3 nm nano-rods), 0.95 (2.7 nm quantum-dots). TPA saturation

would lead to a deviation of the linear behavior for higher ln(I) [194] of the data shown in

figure 7.7 (b). Since this is not the case, saturation effects can be also be excluded at this point.

7.2.3 Two-Photon Photoluminescence Excitation Spectroscopy

Two-photon photoluminescence excitation spectroscopy (2P-PLE) is chosen to gain insight to the

contributions of the electronic confinement to the TPA cross-section from wavelengths resonant

to one-photon excitonic transitions up to the 2D continuum (for NPLs). Based on two-photon

induced luminescence studies by Xu and Webb[195] combined with a reference dye, as shown in

Ref. [171], this method has an advantage towards the z-scan because it is independent of spectrally

varying beam parameters and thus very well suited for wavelength dependent measurements

of TPA cross sections. When normalized to one-photon PLE data, this method also takes the

samples’ spectrally varying quantum yield into account and the absolute TPA cross section is

obtained.

The 2P-PLE setup is described in figure 7.8. The laser dye LDS698 (purchased from Sirah) is

used here as reference since its TPA spectrum has a good spectral overlap with our region of

interest. Both σ(2)
LDS698 and σ(1)

LDS698, are well characterized by Makarov et al.[167] by the means
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Figure 7.8: Two-photon excitation spectroscopy setup. The fundamental beam of a Ti:Sa
laser for two-photon excitation and the second harmonic generated in a BBO crystal for one-photon
excitation are brought to the same optical axis with a removable mirror (M3) and coupled in a
microscope objective. This objective (numerical aperture N.A. = 0.4) allows for confocal excitation
and detection. Its focal plane coincides with the center of the 1mm optical path fused silica
cuvettes containing samples or a reference dye to ensure a reproducible collection volume. A beam
splitter is used to divert the fluorescence after one- or two- photon excitation to the optical axis
of a spectrometer (Jobin-Yvon IHR 460) with an attached LN2 cooled CCD. A streak camera for
time-resolved measurements is on the same optical axis. This geometry allows the consecutive
measurement of time-integrated and time-resolved one- and two-photon related fluorescence of
sample and reference. The pulse energy and its temporal width are determined online by an
energy-meter and an auto-correlator.

of z-scan and 2P-PLE measurements. We will now discuss the concepts needed to derive TPA

cross sections from 2P-PLE data.

Referencing to Dye

The one- and two-photon induced fluorescence is given as[195]:

F
(1)
b ∝ σ

(1)
b η

(1)
b φ

(1)
b CbI1 (7.19)

F
(2)
b ∝ σ

(2)
b η

(2)
b φ

(2)
b CbI

2
2 . (7.20)

Where σ(1,2)
b and η

(1,2)
b are, respectively, the one- or two-photon absorption cross section of

the analyte and its PL quantum yield for one- or two-photon absorption. φ(1,2)
b , Cb and I1,2

are the photon collection efficiency of the setup for one- or two-photon related fluorescence,

analyte concentration and the incident average one- or two-photon excitation intensity. The

index b denotes the sample or the reference dye (index ’x’ or ’ref ’ in the following). A quadratic

excitation intensity dependence of the fluorescence indicates TP excited emission – as can be

seen in figure 7.9.

If we assume that[171]:

(1) the quantum yield of sample or reference is identical after one- and two-photon absorption,

η
(1)
b = η

(2)
b and

(2) the photon collection efficiency of the setup φ is equal for sample and reference after one-

or two-photon absorption
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Figure 7.9: One- and two-photon excited photoluminescence. (a) PL emission spectra
with Lorentzian fits (dashed lines) of 3.2nm CdSe quantum-dots and 4.5 (27x23) and 3.5 (17x11)
CdSe NPLs excited at 800nm. The integrated two-photon induced PL emission (solid dots) is
proportional to the excitation density. The solid lines are the best fit IT P A−P L = A · I2

exc where
A is a constant and I the laser intensity. (b) Time-resolved PL decays of 3.5 (17x11) CdSe NPLs,
recorded with a Hamamatsu, C5680 streak camera after one and two-photon excitation. The decay
times τ1 and τ2 are derived from bi-exponential fits (gray curves) taking the instrument response
into account. (c) Normalized PL spectra of the same sample as in (b) after one and two-photon
excitation at different wavelengths. All PL spectra coincide in the tested range of 375-440 nm (one
photon) and 750-880 nm (two-photon) excitation wavelengths.

we can express equation 7.19 and 7.20 for sample and reference dye and solve the absolute TPA

cross section of the sample:

σ(2)
x =

σ
(2)
refσ

(1)
x

σ
(1)
ref

〈
F

(2)
x (t)

〉〈
F

(1)
ref (t)

〉
〈
F

(2)
ref (t)

〉〈
F

(1)
x (t)

〉 (7.21)

where
〈
F

(1,2)
x,ref (t)

〉
is the time averaged detected flux of the sample or reference-dye after one-

or two-photon excitation.

Since we measure the sample and dye under identical conditions, criterion (2) is directly met.

Therefore we have to discuss criterion (1) in more detail.

The time-resolved PL decays in figure 7.9 b as well as the normalized PL spectra after one-

and two-photon excitation (c) are practically indistinguishable. We conclude that the one- and

two-photon related fluorescence of our samples originates from the same lowest emitting state.

From the PL decay in figure 7.9 b we can further assume equal quantum yield after one- and

two-photon absorption at a given wavelength. The relaxation to the band edge occurs to the

same finally emitting states hence having the same PL lifetime and quantum yield. Criterion (1)

is thus also met and we can use eq. 7.21 to calculate the TPA cross sections of our samples using

the known cross sections[167] of the reference dye LDS698.
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The linear absorption cross section σ(1)
x and the concentration of our nanoparticles is determined

from the Lorentz Local field theory (see. section 7.2.1). The fluorescence F (1,2)
x of the samples

is given by the area of Lorentzian fits to their PL emission, dashed lines in Figure 7.9 (a). The

broad PL of the reference dye LDS698 centered at ∼ 698 nm is obtained by integrating the PL

peak after background subtraction.

With the presented dye-referenced 2P-PLE method it is sufficient to know the linear absorption

cross section of the sample and reference-dye σ(1)
x,ref and the TPA cross section of the reference-

dye σ(2)
ref and measure their one- and two-photon related fluorescence to derive σ(2)

x . All other

quantities can be eliminated.

Self-referencing

Now we replace the 1PA and TPA fluorescence and absorption cross sections of the reference

dye in eq 7.21 with the ones of the sample at a specific, fixed wavelength λa;
〈
F

(1,2)
x (t,λa)

〉
,

σ
(1)
x (λa), σ(2)

x (λa). The TPA cross section at another wavelength λb can be determined once

σ
(2)
x (λa) is known, e.g. from z-scan or one dye-referenced value:

σ(2)
x (λb) = σ(2)

x (λa) · σ
(1)
x (λb)
σ

(1)
x (λa)

〈
F

(2)
x (t,λb)

〉〈
F

(1)
x (t,λa)

〉
〈
F

(2)
x (t,λa)

〉〈
F

(1)
x (t,λb)

〉 (7.22)

This has quite an advantage towards a reference dye based method described above. It does

not require a fully, spectrally pre-characterized reference sample that has to be measured at

every wavelength. It simply requires the knowledge of the sample’s TPA cross section at one

wavelength (e.g. from z-scan).

7.2.4 Spectral Pulse Width in TPA Experiments

When performing two-photon related measurements – z-scan or 2P-PLE – the experimentally

accessible quantity is the product of the TPA coefficient β or cross section σ(2) and pulse peak

intensity I squared: σ(2) · I2. The fact that the pulse energy is distributed in time via its

temporal profile has to be always taken into account, for example by integrating over time in

eq. 7.14. Less obvious is the distribution of the pulse energy over its spectral width as illustrated

in figure 7.10 (a).

A spectro-temporal intensity profile I(t,λ) can be defined with peak intensity in time at t = 0

and its spectral peak centered at λ0. The commonly used quantity is the temporal peak intensity

I0,λ =
∫
I(0,λ)dλ.

Z-scan measurements are performed with a sech2(t) temporal profile, 2P-PLE measurements

with a Gaussian. Since sech2 and Gaussian are invariant under Fourier transformation their
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Figure 7.10: The influence of spectral widths (a) Scheme of the intensity distribution of
a laser pulse in energy/wavelength and time. (b) Spectral profiles of the pulses used for z-scan
(sech2(t), FWHM = 12 nm, black) and 2P-PLE (Gaussian, FWHM = 7 nm, red) plotted with the
same area, i.e. spectrally integrated intensity, with the corresponding peak intensities Iz−scan,0,0
and IP LE,0,0. (c) Volume-normalized TPA cross sections derived from 2P-PLE and z-scan (black
dot) of 4.5ML and 25x20 nm2 lateral extension NPLs. Open circles represent TPA cross sections
derived directly from the dye based 2P-PLE method using eq 7.21, solid red circles after correcting
for the different spectral laser widths used in z-scan and 2P-PLE experiment with the factor of
1.812 from eq. 7.25. The curves serve as guide to the eye.

spectral profiles are again sech2 and Gaussian. The different spectral profiles and widths of the

pulses used for z-scan (sech2, λFWHM = 12 nm) and 2P-PLE (Gaussian, λFWHM = 7 nm) lead

to a different spectral distribution of the pulse energy. The two spectral profiles I0,λ are plotted

with the same pulse energy i.e. area in figure 7.10 (b). This reveals that the two pulse peak

intensities in time and wavelength IPLE,0,0 and Iz−scan,0,0 differ by a factor of 1.81.

Since I0,0 is the more relevant quantity for the TPA signal in theory, as referring to the

modeling in eq 7.18 and in ref. 191, the experimentally accessible quantity σ(2) · I2
0,0 should be

constant for both techniques. In this approximation the obtained σ(2) values will differ by a

factor of 1.812 accordingly to:

σ
(2)
PLE · I

2
PLE,0,0 = σ

(2)
z−scan · I2

z−scan,0,0 (7.23)

IPLE,0,0 = 1.81 · Iz−scan,0,0 (7.24)

σ
(2)
z−scan = σ

(2)
PLE · 1.812 (7.25)

Because of the good agreement in our z-scan measurement of CdS bulk β0 with ref. 176 (see

Appendix 7.4), we normalize our 2P-PLE data to the z-scan values, by multiplying the TPA cross

sections obtained from the reference-dye based method by eq. 7.21 with the correction factor

of 1.812. This leads to excellent agreement between corrected TPA cross sections of 2P-PLE

(solid dots in figure 7.10 (c)) and the z-scan value measured at 800nm (black dot) – especially

considering the published error margin given for the TPA cross sections of LDS698[167]. All the
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dye-derived 2P-PLE results shown in the following (figures 7.12 to 7.15) have been corrected

with respect to pulse width effects. All measured TPA cross sections of z-scan and 2P-PLE and

nanocrystal sizes are listed in Table 7.1 in the Appendix.

