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CHAPTER 1
Introduction

1.1 GENERAL INTRODUCTION & SCOPE OF THE THESIS

Since the beginning of the universe, light and matter interactions have played a
continuous role in the creation and perception of everyday life. From the division
of cells to the birth of the universe, the trajectories of the evanescent light rays
determine unambiguously the here and the now. Over time, manipulation and
control over the flow of light by means of dielectric lenses and metallic mirrors
has enabled us to directly visualize a vast variety of phenomena in nature. The
dualistic nature of light itself has been debated by many great physicists, and was
fundamental for the creation of quantum mechanics [1].

In modern technology, the manipulation and control of light is essential in
establishing integrated components on a chip. With a majority of the telecommu-
nication signals traveling in the form of light through optical fibers, confining light
into small length scales is crucial. At this point, photonic applications such as
optical interconnects or waveguides establish nanoscaled components to facilitate
the downscaling [2–4]. However the smallest size to which light can be confined
is limited by its wavelength. This limit arises from the diffraction of light by the
aperture of the optical component that is used to focus the light. Even if the
aperture is large, a minimum distance exists between the position where the light
waves interfere constructively and the position where they interfere destructively.
This can be seen from the Fourier transform that the smallest size ∆x to which a
plane light wave can focus in one dimension is in the order of ∆x≈2π/∆kmax =λ0,
where ∆kmax is the maximum possible spread of the wave vector component kx
along the x direction and λ0 is the wavelength in the vacuum [5]. This length scale
also governs the smallest distance between two objects for which the objects can
be resolved individually by a microscope.

In this work, we focus on the confinement of light by trapping charge carri-
ers inside a semiconductor heterostructure comprised out of III–V materials. We
draw our attention to a particular class of structures, which are dubbed quantum
dots, in which charge carriers are confined in all three dimension at a lengthscale
that is comparable to the de Broglie wavelength. With the entrapment, the quasi-
continuous bands of available electron state become discrete, which translates into
discrete optical transitions, leading to new possibilities [6]. Also here, entrapment
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of the carriers at these lengthscales, visualizes the wave–particle duality, for which
the carriers show matter wave like behavior. However, in order to observe the
quantum size effects one often has to resort to low temperatures to prevent delo-
calization and decoherence effects. Most of these effects are the result of unwanted
interaction with the surrounding barrier matrix in which the nanoscaled structures
are embedded. This can be overcome for example by deeper confinement of the
carriers inside the quantum dot. In the case of InAs quantum dots embedded
inside an GaAs matrix, this can be accomplished by the addition of aluminum to
the barrier material. The incorporation of aluminum to the GaAs barrier matrix
effectively changes the AlxGa(1−x)As absorption band edge (Fig. 1.1). Below the
critical value of x=0.45 the transition between the minimum of the valence band
and the conduction band remains direct, whereas further increase of the aluminum
concentration leads to an indirect transition. Although this scheme is potentially
strong, the inclusion of aluminum into the GaAs matrix leads to charge traps for
the excited carriers, thereby affecting the optical properties such as the linewidth
and radiative lifetime. The investigation of the radiative properties of the quan-
tum dots embedded in the ternary matrix constitutes the main research topic of
this work.
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Figure 1.1: Band gap structure and energy separation levels of AlxGa(1−x)As for dif-
ferent aluminum compositions. (a) Energy separation between Γ-, X- and L-conduction
band minima and top of the valence band versus composition. (b) Direct band gap for
x<0.41–0.45. Important minima of the condition band and maxima of the valence band
are indicated in the figure. (c) Same as (b) but now an indirect band gap for x> 0.45.
Adapted from Ref. [7].

This dissertation is constructed in the following way: In the first part of Chap-
ter 1, we review some of the basic concepts of semiconductor physics. We briefly
discuss growth methods and radiative properties of semiconductor quantum dots.
Special attention is payed to the effects of exciton dephasing and linewidth broad-
ening in semiconductor quantum dots, which constitute the work that is presented
in Chapters 3 and 4. In the second part of Chapter 1, a short overview is presented
of concepts in the field of plasmonics. We also discuss part of the theoretical work
of Alexey Toropov [8], which will be used in the last chapter of this thesis.