It must be noted that it is arbitrary to which spectral pulse width the values are corrected

and this may be the reason for differences in reported TPA cross sections, for example for

3.2 nm CdSe QDs at 800 nm Nyk et al.[179] (20 · 103 GM), Pu et al.[196] (3.0 · 103 GM) or here

(3.7 · 103 GM).

7.3 Size and Shape Dependence of Two-Photon Absorption

7.3.1 Two-Photon Absorption Spectra of CdSe Nanoplatelets

The TPA spectra of 3.5 and 4.5 monolayer NPLs of different aspect ratios are shown in

figures 7.11 (a) and (c). For comparison, the corresponding linear absorption spectra are plotted

over the one-photon energy in 7.11 (b) and (d).

Since it does not alter the spectral course, we can plot the volume-normalized (VN) TPA cross

section (in GM/nm3) rather than the absolute particle cross section. Being the more intrinsic

value the former allows to study the influence of shape and geometry on the TPA absorption

directly. The experimental error of the TPA cross sections is estimated to be 20%. This typical

uncertainty for TPA cross sections is mainly related to the TEM-based sizing. It results only

in a change in the absolute cross-sections and does not alter the relative spectral course of the

measured TPA spectra. The open circles in figures 7.11 (a) and (c) have been calculated via

the self referencing (SR) method by normalizing to the NPLs’ TPA cross sections at 800nm

obtained from z-scan. Owing to the lack of z-scan data, the spectral course for 3.5 (77x22) NPLs

is related to a dye-derived value (using LDS698 at 880 nm, larger black dot).

Comparing the TPA spectra determined by reference-dye at each wavelength (figure 7.11a,

solid dots) with the self-referenced spectra (open circles) shows that the spectral course is barely

altered by the SR method. Due to the correction to spectral laser widths it is independent from

which technique the known TPA cross section needed for self-referencing is derived from. Mainly

because reference-dye obtained values are in good agreement to z-scan results at 800 nm.

The major observations in the TPA spectra of 3.5ML NPLs in figure 7.11 (a) are: an almost

stepwise increase of over three orders of magnitude, no pronounced spectral features and a very

weak first heavy hole excitonic resonance. Strong continuum TPA and a weak first excitonic

resonance have also been reported for CdSe QDs [179, 182], CdS NRs and QDs[171] as well as

for CdSe/CdS dots in rods[185].
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Figure 7.11: One and two-photon absorption spectra of 3.5 and 4.5 monolayer CdSe
nanoplatelets. Volume-normalized TPA cross sections (a,c) and linear absorption (b,d) of 3.5
and 4.5ML CdSe NPLs. Solid symbols denote values obtained from referencing to σ(2)

LDS698 at each
wavelength. The open circles show the self-referenced (SR) spectral TPA course pinned to the
dye-derived value σ(2)

2P−P LE at 880nm (large black dot in (a)) for 3.5 (77x20) and to the z-scan
values σ(2)

z at 800nm for 3.5 (17x11) (large blue dot in (a)) and 4.5 (25x20) (large black dot in
(c)). Two-photon excitation energies below 1.3 eV are outside the tuning range of the setup. The
absolute TPA cross sections measured with 2P-PLE at 800 nm are given in panels (a) and (c). The
curves in (a) and (c) serve as guides to the eye.

The NPL’s two-photon absorption increases extremely from TP energies resonant to the first

excitonic transition to the continuum absorption, note the logarithmic scale. The stepwise

character occurs because of their step-like 2D density of states leading to 3 steps for the HH, LH

and SO continua. They are shifted to higher energies with respect to the first HH, LH and SO

exciton transitions by the exciton binding energies, estimated to the order of 200meV[17, 22, 24].

Especially the steps related to the HH and LH continuum transitions can be seen in figure 7.11 (a).

The observed increase of the transition strength may be explained by a confinement related

larger density of states (DOS) and a weakening of selection rules in the continuum. However,

sophisticated theoretical modeling of the TPA spectra, beyond the scope of this work, will be

necessary for a definite attribution of this effect. The spectral course suggests the step-like 2D

DOS of the heavy- and light-hole, split-off band continuum to result in the largest contributions.

Further, at higher photon energies more two-photon transition paths contain intermediate states
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near the photon energy. As discussed in sec. 7.1 and figure 7.3 this enhances the two-photon

transition probability and thus the cross section at higher energies.

Since we have evidence for this increase from two independent methods – referencing to a dye

of known TPA cross section per wavelength and the self-referencing method related to z-scan

results – this strong effect cannot be any kind of measurement artifact.

TPA spectra of 4.5ML NPLs are shown in figure 7.11 (c). This plot spans over less orders of

magnitude because a resonant excitation to the first excitonic transition at 512nm (2.42 eV),

1024 nm two-photon wavelength, where TPA cross sections are smaller, is not possible with the

given tuning range of our setup.

We see a volume scaling and a shape dependence for both 3.5 and 4.5ML NPLs; the smaller

the aspect ratio (thickness to average length) the larger the volume-normalized TPA in the

continuum. In other words; particles with larger lateral extensions of the same thickness have

larger TPA cross sections per volume or unit cell. These effects will be investigated in the

following section together with the z-scan results.

7.3.2 Volume Scaling of the TPA Cross Section

There is still discussion whether TPA cross sections of II-VI materials scale with the particle

volume, especially with respect to the strong and intermediate confinement regime. Some authors

report volume scaling [178–181, 185, 193, 196–198] others not [199]. Further the power of the

volume scaling is still under discussion.

The TPA cross sections of all samples measured at 800 nm (1.55 eV) with z-scan and 2P-PLE

(corrected for pulse width effects) are plotted over the particle volume in figure 7.12. To interpret

the results in a greater context experimental results of CdSe QDs from Pu et al.[196] and

theoretical results of Feng and Ji[200] are added.

The orange colored slope obtained from a power-law fit (σ(2) = A · V n) to all data points

reveals a super-linear volume scaling (n = 1.93), which may be attributed to a confinement

related increase of transition dipole moments, a larger 2D density of states (DOS), band-mixing

or a weakening of selection rules. Especially for NPLs and NRs we observe a clear deviation

from a linear (bulk-like) volume scaling (dotted slope, n = 1). Many authors have reported

bulk-like volume scaling (σ(2) ∝ V 1) of the TPA cross-sections[178–181, 185, 193, 196–198] in

CdSe QDs and CdS QDs and NRs. This might be related to the smaller degree of confinement

in the systems studied there. The exciton Bohr-radii of CdS and CdSe are (aCdSB = 2.9nm,

ah−CdSeB = 5.2 nm [33]). Previously investigated CdS rods are weakly confined with diameters of

4.4 nm[178] and 5nm[171], i.e. greater than the CdS Bohr radius. In contrast the CdSe rods
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Figure 7.12: Volume scaling of two-photon absorption cross section. TPA cross-sections
of CdSe nano-platelets, -rods and -dots at 800 nm vs. particle-volume. NPLs (dark blue: 2P-PLE,
pale blue: z-scan), NRs (olive) and QDs (wine color: 2P-PLE, red: z-scan) represent experimental
results. Grey dots are experimental results from Pu et al.[196] and crossed dots theoretical results
from Feng and Ji[200] for CdSe cuboids forming dots or rods, depending on their aspect-ratio.
Several CdSe NPL sizes are labeled with number of monolayers (lateral extensions in nm). The
dash-dotted orange slope represents a power-law fit (σ(2) = A · V n) to all data points (n = 1.93).
For comparison a linear volume scaling slope (n = 1) is inserted.

studied here (d = 4.1 and 2.9 nm) have diameters smaller than the CdSe Bohr radius. (see also

figure 7.14 a, later)

Our QDs do not have an ultra strong confined direction like the platelets, but are rather in

the strong to intermediate isotropic confinement regime. The absence of anisotropic confinement

may lead to the fact that CdSe dots show a more linear volume scaling while the ultra strong and

anisotropically confined CdSe platelets and strongly confined rods show a super-linear volume

dependence of their TPA cross-section.

However, for particles with 2 to 3nm diameter it is difficult to determine the exact size by

TEM (as taken from scaling curve of Ref. 201). It is and has been therefore difficult to attribute

a clear volume scaling to these small CdSe (and CdS) QDs.

CdSe NPLs, on the other hand, represent nano-particles with an ultra strong confined electronic

system (1D confinement down to below 1.5nm) and available particle sizes ranging over three

orders of magnitude in volume. This allows for the first time an investigation of the volume

dependence of TPA cross sections in confined electronic systems over several orders of magnitude.

This goes well beyond the investigated volume range in publications having observed a linear

increase, however, with particles that were not in such an ultra strong confinement regime.

NPLs reach TPA cross sections of up to 5 · 107 GM for 5.5 ML (82x22). To our knowledge the

largest ever reported for colloidal semiconductor nanocrystals. This record value is confirmed by

two independent methods.
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Also when considering the action cross section (ησ(2)) per atom this still holds. Other materials

such as gold clusters exhibit TPA cross sections of up to 17 · 103 GM per atom[173]. However,

the very low quantum yield (η ∼ 10−5 to 10−6 %) leads to TPA action cross sections per atom of

η · σ(2)
per atom = 1.7 · 10−3 GM/atom. With 45GM/atom our CdSe NPLs exceed this value by over

four orders of magnitude. (Calculated for 5.5 (82x22) assuming a quantum yield of ≈ 15 % at

800 nm as seen in Appendix 7.4.) For our QDs and NRs we measure about 1.1 and 2.5GM/atom.

7.3.3 Intrinsic TPA Cross Section: Electronic and Dielectric Contributions

In order to study the influence of the nanoparticles’ shape, the volume-normalized (intrinsic)

TPA cross section (in cm s photon−1) is plotted over the aspect ratio of the particles in figure 7.13.

It features a strong U-shaped aspect ratio dependence with a minimum for spherical particles,

i.e. QDs (AR = 1). Nanorods (AR ≥ 1) exhibit larger and NPLs (AR ≤ 1) by far the largest

volume normalized TPA cross sections. Experimental data of Pu et al.[196] for CdSe QDs

additionally confirm the existence of a minimum at AR = 1. The agreement for our CdSe QDs

with the results of Pu et al.[196] is good, especially when considering the following: the error

in determining the particle volume has significant influence on the TPA cross sections of QDs

(VQD ∝ d3), the influence of the spectral widths of the laser pulses used in TPA experiments is

discussed above and can lead to a variation of cross section by a factor of ∼ 5. Furthermore,

concentration determination method used here differs from Pu et al.[196]. In addition, imperfect

spheres – i.e. cuboids and spheroids – will have higher volume-normalized TPA cross sections,

as calculations of Feng et al.[200] and ours indicate.

TPA local field theory is used to obtain the volume normalized cross section. Adapted from

Blanton[96] and Achtstein et al.[170] it assumes a bulk like TPA coefficient.

σ
(2)
lf /V = 2π~ωβbulk

3∑
i=1

1
3 |f(ω)i|4 (7.26)

Where ~ω is the energy of the exciting (single) photons (800 nm / 1.55 eV). The local field

factors fi(ω) for the nanoparticle axes i = x,y,z are calculated as in eq. 1.24 in section 1.2. The

curves in figure 7.13 show the results of this model using βbulkCdSe = 10.1 cm/GW for zincblende

CdSe[57, 177]. The local field related alteration of the intrinsic TPA cross sections is displayed

for differently anisotropic particles. Ly/Lx = 1 represents perfect spheres and NPLs with equal

lateral extensions. Ly/Lx < 1 represents NPLs with different lateral extensions, imperfect

spheres for which the aspect ratio AR = lz/
√
lx · ly equals unity or rods with a non-circular

cross-section.
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Figure 7.13: Shape dependence of the volume normalized two-photon absorption cross
section. TPA cross-sections of CdSe nano-platelets, -rods and -dots at 800 nm normalized to
the particle volume and plotted over their aspect ratio. Green (2P-PLE) and blue (z-scan) dots
show experimental results. Grey dotted curves are results from TPA local field theory for zinc
blende CdSe for differently anisotropic particles. Ly/Lx = 1 represents a perfect sphere or platelets
with identical lateral extensions and Ly/Lx < 1 e.g. NPLs of non-identical lateral extensions.
Experimental results from Pu et al.[196] (grey dots) and theoretical results of Feng and Ji[200] for
CdSe cuboids (crossed dots) are added.

The model predicts a factor of ≈ 2 between the volume normalized TPA cross sections of

the extreme cases of very flat NPLs (small AR) and very long NRs (large AR). The model also

shows that the TPA cross section of a CdSe nanoparticle increases with its aspect ratio, either in

the form of a rod or a platelet. However, it cannot entirely explain the high TPA cross sections

of platelets in the continuum absorption region.

We observe an increasing difference between the model and experimental results, especially

for very flat NPLs. While our simple bulk-like TPA local field model predicts a flattening out of

the volume-normalized TPA cross-section for long rods and NPLs of large extent, the measured

intrinsic TPA cross-section of NPLs surpasses the models’ values. Small aspect ratios can only

be achieved by larger NPL areas. Due to the vertical size quantization in integer monolayers,

NPLs of smaller AR will generally have larger volumes – same thickness but larger lateral extent.

Thus, the observed deviation from the local field model is partly an effect of the super-linear

volume scaling discussed above, since any scaling V n with n > 1 will not result in a flat line in

the volume-normalized plot of figure 7.13.

The observed enhancement of the volume-normalized TPA cross section may be ascribed to

the high 2D density of states and the ultra strong anisotropic confinement resulting in a change

of the transition dipole moments, a confinement induced change of selection rules or band mixing.
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Figure 7.14: Two-photon absorption of CdS quantum dots and rods and CdSe dots
rods and platelets at 800 nm. TPA cross section over particle volume on a double-logarithmic
scale with power-law fits (σ(2) = A ·V n). (a) for CdSe (as in fig. 7.12) and (b) for CdS nanoparticles.
CdS data from Achtstein[170, 171], Li[178] and He et al.[176]. The gray area in (a) indicates the
range shown in (b). (c) CdS data, volume-normalized over the aspect ratio. TPA Local field theory
(solid black curve) is in good agreement with the experimental data. The scale above indicates that
most CdSe particles are in the regime where the length of confinement Lconf., the shortest crystal
length 2.1-4 nm, is smaller than the bulk Bohr radius ah−CdSe

B = 5.2 nm. With Lconf. ∼2.3-5.2 nm
and aCdS

B = 2.9 nm CdS particles are less confined.

These electronic effects cannot be reproduced by the calculations that assume a bulk like TPA

coefficient β. Confinement related effects of the electronic system may enhance the TPA cross

sections above the pure geometrical dependence. The effect is not as pronounced for 1D NRs and

0D QDs. For QDs an enhancement of the TPA cross sections for strongly confined nanoparticles

has been observed.[170] Moreover, the theoretical results of Feng et al. [200] in figure 7.13 show

that confinement generally leads to an enhancement of the TPA cross-sections with respect to

the bulk TPA local field scaling.

7.3.4 Strong Versus Intermediate Confinement: CdSe vs. CdS

We now compare the strong confined CdSe nanoparticles with less confined CdS particles. Our

CdSe results are shown in figure 7.14 (a). TPA cross sections of CdS nano rods and dots reported

by Li[178], He[176] and Achtstein[170, 171] et al. at 800nm are plotted in panel (b). With

diameters of 2.3 to 5.2 nm most of these CdS particles exceed the Bohr radius (aCdSB = 2.9 nm)

[33] and are thus in weak to intermediate confinement. However, the CdSe dots and rods

measured here (2.1 to 4 nm) are in strong confinement due to the larger exciton Bohr radius
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of CdSe (ah−CdSeB = 5.2nm [33]). With a thickness of 1.0 to 1.6 nm CdSe NPLs are extremely

confined in one direction.

In fact, compared to the ∼ V 2 volume scaling of CdSe nanoparticles, a power-law fit (σ(2) =

A · V n, grey) reveals a dominating bulk-like volume scaling (n = 1.17) for the CdS nanoparticles

(figure 7.14 b). The VN-TPA cross-sections for CdS particles are plotted over their aspect ratio

in figure 7.14 c. Since there are no TPA data for CdS NPLs available in the literature yet, it only

shows aspect ratios greater than 1. Several data points distinguishable in panel (b) coincide in

the volume-normalized plot in panel (c), reflecting the linear volume scaling, especially for NRs.

A TPA local field model analog to above using CdS bulk material TPA coefficients[96] shows

good agreement with the experiment.[170] Data of Li et al.[178] show the same trend, but may

be displaced to slightly lower values due to a different concentration determination method.

Summarizing, less confined CdS nanoparticles, where the shortest crystal dimensions exceed

the Bohr radius, follow a linear volume scaling. In this case only the dielectric effect of local

fields enhances the TPA cross section per particle volume. On the other hand, electronic effects

such as band mixing, weakening of selection rules, higher density of states and transition dipole

moments in strongly confined CdSe particles might cause the deviation from linear volume

scaling as well as from local field theory.

7.3.5 TPA Efficiency

In both experimental methods (z-scan, 2P-PLE) the obtained TPA cross section values are

intrinsically proportional to the linear absorption cross section; for z-scan via the sample

concentration (eq. 7.18), for 2P-PLE via the reference-dye method (eq. 7.21). To rule out having

mistaken an effect merely resulting from the linear absorption cross section for the observed shape

dependent behavior of the TPA cross sections we plot the ratio of the two- to the one-photon

absorption cross sections in figure 7.15.

This relative quantity gives us a measure of how strong a TPA process is compared to a 1PA

process. Although it is not a dimensionless quantity, we call it the ’TPA efficiency’ in units of

cm2 s. Results for CdS NRs and QDs[170, 171] are added to figure 7.15. It can be seen that the

TPA efficiency of NPLs is three to ten times higher compared to that of QDs or NRs and there

is also a general trend of an enhancement of the TPA efficiency for more slender platelets. This

excludes linear cross sections as the reasons for the measured high TPA cross sections. It further

substantiates our results from the two independent methods (z-scan and 2P-PLE).
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Conclusion

This first comprehensive study of TPA effects depending on shape, quantum confinement and

size focused on CdSe NPLs, NRs, QDs. They were characterized by z-scan at 800nm and

2P-PLE from 750 to 950 nm. A new (time saving) method of self-referencing has been presented,

where the absolute TPA spectral course is obtained by comparing one- and two-photon related

fluorescence of the sample at different wavelengths. We have further shown that the spectral

width of the laser pulse involved in TPA experiments is as important as its temporal width,

since the pulse energy is distributed over both these dimensions. Taking this into account leads

to a very good agreement between 2P-PLE and z-scan results at 800 nm.

The TPA cross sections of ultra strongly confined CdSe nanoplatelets and strongly confined

CdSe nanorods follow a super-linear volume scaling (V ∼2). Combined with the underlying shape

related increase, these electronic confinement effects, result in very high absolute TPA cross

sections. The largest ever measured TPA cross sections for colloidal semiconductor nanocrystals

have been reported: at 800 nm for 3.5 monolayer platelets with 77 x 20 nm2 lateral extensions we

find 2 · 107 GM and for 5.5 monolayer (82 x 22 nm2) platelets reach 5 · 107 GM. This relates to

≈ 50GM per atom for CdSe nanoplatelets – in bulk an atom has the equivalent of ∼ 4 · 10−4 GM.

The volume-normalized TPA cross sections of CdSe nanocrystals show a very strong aspect

ratio dependence. It is stronger than the increase predicted by local field effect calculations.

This clearly indicates that the electronic confinement related contribution to the total TPA cross

section is responsible for the enhancement of TPA.

An unambiguous explanation of these results that goes beyond the suggested effects of

ultra strong anisotropic confinement resulting in a change of the transition dipole moments, a
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confinement induced change of selection rules or band mixing cannot be given here. It will be

subject to challenging theoretical modeling beyond the scope of this work.