Chapter 2 discusses the experimental methods that have been employed in this
research. The main focus of this chapter is on the single dot (time-resolved) micro-
photoluminescence spectroscopy. The chapter also outlines the procedures that
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have been used to fit the spectral linewidths of exciton transitions and discusses the
rate equation model, which we use to derive the radiative lifetimes. Chapter 3 and
4 discuss the radiative properties of the InAs quantum dots inside an AlxGa(1−x)As
barrier matrix. Chapter 3 focusses on the effects of the aluminum incorporation
on the linewidth and radiative lifetime of the ground state exciton transitions.
Chapter 4 discusses the effects of temperature variation on the radiative lifetime
and linewidth broadening of InAs quantum dots inside an Al0.23Ga0.77As matrix.
The experiments are discussed from the concepts of interacting acoustic and optical
phonons, motional narrowing and spectral wandering.

Finally, in Chapter 5, we demonstrate controlled coupling of single epitaxial
quantum dots to plasmonic metal nanoparticles. The chapter describes in detail
the experimental prerequisites to establish radiative coupling between the local-
ized plasmons on the surface of the spherical metal nanoparticle and the excitons
embedded inside the InAs quantum dots. The quantum dots, which were uncon-
ventionally grown with the aid of the droplet epitaxy technique, are characterized
in terms of the linewidth and radiative lifetime. From a comparison to literature
values and theoretically calculations, we are able to predict the internal quan-
tum efficiency of the quantum emitters and subsequently extract the plasmonic
enhancement factor.

1.2 INTRODUCTION TO III–V SEMICONDUCTOR
QUANTUM PHYSICS

In the first part of this section, we will briefly introduce an overview of the his-
tory, accomplishments, and current issues of the semiconductor industry related
to the work presented in this thesis. In the second part, we will outline the basic
physical concepts of III–V nanocrystals, i.e., quantum dots, in terms of growth,
confinement, and radiative properties.

1.2.1 Moore’s Law and the optical interconnect problem

The transistor is one of the greatest inventions of the twentieth century [9]. An
invention, which remains to dominate our everyday life, as it is the key active com-
ponent in practically all modern electronics, and therefore a major driving force
in semiconductor industry. The key result in the discovery of the transistor is the
achievement of the point-contact transistor based on the electric field effect out of
semiconductor material, i.e., the group IV element germanium. In acknowledge-
ment of this accomplishment, Shockley, Bardeen, and Brattain from AT&T’s Bell
Labs were jointly awarded the 1956 Nobel Prize in Physics “for their researches
on semiconductors and their discovery of the transistor effect” [10]. In line with
the discovery of the transistor (and exactly fifty years ago), Gordon E. Moore,
the co-founder of Intel, made the observation that the number of transistors on
an integrated circuit would double approximately every two years (Fig. 1.2) [11].
The period often quoted as ‘18 months’, closely related to Moore’s prediction, is
courtesy of Intel executive David House, who predicted that period for a doubling
in chip performance [12]. Moore’s prediction has proven to be uncannily accu-
rate, and has become the leading guideline in present semiconductor industry for
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Figure 1.2: Moore’s law which illustrates the exponential increase in total numbers on
a chip. Adapted from Ref. [13].

prospects and research objectives, i.e., ‘Moore’s law’.
At the start of the wireless semiconductor industry in the late 1980s, technol-

ogy in semiconductor cellular devices was dominated by the application of sili-
con Bipolar Junction Transistors (BJTs) [14]. By the early 1990s however, the
GaAs MEtal Semiconductor Field Effect Transistor (MESFET) quickly began to
replace the silicon BJTs, as a result of their superior efficiency and low noise fig-
ures. Eventually, with the migration of cell phone systems from analog to digital
modulation schemes, the GaAs MESFETs were replaced with p-doped High Elec-
tron Mobility Transistor (p-HEMT) and AlGaAs/GaAs Heterojunction Bipolar
Transistor (HBT) parts, due to improved efficiency and linearity, and cost advan-
tages, respectively. Nowadays, profiting from low cost and high speed modulation
efficiency, GaAs remains one of the lead work horse components in the semicon-
ductor industry [15], with the field of interest ranging from efficient photovoltaic
devices [16], radio-frequency electronics [17], to most forms of optoelectronics [18].
In this respect, optoelectronics comprises the study and application of electronic
devices that source, detect, and control light. It is this field, which is considered
to be a sub-field of photonics, that defines the research topic of this thesis.