Furthermore, NPLs show step-like TPA spectra (2D density of states) with a very weak first

excitonic resonance and a very strong continuum absorption. We conclude that nano-platelets

are extremely efficient and desirable broadband two-photon absorbers for applications in confocal

two-photon imaging and non-linear opto-electronics.
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7.4 APPENDIX

TPA saturation of a CdS wafer

To approve the model fit-function adopted for sech2 pulses (eq. 7.18) and to confirm the function-

ality of our setup, we use a CdS bulk reference sample. Figure 7.16 (a) shows power-dependent

z-scan measurements on an 0.5mm wafer of hexagonal CdS with its c-axis parallel to the z-scan

direction. The β-values derived from the experimental data with our fit-function in Fig. 7.16 (b)

were analyzed with a TPA saturation model used by He et al.[176]:

β(I) = β0/(1 + I2/I2
s ). (7.27)

Is is the saturation irradiance. We find excellent agreement for the low-intensity TPA coefficient

β0 = 8.6 cm/GW to the one reported by He et al. (β0 = 8.8 cm/GW) for bulk CdS.

However, we remark that in-line with other reports on CdS quantum dots[194] our NRs, QDs

and NPLs showed no saturation effects in the z-scan/TP-PLE measurements. The excitation

densities (peak irradiance) in z-scan measurements were in the range of 50 to 170GW/cm2.

Table 7.1: Summary of sizes, number of monolayers (for NPLs), aspect ratios4, volumes, and
absolute and volume-normalized TPA cross sections from z-scan and 2P-PLE of all investigated
samples at 800 nm. The excitation densities were in the range of 50 to 170GW/cm2.

Size # of ML Aspect Ratio Volume σ
(2)
z−scan

σ
(2)
z−scan
V σ

(2)
2P−PLE

σ
(2)
2P−PLE
V

LxxLy (nm3) (GM) (GM/nm3) (GM) (GM/nm3)
5x5 3.5 0.213 26.6 7970 300 – –
17x11 3.5 0.078 200 2.80·105 1400 3.30·105 1660
77x20 3.5 0.027 1640 – – 1.61·107 9820
17x6 4.5 0.135 140 – – 9.73·104 700
25x20 4.5 0.061 680 1.30·106 1900 1.12·106 1640
27x23 4.5 0.055 850 1.73·106 2040 1.31·106 1540
16x8 4.5 0.121 175 9.22·104 530 1.98·105 1130
32x8 4.5 0.086 346 4.40·105 1270 3.43·105 990
26x13 4.5 0.075 455 1.40·106 3100 – –
82x22 5.5 0.039 3020 4.89·107 1.62·104 1.82·107 6.02·103

4x16a Rod 4.062 214 1.42·105 660 – –
3x25a Rod 8.623 170 1.45·105 860 – –
2.1b QD 1 4.7 1.44·103 305 – –
2.7b QD 1 9.8 2.80·103 284 – –
3.2b QD 1 17.4 5.32·103 306 6.88·103 400
4 For NPLs: thickness / average lateral length lz/

√
lx · ly; for rods: length / diameter;

a Nano-rod diameter x length; b Quantum-dot diameter.
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Figure 7.16: TPA saturation of a CdS wafer (a) Z-scan curves for pulse-energies ranging
from 1.0 nJ to 15 nJ of a CdS wafer. (b) Two-photon absorption coefficient β obtained from fitting
the curves in (a) with eq. 7.18 versus the peak pulse irradiance. The black solid curve represents
the fit for bulk TPA saturation[176] to derive the low-intensity TPA coefficient β0.

Quantum yield from 2P-PLE measurements

The ratio of the one-photon induced fluorescence of sample and reference
〈
F

(1)
x (t)

〉
and

〈
F

(1)
ref (t)

〉
can be formed using equation 7.19. If we assume (as above) the same collection efficiency φ(1)

for sample and reference the quantum yield of the sample can be expressed as:

ηx = ηref
Crefσ

(1)
ref

〈
F

(1)
x (t)

〉
Cxσ

(1)
x

〈
F

(1)
ref (t)

〉 (7.28)

If the quantum yield of the reference dye ηref and the concentrations of sample and reference

dye are known, we can calculate the spectral quantum yield dependence of the sample from the
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Figure 7.17: One-photon absorption cross section (top) and quantum yield (bottom) of 3.5ML
(17x11 nm2) CdSe NPLs at room temperature.
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one-photon related fluorescence already implicitly taking the absorbed number of photons at

each wavelength into account. An example of a quantum yield spectrum of 3.5(17x11) NPLs

(AR=0.078) derived with data of LDS698[202] is shown in figure 7.17.

We observe a plateau at around 25% for energies above the light hole transition. This plateau

is related to the 2D hh and lh absorption continuum with a minor additional contribution by

the SO band excitons (3.15 eV). A similar increase of the quantum yield towards lower energies

to the first excitonic resonance is reported by Hoy et al.[203] for CdSe QDs, and related to

a decreased probability of decaying by non-radiative recombination channels for lower energy

charge carriers and excitons. Near the lowest hh transition our NPLs reach quantum yields of

45 %, similar values are reported by Ithurria et al.[19]



8 | k-Space Resolved Two-Photon Absorption in

Oriented Nanoplatelets

Figure 8.1: Two-photon excitation k-space
spectroscopy on CdSe nanoplatelets reveals
highly directional (absolute) two-photon absorp-
tion cross sections. Most relevant TPA paths
contain heavy hole (hh) - conduction band (cb)
interband and cb-cb intraband transitions. Due
to ultra-strong anisotropic confinement both tran-
sitions select in-plane polarized light, leading to
directional TPA.

This chapter combines the k-space spectroscopy and Bloch state analysis of chapter 2 with

the two-photon absorption (TPA) studied in the previous chapter. We will see that 2D k-space

spectroscopy is also a powerful tool to analyze the electronic nature of nonlinear optical properties

and their anisotropy.

As discussed in the previous chapter efficient TP absorbers with extremely high TPA cross

sections per particle or per particle volume such as CdSe nanoplatelets are highly desirable.

With TPA cross sections of up to 5 · 107 GM [84] they exceed other semiconductor nano-

particles[170, 171, 178] or typical organic dyes [167, 172].

However, a less investigated aspect is the anisotropy of TPA in II-VI semiconductors and low-

dimensional systems of them [204–207]. In chapter 2 we studied the k-space resolved one-photon

absorption and emission of CdSe nanoplatelets. The linear absorption in the continuum at 3 eV

(413 nm) is found to be isotropic whereas the heavy-hole exciton emission is highly directed: it

stems from a bright plane of transition dipole moments (TDMs) that are oriented in the platelet

plane (in-plane IP) dipoles. The strong confinement lifts degeneracy of the heavy hole (hh) and

light hole (lh) in zincblende systems, subsequently leading to the loss of isotropy.

In this chapter, we study the k-space resolved two-photon absorption of oriented CdSe

nanoplatelets to gain a microscopic understanding of the underlying electronic properties.

Differences between linear and TP absorption are discussed in terms of their respective TDM

distribution and the involved Bloch functions of the hh, lh and split-off (so) bands. We show

strong confinement induced anisotropies stemming from the envelope functions in the case of

intraband transitions and from the Bloch part of the wave functions for interband transitions.

The observed strongly directional TP absorption is shown to be related predominantly to

transitions involving either hh-cb or cb-cb contributions, which have an anisotropic transition

dipole distribution. We recover the internal transition dipole distribution for TPA. Combined

with the absolute TPA cross sections from chapter 7 this even allows to retrieve the angular
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dependence of the absolute TPA cross section – to our knowledge the first time for a semiconductor

nanoparticle.

The highly anisotropic TPA in CdSe nanoplatelets makes them a new class of directional

two-photon absorbers with high cross sections. The hh emission is unaffected by the kind of

excitation (one- or two-photon) and remains highly anisotropic and directed. By combining

directional and high TPA cross sections with directed emission platelets may be used e.g. for

high efficiency logic elements in integrated photonics like logic AND devices or directional

upconverters.

8.1 Sample Characterization, Experimental Setup and Model

As in chapter 2 the Zincblende (ZB) CdSe nanoplatelets, covered with oleic acid ligands, were

deposited on 170µm thick fused silica substrates forming a monolayer of flat-lying nanoplatelets

oriented on the substrate (x-y-plane), see inset in figure 8.2 a. Again the sample is modeled as

a three layer system consisting of the glass substrate, an effective medium of a monolayer of

nanoplatelets and their ligands, and air (figure 8.2 b).

The CdSe NPLs are 4.5 monolayers (Lz=1.37 nm) thick with a lateral size of 19.6×9.6 nm2

(aspect ratio AR = Lz/
√
Lx · Ly = 0.10). TP excitation is achieved by a Ti:Sapphire laser

(FWHM 150 fs, 75.4MHz, 0.8KW/cm2 CW-equivalent at a spot of diameter 30 µm) providing

pulsed radiation at 830 nm wavelength. For linear excitation (at a wavelength of 415 nm), a beta

barium borate (BBO) crystal is introduced for frequency doubling.

The k-space analysis is performed using a high numeric aperture (1.49) immersion oil objective

(figure 8.2 b). The wavevector composition of the emission is imaged from the back aperture

of the objective onto a sensitive CCD camera, figure 8.2 c. To determine the distribution of

transition dipoles involved in the emission process a polarizer is introduced into the detection

path. The cuts in figure 8.2 c can then be related to pure in-plane (ky cut, s-polarized light)

and a superposition of in-plane (IP) and out-of-plane (OP) dipole emission (kx cut, p-polarized

light). We concentrate on the p-polarized emission since it contains information on IP as well

as OP emission. The radiation of the excitation laser is also p-polarized (electric field and the

wavevector coincide in the plane of incidence) in order to excite IP as well as OP dipoles as a

function of the incoming wavevector kinx . We model the k-vector dependent platelet emission

and excitation with the local density of states formalism[30, 208], extended in chapter 2 and

described in detail in its appendix 2.6. It will be covered briefly here and extended for two-photon

excitation.
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Figure 8.2: a) Linear absorption spectrum of the studied 4.5 monolayer CdSe nanoplatelets.
The spectral positions of two- and one-photon excitation are marked with red and blue arrows,
respectively. The heavy-hole photoluminescence is also shown. Inset: TEM image of the oriented
NPLs. b) Excitation and emission scheme of oriented NPLs. An immersion oil objective (NA=1.49)
is used to excite the oriented nano-platelets. The beam position in the back aperture of the objective
relates to the in-plane wave-vector component and incident angle of a light ray. By projecting the
back aperture of the objective onto a highly sensitive CCD camera, the wave-vector dependent
(i.e. angular) emission pattern can be observed. The k-scale is normalized to the wave-vector in
air (k0 = ω/c). Total internal reflection occurs for wave-vectors larger than the wave-vector in the
surrounding air, (k/k0 > 1). Variation of the excitation wave-vector in the back aperture enables
2D k-space spectroscopic measurements. c) Typical emission pattern for oriented nano-platelets.
The kx- and ky-cuts can be referred to as p- and s-polarized emission, respectively.

Model

Fermi’s Golden Rule states that the radiative rate of an emitter is proportional to the product of

the Einstein coefficient A (proportional to the TDM
∣∣µ2
∣∣) and the density of (photon) states ρ. We

use a normalized effective optical density of states ρ̃IP,OP (ω) = ρIP,OP (ω)/ρ0(ω) accounting for

the alteration of the radiative rate in our heterogeneous system with respect to free space. ρ0(ω)

is the density of electromagnetic modes in the emitter medium. We can model the (p-polarized)

k-vector dependent one-photon absorption/emission characteristics as the superposition of IP

and OP absorption/emission rates:

Sp1PA(ω,kx) = C(1)

[
ρ̃pIP (ω,kx)AIP (ω) + ρ̃pOP (ω,kx)AOP (ω)

]
(8.1)

A two-photon absorption process can be interpreted in this picture as the concatenation of

two one-photon transitions. As discussed later, the (weighted) summation of the respective

one-photon transition dipole orientations gives the overall orientation of the TPA process with

effective Einstein coefficients A(2)
IP and A(2)

OP . To account for the non-linearity in modeling the

TPA process, the calculated intensities from eq. 8.1 have to be squared:

SpTPA(ω,kx) = C(2)

[
ρ̃pIP (ω,kx)A(2)

IP (ω) + ρ̃pOP (ω,kx)A(2)
OP (ω)

]2
. (8.2)
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Figure 8.3: Calculated k-space spectra of two-photon and linear excitation for different
out-of-plane (OP) and in-plane (IP) transition dipole distributions. (a) Calculated two-
photon excitation at a wavelength of 830 nm of a 100% IP and an isotropic (67% IP and 33% OP)
transition dipole distribution, calculated from eq. 8.2. (b) the same for one-photon excitation at
415 nm, using eq. 8.1. The curves are normalized to their area.

C(1) (in eq. 8.1) and C(2) are proportionality constants related to the setup sensitivity for one-

and two-photon excitation, respectively.

Figure 8.3 a shows calculated k-space spectra for two-photon excitation at 830 nm using eq. 8.2.

The curves follow the two-photon induced PL signal as a function of the incident k-vector kinx /k0.

The cases for 100% IP (dashed line) and an isotropic (solid line) transition dipole distribution

are shown. Due to two in-plane axes (x and y) a ratio of 67% IP to 33% OP dipoles represents

an isotropic distribution.

Figure 8.3 b shows the calculated k-spectra for one-photon excitation at 415 nm. Due to only

slightly differing material dispersions at 512 nm, the emission characteristics (given identical

TDM distributions) would only differ slightly from the curves in figure 8.3 b.

The maxima in the pure IP dipole absorption patterns (for TPA and 1PA) correspond to modes

beyond the angle of total internal reflection (TIR) of the glass to air interface (|kx|/k0 = 1).

They are observable with our objective due to the index matching immersion optics. A perfectly

in-plane (x-y plane) oriented transition dipole has no electric field component in the z-direction

and is not expected to interact with the light field around the TIR angle. On the other hand

pure OP dipoles can only interact with the light field in a small region of k-vectors (angles)

around the TIR. This leads to a shallower minimum at |kx|/k0 = 1 for an isotropic distribution

of transition dipoles. A further crucial characteristic of k-space spectra is the height difference

between the maximum and the local maximum (at |kx|/k0 = 0). It also increases with increasing

OP contributions (see also chapter 2 figure 2.3 a-c).

The differences between two-photon and one-photon k-space excitation curves are related to

the quadratic nature of eq. 8.2. Furthermore, the glass substrate and effective medium of the
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Figure 8.4: Comparison of k-resolved two- and one-photon excitation of oriented
nano-platelets and the related emission. (a) 2D k-space spectrum (false color plot) for two-
photon excitation at 830 nm is obtained by plotting the measured p-polarized emission I(kout

x )
(horizontal) for every excitation wave vector (kin

x , vertical). The emission at kout
x /k0 = 1.25 (vertical

cross section, dashed line) and fit is shown on the right. The calculated 2D k-space spectrum
(model) is in excellent agreement with experimental data. (b) The same for one-photon excitation
at 415 nm. (c) The (heavy-hole) emission at 512 nm I(kout

x ) is identical after two- and one-photon
excitation. In-plane (IP) transition dipole contributions are given for TP (a) and 1P (b) excitation
and induced emission (c).

nanoplatelet monolayer and ligands have different dispersion relations at 830 nm and 415 nm,

see also Table 8.1 in appendix 8.5.

8.2 k-Space Resolved Two-Photon Absorption: Data and Model

A comparison of k-vector dependent TP and linear excitation and the related emission patterns is

shown in figure 8.4. Experimental 2D k-space spectra are shown as false color plots in figure 8.4 (a)

and (b) (left). They are obtained by plotting the cut in x direction of the back aperture image,

see figure 8.2 (c), for every excitation angle kinx .

Vertical cross sections in these 2D k-space maps are shown on the right in figure 8.4 (a) and (b).

A proxy for the excitation wavevector (kinx ) dependent absorption, they can be modeled with

eq. 8.2 for two-photon absorption (panel a) and with eq. 8.1 for one-photon absorption (panel

b). The contributions of IP and OP transition dipoles involved in TPA and 1PA processes are

obtained by fitting the experimental results with a least square routine. Except for the ratio



136 8 k-Space Resolved Two-Photon Absorption in Oriented Nanoplatelets

of IP and OP oriented transition dipoles all other parameters in this model are defined by the

experimental setup or literature values (listed in table 8.1 of the appendix 8.5 of this chapter).

For the degenerate TPA process at 830 nm into the continuum, the model delivers an 85% IP

to 15% OP ratio of the transition dipoles. This reflects a considerable net orientation of the

continuum TPA transition. In contrast, the one-photon continuum absorption at a wavelength

of 415 nm is nearly isotropic with a ratio of 67% IP and 33% OP transition dipoles.

The emission at 512 nm after two- and one-photon (horizontal cross sections in 2D k-space

maps) is compared in figure 8.4 (c). We observe a strong decrease of emitted intensity at

koutx /k0 = 1. As discussed in figure 8.3 only OP dipoles can radiate here to the far-field leading

to the characteristic minimum. In fact the fit using eq. 8.1 reveals a highly anisotropic transition

dipole distribution with 95% IP and only 5% OP dipoles. This results in strongly directed

emission in z-direction, perpendicular to the nano-platelet plane (chapter 2). The emission

pattern is not altered by the nature of the excitation. In both cases recombination luminescence

originates from the lowest hh exciton as the continuum generated hot excitation cools down to

the band edge.

Using these resulting IP and OP contributions for excitation and emission we can calculate

2D k-space maps as a function of the excitation and emission wave-vector. Shown as the right

hand false color plots (labeled as ’model’) in figure 8.4 (a) and (b) they demonstrate the very

good coincidence of our IP-OP transition dipole model with our experimental results both for

linear and two-photon excitation.

Summarizing, we observe highly anisotropic directed emission from mainly IP dipoles (95%)

after both one- and two-photon absorption. The transition dipole distributions for one- and

two-photon continuum absorption, however, differ. TPA shows a high degree of orientation, 85%

IP transition dipoles, considerably higher than the isotropic (67% IP 33% OP) distribution for

linear excitation.

8.3 Theory

We will briefly recall the discussion on isotropic one-photon absorption and directed emission

from chapter 2, a prerequisite to understand the origin of the observed anisotropic TPA in our

CdSe nanoplatelets.

The probability of interband one-photon absorption is proportional to the transition dipole

moment |µej |2 = |〈feνe,ne |f
j
νj ,nj 〉 〈ue|µ|uj〉|

2, with j = hh,lh,so. e denotes the conduction band.

The envelope integral provides selection rules via the symmetry of the envelope function ν, as

only transitions fulfilling δνe,νj will be allowed. The unit cell integral (Bloch part) determines

the orientation of the absorbed/emitted light and therefore its directionality. Drawing a parallel
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between the symmetries of a ZB crystal and a hydrogen atom, |ue〉 is found to be of s-like

symmetry, |uhh〉 has mixed px and py symmetry, and |ulh〉 (|uso〉) mixed px, py and pz character

[68]. Here x and y are in-plane directions, while z is the [001] direction (platelet thickness

direction).

Therefore, a hh exciton Ψ = ΨeΨhh forms an in-plane electronic dipole. Identified as the bright

plane, it is observed as a 95% IP transition dipole contribution for nanoplatelet emission in

figure 8.4 (c), after both off-resonant one- or two-photon excitation. The integral 〈ue|µ |uhh〉 is

non-zero only for (x,y)-polarized light and emission takes place predominantly orthogonal to the

NPL surface.

By contrast, cb-lh and cb-so band transitions have a finite dipole projection along z, so that

〈ue|µ|ulh〉 (〈ue|µ|uso〉) is finite in all space directions (see also Table 8.2 in appendix 8.5). At

linear (2.98 eV) excitation in the continuum, hh-cb, lh-cb and so-cb transitions can occur, see

figure 8.5 (a). The band related Bloch functions form a complete orthonormal basis. This leads

to an isotropic (one-photon) absorption dipole distribution in the continuum, in-line with the

measured 67% to 33% IP to OP ratio, figure 8.4 (b) and chapter 2.

With the one-photon absorption understood, we now discuss the two-photon absorption in

figure 8.5 (b). The probability of a TPA process taking place is given by second order Fermi’s

golden rule:

WTPA = 2π
~
∑
i,f

∣∣∣∣∣∑
m

〈f |~e · ~p|m〉 〈m|~e · ~p|i〉
Em − Ei − hν

∣∣∣∣∣
2

δ (Ef − Ei − 2hν) (8.3)

where |j〉 is the wave function and Ej the energy in the initial (j = i), the intermediate (j = m),

and the final (j = f) state. Here, ~e is the light polarization vector. In our degenerate two-photon

excitation it is identical for both photons. ~p is the momentum operator.