In order to construct a (broader) motivational framework for the work pre-
sented in this thesis; application devices utilizing the interaction between electrons
and photons benefit most from strong absorption/emission characteristics. In this
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field, GaAs (for now) remains superior over silicon, as the indirect band gap of
silicon makes this material an inefficient light emitter and absorber [19]. Moreover,
alloying of different materials allows for band gap engineering, which yields the
formation of heterojunctions [20] that is critical for design of high performance
optoelectronic devices, such as lasers [21], modulators [22], and semiconductor
optical amplifiers [23].

The interconnect bottleneck [24], which refers to the delay on integrated cir-
cuit performance due to connections between components instead of their internal
speed, emerges from the miniaturization in optoelectronics. Semiconductor elec-
tronics for example, is limited in speed by heat generation and interconnect delay
time issues to about 10GHz. A possible solution to the problem would be the
utilization of optical interconnects. Subwavelength localization however, as a pos-
sible solution to provide the waveguide modes needed for the miniaturization, is
seriously hampered by the diffraction limit. Both limitations can be overcome by
the use of plasmonic guided modes, which bridges between photonics and nano-
electronics.

1.2.2 III–V semiconductor quantum dots

Quantum dots are excellent single-photon sources that can store quantum bits
for extended periods, which makes them promising interconnects between light
and matter in integrated quantum information networks [3,25,26]. Semiconductor
quantum dots provide useful means a to couple light and matter in applications
such as light-harvesting and all-solid-state quantum information processing [27].
This coupling can be increased by placing quantum dots in nanostructured optical
environments such as photonic crystals [28] or metallic nanostructures [29] that
enable strong confinement of light and thereby enhance the light–matter interac-
tion [30].

Effects of confinement

Quantum dots are zero-dimensional semiconductor systems in which both electron
and hole charge carriers are confined, which ultimately leads to discretization of
energy level states [6, 32]. Initially grown on pre-patterned substrates [33], the
utilization of self-assembled growth with the aid of epitaxial growth methods has
expanded the field tremendously and has led to the production of a vast amount
of device applications. The most commonly used growth method of self-assembled
growth in, for example, molecular beam epitaxy [34], is the Stranski-Krastanow
(SK) self-assembled growth [35]. Its principal is illustrated in Fig. 1.3, together
with two other widely known growth methods. The SK growth method in essence
is a strain-driven process, which means that it relies on the lattice mismatch of
the used semiconductor components. It is an intermediate process between two-
dimensional layer (Frank van der Merwe [36]) and three-dimensional island growth
(Volmer-Weber [37]). The transition between the two growth modes occurs at
a critical layer thickness, which depends on material properties such as surface
energies and lattice parameters. The SK self-aggregated dots grow on a two-
dimensional wetting layer, which mediates the electronic interaction between the



6

F-vdM S-K V-W

Figure 1.3: Schematic diagram of the three possible growth modes: Frank van der
Merwe (F-vdM), Stranski-Krastinow (S-K), and Volmer-Weber (V-W). F-vdM occurs in
lattice-matched systems with low interfacial free-energy parameters. For systems where
the interface energy alone is sufficient to cause island formation, V-W growth will occur.
S-K growth is uniquely confined to systems where the island strain energy is lowered by
misfit dislocations underneath the islands. Adapted from Ref. [31].