The initial states (i) of the TPA transition are in the valence band (hh-band, lh-band and so-

band) while the final states (f) are in the conduction band, represented by the outer summation

over i and f in eq. 8.3. Intermediate states for two-photon transitions are virtual, non-resonant,

states, which are short-lived and hence energetically not well defined. The transition probability of

such processes is proportional to the sum of perturbation terms involving all possible intermediate

states |m〉 (summation over m in eq. 8.3). It can thus be decomposed into a linear combination

of transitions between real states. Figure 8.5 (b) shows some exemplary combined pathways of

these transitions.

The optical selection rules for these transitions are given by the matrix elements in the

numerator in eq. 8.3. However, the interpretation of the involved processes is further complicated

as not only interband transitions between hh, lh, so and the cb take place. There are also
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Figure 8.5: One- and two-photon transitions. Schematic of the conduction band electron
and valence band hole energy levels in a rectangular (D2h) NPL with ZB crystal structure. The
envelope functions, characterized by their basic symmetries (|Ag〉 and |B2u〉), are shown on the
left. The Bloch states (|uj〉) are given color-coded at the bottom. (a) In continuum absorption
(1PA) hh, lh and so holes are equally involved resulting in isotropic absorption. (b) Two-photon
excitation from an initial state |i〉 to a final state |f〉 takes place via a virtual non-resonant state.
The efficiency of this process is proportional to the sum of perturbational terms involving all
possible intermediate states |m〉. Transitions with Em close to (Ef − Ei)/2 and thus close to
the bandgap energy have the highest probability (most relevant paths). These contributions can
further be analyzed in terms of their optical orientation (IP and OP), which directly relates to the
polarization of the excitation. It should be noted that the displayed paths are only examples of all
the contributing linear combinations.

pathways with one intraband and one interband transition connecting the initial and final state

(figure 8.5). Hence the related transition dipole moments in eq. 8.3 and their matrix elements

(for a transition from state 〈a| to |b〉) can be split up into inter- and intra-band parts in the

envelope function approximation:

〈a|~p|b〉 = 〈fa|〈ua|~p|ub〉|fb〉 = 〈fa|fb〉 〈ua|~p|ub〉︸ ︷︷ ︸
interband

+ 〈fa|~p|fb〉 〈ua|ub〉︸ ︷︷ ︸
intraband

(8.4)

The applicable selection rules for the transition come either from the envelope functions (for

interband transitions) or from the Bloch function (for intraband transitions). Details of possible

interband and intraband transitions and their optical orientation – which corresponds to the

polarization of the optical excitation – can be found in appendix 8.5.

The decomposition of the TPA excitation comprises a multiplicity of transitions with different

transition dipole orientations. Their overall orientation is thus given by the sum of allowed

transitions with their TDM orientation weighted with their respective relative probabilities.
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It can be seen from the denominator in eq. 8.3, that the probability for transitions is maximized

for intermediate states near the laser photon energy, where Em ≈ (Ef − Ei)/2. Therefore the

transition probabilities are highest for energies near the laser energy (1.5 eV at 830 nm), where

the intermediate state |m〉 is near the band edge. These are transitions that contain either

hh-cb or cb-cb contributions, as shown in figure 8.5 (b). The corresponding transition dipoles are

optically in-plane (IP) oriented leading to the observed strong anisotropy in the two-photon

absorption. Hence the intrinsic orientation of the transition dipoles can be attributed to the

Bloch functions of the bands involved in the inter-band transitions and to the envelope functions

involved in intra-band transitions.

8.4 Discussion

The Advantages of Directional TPA

The observed TP absorption anisotropy reflects the high, yet not exclusive, probability of

transitions with optically in-plane orientation that are involved in TPA excitation of oriented

nano-platelets. An oriented TPA can be of real practical interest, desirable for many photonic

applications, like in the realization of logic AND elements. As we have not only directed

two-photon absorption, but also highly directed luminescence with 95% IP dipole orientation,

the platelets may be used as a directional photon converter, e.g. in integrated optics.

Highly oriented two-photon absorption is also relevant in terms of the requirements on the

numerical aperture (NA) of the objective used in TPA applications. We will show now that

for the same NA more TP transitions can be excited in a directional TP absorbing ensemble

compared to an isotropic ensemble of the same total TPA cross section. Usually excitation is

performed using the whole NA of an objective. The k-space distribution of the irradiance Ir(k)

in the focus is Gaussian due to the underlying Fourier transformation. Its width depends on the

objective’s NA and determines the range of accessible k-vectors.

The k-resolved two-photon excitation spectra – calculated in figure 8.3 (a) and measured in

figure 8.4 (a) – represent the two-photon induced PL for a constant excitation probed in constant

steps of dk. Thus they can be understood as response functions R(k) of the three layer system

(glass / NPLs with ligands / air ) for all accessible k-vectors up to kmax/k0=NA=1.49. The

two-photon induced PL ITP−PL is then determined by the overlap integral of R(k) and Ir(k)

over the whole NA of the objective used for excitation.

Compared to an isotropic two-photon absorber, higher IP contributions lead to a higher

response in the range within the angle of total internal reflection |k/k0| < 1, i.e. for small angles,

see also figure 8.6 (a). Consequently for the same NA more TP transitions can be excited in a
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Figure 8.6: Efficiency increase of two-photon absorption using directional TP ab-
sorbers. (a) k-resolved two-photon excitation response function R(k), shown for 85% IP (experi-
mental) and for an isotropic distribution of the the same total TPA cross section (area normalized).
The Gaussian k-space distribution of the irradiance Ir(k) for an NA of 0.8 is also shown. The
overlap integral of Ir(k) and R(k) yields the two-photon induced PL, which increases for higher
directionality and NA, as shown in (b). (c) Efficiency increase by using a directional TP absorber
with respect to an isotropic one.

directional TP absorbing ensemble compared to an isotropic ensemble of the same total TPA

cross section. In fact, for numerical apertures from 0.2 to ∼0.75 our NPL monolayer with 85%

IP transition dipoles is 45% more efficient than the isotropic case, see figure 8.6 (c). Even at

NA=1.49 this directionality yields 25% more efficient TPA. A detailed discussion is found in

appendix 8.5.

Angular Distribution of the Absolute TPA Cross-Section

We can use the occurrence of IP and OP transition dipoles obtained in our analysis to reconstruct

the two-photon absorption pattern of CdSe nanoplatelets in an isotropic medium – with and

without dielectric contrast to CdSe. By using the results from chapter 7 this even allows to

retrieve the absolute TPA cross section as a function of the incident angle.

The two-photon induced fluorescence signal ITP−PL can be related to the TDM distribution

and the local field factors (i.e. the particle’s shape and dielectric contrast to the surrounding).

By expressing the electric field amplitude of the exciting photon field in polar coordinates

we can obtain ITP−PL as a function of the incident angle θin. Since ITP−PL ∝ σ(2)I2 and

I2 = const. in angle, ITP−PL and σ(2) have identical angular distribution functions. This yields

an analytical expression of the angular dependence of the TPA cross section as a function of

IP and OP contributions and local field factors, see eq. 8.16 in appendix 8.5. The TPA cross

sections of CdSe nanoplatelets of different sizes are presented in chapter 7 and ref. 84. There the

nanoplatelets are measured in a randomly orientated ensemble in solution, i.e. with dielectric

contrast to the surrounding. From the volume scaling given in figure 7.12 we can approximate

the angularly averaged TPA cross section
〈
σ

(2)
OA

〉
Ω

of the NPL size used here to be ∼ 3 · 105 GM.
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Figure 8.7: Two-photon absorption cross section σ(2) per solid angle Ω. (a) Excitation
geometry. (b) TPA cross sections as a function of θin for oriented NPLs (4.5 monolayer 19.6×9.6 nm2)
embedded in oleic acid (blue) and in an isotropic medium with no dielectric contrast to CdSe
(green). (c) The reduction of TPA for large angles clearly shows the further directionality induced
by the anisotropic shape of the platelets and the dielectric contrast to oleic acid.

This corresponds to the integral of the angular distribution σ
(2)
OA(θin)/Ω divided by 4π. The

index OA denotes the surrounding ligands (oleic acid).

With this absolute value we can calculate the TPA cross section and its angular distribution

in a medium without dielectric contrast to CdSe, i.e. the electronic contribution to the TP

absorption pattern. To the best of our knowledge this is the first time the TPA cross section is

quantified as a function of the solid angle. For the sake of clarity the (constant) dependence on

the azimuth φ has been omitted here. A detailed discussion of the angular dependence of the

TPA cross section is found in appendix 8.5.

Figure 8.7 shows σ(2)(θin)/Ω of an in-plane oriented ensemble of our platelets in an isotropic

medium. σ(2)
OA and σ

(2)
CdSe denote, respectively, the distributions of the TPA cross section of

platelets with and without dielectric contrast to CdSe, i.e. in oleic acid (OA) and in a medium

with the same dielectric constant as CdSe. σ(2)
OA has generally smaller values for all angles because

the local field factors reduce the incoming field in all directions. In-plane field factors are higher

than the out-of-plane field factor. Thus the reduction of fields ~E oscillating along the z-axis,

i.e. for large θin, is by far higher than for small θin, see figure 8.7 (c). This leads to a further

enhancement of the TPA directionality in the presence of a medium with dielectric contrast to

the platelets.

Conclusion

We have shown that, in contrast to linear absorption, continuum two-photon absorption in

oriented CdSe nanoplatelets is highly directed. The directional TPA is related to basic band

anisotropies of zincblende CdSe and to the ultra-strong anisotropic confinement in nanoplatelets.

It was demonstrated that this high directionality originates from dominating hh-cb interband and

cb-cb intraband transitions, which both have a high directionality. The hh-cb interband transitions
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select in-plane (platelet plane) polarized light due to the band anisotropies of zincblende CdSe

and the confinement induced lifting of the hh-lh degeneracy. Anisotropic confinement also lifts

the envelope p-state degeneracy (see chapter 3). pz is pushed to much higher energies making x-y

polarized cb-cb intraband transitions far more likely. Hence the used 2D k-space spectroscopy is

shown to be a powerful tool to investigate the electronic nature of linear and nonlinear optical

properties and their anisotropy in semiconductors and their nanostructures.