barrier states and the localized quantum dot states [38,39].
After the growth, characterization of the quantum dots in terms of dimension

and quantum dot density can be done with the aid of different characterization
tools. Among others, Fig. 1.4 illustrates two commonly applied characterization
methods within the Photonics and Semiconductor Physics group. The first one is
the atomic force microscopy technique, which in general is used to gain information
about the average quantum dot dimensions and quantum dot density. The second
technique is called cross-sectional scanning tunneling microscopy. This technique
uses the apex of a sharp needle to scan over the surface of a sample, which has
been cleaved in situ under ultrahigh vacuum conditions to prevent pollution of
the surface. By application of a voltage between the sample and the needle, the
tunneling current provides information about, for example, the topology of the
sample surface and the local density of states. This method, as it is capable of

5.0 nm

26 nm

(a) (b)

Figure 1.4: Examples of two characterization methods for quantum dot growth. (a) 1×
1 µm2 atomic force microscopy image of quantum dots grown by the Stranski-Krastinow
growth method inside a molecular beam epitaxy reaction chamber. (b) Cross sectional
scanning tunneling microscopy image of a single quantum dot. Indicated in the figure
are the height and base length of the quantum dot. Image adapted from Ref. [40].
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spectrally discrete (zero-dimensional).

resolving the capped dots at an atomic level, provides very accurate information
about the dimensions and composition of the quantum dot under investigation.

Miniaturization in semiconductor physics leads to a modification of the opto-
electronic properties of the semiconductor material (Fig. 1.5). In the lowest or
zero-dimensional structures, i.e., the quantum dots, the density of states consists
of discrete peaks, as compared to systems of higher dimension. As the size of the
quantum dot approaches the Bohr radius of the bulk exciton, quantum confinement
effects become pronounced and lead to considerable modification of the optical and
electronic properties. The energy levels of the excitons in the quantum dots are
blueshifted compared with excitons in the bulk due to quantum confinement. In
addition, the nonlinear polarizability [41] and transition oscillator strength [42]
are spectrally concentrated and affected in the size regime of quantum dots [43].
Confinement also leads to an increase in the effective band gap of the material [44].
The confinement energy causes the excited excitons states to move higher in en-
ergy as the structure size reduces, similar to the energy levels that move higher in
an infinite potential square well as the well width is reduced [45].

Applying suitable physical models to describe the physics involving semicon-
ductor quantum dots is difficult, as all the different effects such as the composition
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profile and strain have to be taken into account. A realistic model in this respect
starts from the description of the band structure of the dot, which implies an ac-
curate description of the quantum dot potential. A more simplistic model of the
quantum dot however, already reveals much of the physics involved with the en-
ergy quantization of zero-dimensional structures. As such, the harmonic oscillator
potential model [45] or the ‘particle in a box’ model both are well suited. Here,
we will briefly describe the latter one. Starting from a one-particle picture, the
time-independent Schrödinger equation yields

− ~2

2m
∇2ψn + V ψn = Enψn, (1.1)

as a proper description of the stationary states Ψn(r, t) = ψn(r)e−iEnt/~. Here,
ψn are the position dependent wave functions or eigenstates at r= (x, y, z), with
corresponding eigenenergies En, and m and V are the particle’s effective mass and
quantum well’s potential, respectively. In the case of the ‘particle in a box’ model,
the confining potential is modeled as a hard-wall quantum box, with boundaries
in the x, y, and z direction, respectively, of length Lx, Ly and Lz, which yields

V (x, y, z) =

{
0, if x, y, z are between 0 and Lx, Ly, Lz;
∞, otherwise.