Additionally, the extracted ratio of in-plane and out-of-plane transition dipoles is combined

with the measured absolute TPA cross sections from chapter 7. This allows for the first time to

reconstruct the angular distribution of the TPA cross section from a semiconductor nanocrystal.

It has further been shown that an oriented ensemble of directional TP absorbers is fundamentally

more efficient than a random oriented ensemble of the same absorbers.

A new class of directional two-photon absorbers with high cross sections and additionally

directed emission, CdSe nanoplatelets may be used e.g. for two-photon imaging applications, for

high efficiency logic elements in integrated photonics such as logic AND devices, or directional

photon converters.
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8.5 APPENDIX

Table 8.1: Permittivity values used in the model. DML is the thickness of the effective medium
(E.M.) of ligands and nanocrystals.
Material ε(ωTPA) ε(ω1PA) ε(ωemis.) DML(nm)
Bulk CdSe[57] 7.5+0i 7.9+3.5i 7.9+2.6i
Oleic acid (OA) ligands[58] 2.13 2.13 2.13
E.M. NPLs+OA ordinary (εIPeff ) 2.610+0i 2.663+0.263i 2.652+0.192i 5.6
E.M. NPLs+OA extraordinary (εOPeff ) 2.320+0i 2.337+0.033i 2.332+0.026i 5.6

Selection Rules

Using the envelope function approximation, the dipole matrix elements for one photon can be

expanded as:

〈a|~p|b〉 = 〈fa| 〈ua|~p|ub〉 |fb〉 = 〈fa|fb〉 〈ua|~p|ub〉︸ ︷︷ ︸
interband

+ 〈fa|~p|fb〉 〈ua|ub〉︸ ︷︷ ︸
intraband

(8.5)

where f iν,n is the envelope function, defined over the entire NPL, whose point symmetry is ν and

its main quantum number is n. |ui〉 is the band-edge periodic function at the Γ point, defined

over the unit cell as section 2.5 of chapter 2.

Here, 〈fa|fb〉 〈ua|~p|ub〉 is finite for interband transitions (a 6= b) because 〈ua|~p|ub〉 would not

fulfill the angular momentum conservation. 〈fa|~p|fb〉 〈ua|ub〉 is finite for intraband transitions

(a = b) as Bloch functions of different bands are orthogonal, 〈ua|ub〉 = δa,b.

For interband transitions 〈a|~p|b〉 = 〈fa|fb〉 〈ua|~p|ub〉, fa and fb must have the same symmetry

within the D2h point group of a rectangular platelet for a finite probability. 〈ua|~p|ub〉 ∝ 〈ua|~r|ub〉

determines the optical orientation of the transition. Discussed in detail in the following.

Polarization of interband transitions

The oscillator strength of a transition between a conduction band level and valence band one

is proportional to |µej |2 = |〈feνe,ne |f
j
νj ,nj 〉 〈ue|µ|uj〉|

2. The integral over the unit cell 〈ue|µ|uj〉

defines the polarization of the emitted/absorbed light. µ = q ~r stands for the dipole moment of

the electromagnetic radiation, with q the electric charge. |uj〉 functions are given in section 2.5.

Besides, the cubic symmetry of zinc-blende crystals leads to 〈S|x|X〉 = 〈S|y|Y 〉 = 〈S|z|Z〉 = K,

and 〈X|y|Z〉 and its permutations, with all other integrals being zero. Note that, while in bulk

x, y and z directions are equivalent, in the presence of confinement z is taken as the ([001])
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direction. This is in line with the surface normal [001] of the platelets. With these considerations,

one can compare 〈ue|µ|uj〉 for different kinds of interband transitions, see section 2.5 of chapter 2.

The polarizations of interband transitions are summarized in Table 8.2. The first row of table

8.2 has already been used for the linear absorption process in chapter 2.

Table 8.2: Orientation of relevant interband transitions.

|ucb〉 |uhh〉 |ulh〉 |uso〉
〈ucb| x,y x,y,z x,y,z
〈uhh| x,y x,y,z x,y,z
〈ulh| x,y,z x,y,z x,y
〈uso| x,y,z x,y,z x,y

Intraband transitions

For intraband transitions 〈a|~p|b〉 = 〈fa|~p|fb〉 〈ua|ub〉, ua and ub must have the same symmetry for

finite transition probabilities as they belong to the same sub-band. Here, 〈fa|~p|fb〉 ∝ 〈fa|~r|fb〉

determines the optical orientation of the transition. As our photon energies are of 1.5 eV, the

most relevant intraband transitions are z-forbidden as can be seen from the table 8.3.

For the integral to be non-zero in z-direction the envelope states involved are required to be

gerade and ungerade, i.e. one with an even number and one with an uneven number of nodes in

the z-direction. Assuming effective mass of 0.15-0.20m0, and ∼2 nm thickness, the first state

with a node in z direction is 1.5-2.0 eV away from the ground state and not accessible with our

excitation energy.

Table 8.3: Orientation of relevant intraband transitions for two-photon absorption.

|ucb〉 |uhh〉 |ulh〉 |uso〉
〈ucb| x,y
〈uhh| x,y
〈ulh| x,y
〈uso| x,y

Two-photon absorption patterns / Angular distribution of σ(2)

Using the IP to OP transition dipole occurrence obtained from our model we can now reconstruct

the two-photon absorption pattern of CdSe nanoplatelets in an isotropic medium – with and

without dielectric contrast to CdSe. First we consider the case without dielectric contrast, i.e.

without needing to take local field factors into account. Again we express the electric field

amplitude of the exciting photon field in polar coordinates and take the projections on in- and
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out-of-plane dipole moments into account via their (dimensionless) respective occurrence:

NDM =


√
NIP 0 0

0
√
NIP 0

0 0
√
NOP

 . (8.6)

The intensity can then be expressed as

I =
∣∣∣NDM · ~E(φ, θ)

∣∣∣2 (8.7)

After simplification of the trigonometric expressions and taking into account the quadratic

intensity dependence of the two-photon induced fluorescence signal ITPL we find

ITPL ∝ I2 = 1
4 (NIP +NOP + (NOP −NIP ) cos(2θ))2

E4
0 . (8.8)

The angular dependence of the TPA cross section σ(2) can thus be related by

ITPL ∝ σ(2)(θ,φ)E4
0 (8.9)

We define the normalized angular distribution function of the TPA cross section σ̃(2)(θ,φ) as

σ̃(2)(θ,φ) = A
1
4 (NIP +NOP + (NOP −NIP ) cos(2θ))2 (8.10)

where θ and φ refer to the direction of ~E and

A−1 =
∫ 1

4 (NIP +NOP + (NOP −NIP ) cos(2θ))2 dΩ (8.11)

is the normalization factor with dΩ = sin θdθdφ.

The angularly averaged TPA cross section in a medium without dielectric contrast to CdSe is

given by expectation value 〈
σ(2)

〉
Ω

=
∫
σ(2)(θ,φ)dΩ∫

dΩ
(8.12)

we can re-normalize the angular distribution function σ̃(2)(θ,φ) in eq. 8.10 to obtain the absolute

cross section per solid angle

σ(2)(θ,φ) = 4π
〈
σ(2)

〉
Ω
· σ̃(2)(θ,φ) (8.13)
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The TPA cross sections of CdSe nanoplatelets of different sizes have been reported in chapter 7

figure 7.13 or ref. 84. There the nanoplatelets were measured in a randomly orientated ensemble

in solution, i.e. with dielectric contrast to the surrounding. Using the volume scaling given in

figure 7.13 we can approximate the angularly averaged TPA cross section
〈
σ

(2)
lf

〉
Ω
, of the NPL

size used here to be ∼ 3 · 105 GM. For taking the dielectric contrast to the surrounding into

account we insert the local field factors into eq. 8.7 to obtain:

I =
∣∣∣NDMfLF · ~E(φ, θ)

∣∣∣2 (8.14)

with

fLF =


√
|f(ω)|2IP 0 0

0
√
|f(ω)|2IP 0

0 0
√
|f(ω)|2OP

 . (8.15)

Since the x- and y-direction are not distinguishable in our experiment we use the square roots of

the expectation values of the field factors for in- and out-of-plane directions given in eq. 2.10

using the permittivity values at 830 nm. The two-photon induced fluorescence signal is then:

ITPL,LF ∝ I2 = 1
4

(
NIP |f |2IP +NOP |f |2OP + (NOP |f |2OP −NIP |f |

2
IP ) cos(2θ)

)2
E4

0 (8.16)

With this we repeat the normalization procedure shown in eqs. 8.9 through 8.12 to obtain the

angular distribution of the TPA in the presence of local field effects.

σ
(2)
lf (θ,φ) = 4π

〈
σ

(2)
lf

〉
Ω
· σ̃(2)

lf (θ,φ) (8.17)

Using the experimental angular averaged TPA cross section
〈
σ

(2)
lf

〉
Ω

this allows us to calculate

its angular distribution, in this case in oleic acid. With this absolute value we can calculate the

TPA cross section and its angular distribution in a medium without dielectric contrast to CdSe,

i.e. the electronic contribution to the TP absorption pattern. Both cases are shown in figure 8.7

as a function of the incident angle θin (with respect to the surface normal of the platelet) at a

fixed azimuthal angle φ.

Two-photon induced PL as a function of the Numerical Aperture

The k-space distribution of the light intensity in the focus of an objective is Gaussian due to the

underlying Fourier transformation. As shown in figure 8.8 (a) we define the numerical aperture
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NA as the half width at 1/e2 of maximum of the amplitude normalized Gaussian of width σ:

G(σ,x) = e−
x2

2σ2 (8.18)

By solving G(σ,x) = e−2 we find σ = NA/2 and rewrite the area normalized Gaussian as a

function of the normalized wave vector k̃ = k/k0:

I(k̃,NA) = I0

√
2
π

1
NAe

−2 k̃2
NA2 (8.19)

This represents the k-space distribution of the total intensity I0 of the beam and is plotted in
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Figure 8.8: (a) Gaussian k-space intensity distribution for a beam intensity of I0 in the focal
plane. The numerical aperture NA is defined here as the half width at 1/e2. (b) The distribution
broadens with increasing NA and constant I0 while the spotsize (c) decreases. (d) Resulting k-space
distribution of the irradiance (intensity per area) in the focal region.

figure 8.8 (b) in units of I0. The relevant quantity for two-photon absorption is the intensity per

area, i.e. the irradiance. The beam radius in the focus of a Gaussian beam is w0 = λ/πNA.

Thus the focal area is A = w2
0π = λ2/πNA2, as shown in figure 8.8 (c). The k-space distribution

of the irradiance in the focal spot is then:

Ir(k̃,NA) = I(k̃,NA)
A

= I0
NA
√

2π
λ2 e−2 k̃2

NA2 (8.20)

It is shown in figure 8.8 (d) for the same exemplary numerical apertures given in panel (b).

From our experiment we know the response function R(k̃) of the two photon induced PL

for a constant irradiance (squared) I2
r (k̃) probed in constant steps of dk̃ for all accessible wave
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Figure 8.9: (a) Response of the two-photon induced PL as a function of the excitation wave-vector
for our directional TP absorbers and an isotropic TP absorber. The curves area normalized to their
area accounting for the same total TPA cross-section. (b) Response function of 85% IP TDMs
with k-distribution of an excitation with NA=0.2 and 1.4 . (c) TP induced PL as a function of the
NA of the objective used for excitation with the same laser intensity I0, i.e. the overlap integral
using eq. 8.21 for 85% and 66% IP orientation. (d) The efficiency of a directional with respect to
an isotropic TP absorber (ratio of curves in (c)).

vectors up to NA=1.49, with k̃ = k/k0. Two responses are plotted in figure 8.9 (a): The fit to

our experimental data (figure 8.4 (a)) yielding 85% IP and 15% OP transition dipoles in CdSe

nanoplatelets (labeled as directional). The second curve (labeled as isotropic) is calculated with

our model assuming the NPLs had an isotropic transition dipole distribution (67% IP to 33%

OP) – equivalent to a random oriented ensemble (figure 8.3 (a)). The curves are normalized to

their total response, i.e. area. This corresponds to resulting in the same total TPA when excited

with constant intensity from all directions. Now we want to know the two-photon induced PL of

an irradiance with an NA dependent Gaussian distribution in k-space. The response curve of

our NPLs and the irradiance distribution for an 0.2 and 1.4 NA are shown in figure 8.9 (b). We

need to evaluate the overlap integral of the response function R(k) and I2
r (k̃,NA) over k̃ from

−NA to NA:

ITP−PL(NA) =
NA∫
−NA

R(k̃)I2
r (k̃,NA)dk̃ (8.21)

The results of this two-photon induced PL for directional and isotropic TP absorbers are plotted

in figure 8.9 (c) over the NA. For better comparison figure 8.9 (d) shows the efficiency increase of

directional to isotropic two-photon absorbers I82%IP
TP−PL(NA)/I67%IP

TP−PL(NA)− 1 as a function of

the NA in percent.
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In novel two-dimensional CdSe nanoplatelets the thickness (∼1 nm) and the lateral extensions

(10-1000 nm2) can be tuned independently by synthesis. This has allowed unprecedented, in-

depth studies on the microscopic linear and non-linear properties of an anisotropic electronic

system – with ultra-strong quantum confinement in one direction (z), and weak, tunable lateral

confinement in the other (x-y). While the energy levels and exciton binding energies are

(predominantly) determined by the z-confinement, the lateral confinement has been found to

strongly influence the dynamics, for two reasons.

First, a rare phenomenon occurs in CdSe nanoplatelets, the existence of an emitting excited

excitonic state, with a p-like envelope function. The energy spacing between the ground state

(GS) and this excited state (ES) increases with lateral confinement (at a constant thickness)

and is in the order of the longitudinal optical (LO) phonon energy. The inter-scattering rate

between the ES and GS thus strongly depends on the detuning of their energy spacing to the

LO phonon energy (chapter 3). This LO phonon transition rate is size-tunable over two orders

of magnitude: a longitudinal optical phonon bottleneck.

Second, the radiative rates of the two emitting states are determined by the 2D exciton

coherence area. An area either limited by the lateral platelet size or by a smaller coherence area

related to the dephasing in the system, it allows for dephasing- and size-tunable radiative rates.

With this phenomenon, not encountered up to now, we also showed that pure dephasing rates can

be obtained from a linear PL experiment, in good agreement with classical Four-Wave-Mixing

measurements (chapter 4).

Beyond the well-known effects on transition and exciton binding energies, ultra-strong z-

confinement is also shown to lift the degeneracy of the heavy hole (hh) and light hole (lh)

in zincblende systems. The subsequent loss of isotropy at the valence band edge was studied

on oriented nanoplatelet monolayers by 2D k-space spectroscopy – a powerful tool, shown to

give access to the Bloch and envelope functions of the electronic states involved in linear and

non-linear optical transitions in semiconductors and their nanostructures.

We have shown that hh exciton emission stems from a bright plane of degenerate transition

dipoles that coincides with the platelet plane (chapter 2). Our experiments reveal 95% in-plane

oriented transition dipoles, leading to highly directed emission perpendicular to the platelet

– following either one- or two-photon excitation. The transition dipole distributions for one-

and two-photon continuum absorption, however, differ, because different states are involved in

these transitions. The Bloch functions of the valence band (heavy-, light-, and split–off-hole)

form an orthonormal basis. Linear continuum absorption involves all three bands and is thus
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isotropic (67% in-plane 33% out-of-plane). By contrast, two-photon absorption (TPA) shows a

high degree of orientation, 85% in-plane transition dipoles (chapter 8). Here, the most relevant

TPA paths involve hh-cb interband or cb-cb intraband transitions. Both select in-plane polarized

light because of the confinement induced lifted degeneracy of the hh and lh (interband) as well

as of the envelope p-states (intraband).

Additionally we have demonstrated that the local field effects arising from the nanoplatelets’

highly anisotropic shape and dielectric contrast to the surrounding medium further enhance the

directionality of the two-photon absorption (TPA) and hh exciton emission.

In less confined nanoparticles, where the shortest crystal dimension exceeds the Bohr radius, e.g.

CdS, the absolute TPA cross section follows a linear volume scaling. We find CdSe nanoplatelets

and strongly confined CdSe nanorods to follow a surprising super-linear volume scaling (V ∼2).

Here, ultra-strong confinement is combined with tunable lateral extent (i.e. volume), making

CdSe nanoplatelets record two-photon absorbers. Also intrinsically (with respect to volume),

as well as in terms of efficiency (two- per one-photon cross-section) they exceed CdSe dots and

rods by orders of magnitude. Furthermore, NPLs show step-like – 2D density of states – TPA

spectra (chapter 7). Combining the obtained absolute TPA cross sections with the Bloch state

analysis of the k-space spectroscopy has even allowed to retrieve the angular dependence of the

absolute TPA cross section – the first time for a semiconductor nanoparticle.

Further, the envelope function overlap has been manipulated ’permanently’ by separating

electron and hole with a type II heterojunction and ’reversibly’ by applying an external electric

field to core-only platelets. It has been shown that excitons prevail at the heterojunction. Their

reduced oscillator strength leads to a two orders of magnitude increase of radiative lifetime,

offering another possibility to alter the dynamics in this system (chapter 6). Field dependent

studies gave the first experimental values for the heavy-hole ground-state exciton binding energy,

in good agreement with theoretical predictions. To the best of our knowledge we also give

the first ever reported values for the polarizability of the transition dipole moment in colloidal

nanocrystals (chapter 5).

Summarizing, these 2D colloidal quantum-wells combine the advantages of two extreme cases:

Confined in all directions as colloidal quantum dots, they have the 2D electronic system of fully

extended 2D quantum wells. However, the control over the lateral quantization is maintained.

This additional knob allows independent manipulation of thickness quantization on the one

hand and of the area/volume on the other hand. Thickness dominates the exciton binding

energy, transition energies and induces the anisotropy of the electronic system. The area

(drastically) changes the TPA cross section, phonon coupling, exciton coherence and dynamics
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in this system – concepts that can be readily transferred to other II-VI materials, 2D transition

metal dichalcogenides or perovskites.

Besides giving fundamental insights and possibly stimulating further studies in other systems,

these findings might also have technological relevance. An increased out-coupling efficiency by

directed emitters will be very beneficial for the energy consumption of light emitting devices and

displays. In this context high, tunable radiative rates are also an advantage, since they compete

with loss channels. The unprecedented situation of a three level system with independently

tunable radiative and inter-scattering rates as well as emission wavelength, such as the nano-

platelets, opens up many possibilities to design and optimize emitter properties for lasing and

lighting applications. The observed electro-modulation behavior is desirable for miniaturized,

integrated photonics and optoelectronic elements in e.g. high bandwidth communication technol-

ogy and data transfer. For imaging and medical applications, from two-photon microscopy and

bio-labeling to photo-dynamic therapy, materials with high two-photon absorption cross-sections

are essential. Highly luminescent CdSe NPLs can be used as broadband two-photon absorbers

in reduced excitation density two-photon imaging. Additionally, their anisotropic emission and

two-photon absorption may be exploited for efficient, non-linear optoelectronic elements.

Key results:

• Radiative rates tunable by platelet area, one of the fastest nano-emitters: ∼10 ps lifetime

• Nanoplatelets (NPLs) have excited exciton p-state emission

• Longitudinal optical (LO) phonon bottleneck between ground and excited state, inter-
relaxation rate tunable from 6ns−1 to over 100 ns−1 by the NPL area

• Exciton-acoustic phonon coupling is tunable by platelet area
(from 100 to 10µV/K for area from ∼100 to ∼500 nm2)

• Exciton-LO phonon coupling has no lateral size dependence ∼15-30meV

• Super-linear volume scaling of the two-photon absorption (TPA) cross section of NPLs

• Nanoplatelets have record TPA cross sections: 5·107 GM
(∼50GM per atom, 105 times higher than bulk)

• The volume-normalized TPA cross sections of CdSe nanocrystals show a very strong aspect
ratio dependence, much stronger than predicted by local field effects

• Heavy hole emission is directed (95% in-plane (IP) transition dipoles), continuum one-
photon absorption is isotropic (67% IP 33% OP) / TPA is directed (85% IP).

• Robust excitons: first experimental value for the high heavy-hole ground-state exciton
binding energy: EB = 170meV
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