(1.2)

Applying the separation of independent variables scheme to the model, the
stationary states in this case yield

ψn(x, y, z) =
∏

i=x,y,z

(
2

Li

)1/2

sin

(
niπ

Li
x

)
, (1.3)

with the the eigenstates comprising

En = Enx,ny,nz =
π2~2

2m

(
n2x
L2
x

+
n2y
L2
y

+
n2z
L2
z

)
. (1.4)

Here, the composite indices n=1,2,3,... represent the sets of quantum numbers
(nx,ny,nz) with nx,ny,nz=1,2,3,... following the order of energy. In quantum dots,
as a result of the quantum confinement, the bulk conduction and valence band will
be split into a series of discrete energy levels. The degeneracy and separation of
which depend on the geometry of the dot. Each of the different levels can be
characterized by spin and sets of discrete momenta k. In the case of a quantum
box, the spatial part of the wave function can be expanded with the aid of the
cell periodic parts of the bulk Bloch functions at the band edge, thus obtaining
Ψνnxnynz (r)=ψnxnynz (r)Uν(r), where ν=e/h denotes the conduction and valence
band carriers, i.e., an electron and a hole.

The photoluminescence energy of an exciton confined in a quantum dot is given
by E =Ebulk

g +Ee1 + Eh1 −V eh , where Ebulk = 1.52 eV is the energy gap of bulk
GaAs. E

e(h)
1 is the energy of the lowest bound state of a single electron (hole)

in the dot, and V eh is the magnitude of the direct Coulomb interaction between
the electron and hole in the exciton. For the exciton confined state we can use
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perturbation theory to calculate the perturbed states as a result of fluctuations of
the electrostatic environment of the dot. These fluctuations will shift the exciton
energy levels in time due to the quantum confined Stark effect.

Here, we use perturbation theory up to the second-order, with a constant
electric field F applied along the z axis, i.e., the growth direction [46]. In this case,
the energies of the lowest single particle states are approximated by Eν(0)n ≈Eν(0)n +

E
ν(2)
n , with Eν(i)n representing the i-order correction to the energy. Neglecting the

weak field dependence of V eh, the field dependent Stark shift EXS is now given by

EXS ≈ E
e(2)
1 + E

h(2)
1 =

∑
ν=e,h

∑
n≥2

|〈ψν1 |eFzν |ψνn〉|2

E
ν(0)
1 − Eν(0)n

, (1.5)

where ψνn is the wave function of the n state of an electron or a hole, and Eν(0)1

and Eν(0)n are the single-particle eigenenergies of the ground and the nth excited
states, respectively. In Eq. 1.5, p1n= |〈ψν1 |zν |ψνn〉| constitutes the dipole moment
along a direction parallel to the field. When the electric field fluctuates by ∆F
around a mean value of F0, the Stark shifted spectral line is integrated into a
broad peak with a linewidth of ∆EXS . The dipole moment is proportional to the
confinement length L, the energy denominator is scaled by (π2h2/2m)L−2, hence
the Stark coefficient is enhanced as the fourth power of the effective dot size along
a built-in field. As we will see in Chapter 3, this observation is of importance when
we incorporate aluminum to the GaAs barrier, which not only leads to a change
in band gap confinement energy, but also to a reduction of the average quantum
dot size.

1.2.3 Radiative properties and dephasing of III–V semiconductor
quantum dots

As mentioned previously, quantum dots facilitate the confinement of both an elec-
tron and hole in three dimensions. With the recombination of an electron–hole
pair in the ground state, the photoluminescence spectrum consists of a single sharp
line, which is dubbed the ground state exciton line. The term exciton here refers to
the quasiparticle constituted by the bound electron–hole pair, which are attracted
to one another by electrostatic Coulomb force. In semiconductor physics, because
of the relatively large dielectric constants, the Coulomb interaction between the
electrons and holes is screened by the valence electrons. Consequently, the elec-
trons and holes are only weakly bound to each other. These type of excitons
are known as the Wannier(-Mott) excitons [44]. The motion of exciton exhibits
three degrees of freedom: the center-of-mass motion, the relative motion, and the
spin configuration. The center-of-mass motion refers to motion of the exciton as
a whole, whereas the relative motion refers to the motion of the electron relative
to the hole. The spin configuration and relative motion of the exciton are internal
degrees of freedom. These degrees of freedom determine the (exciton) binding
energy, the polarization dependence of radiation absorption, and influence the in-
teraction with external electric and magnetic fields. As a result of the Coulomb
interaction between the two particles, the potential acting on an electron (or a
hole) in a semiconductor crystal is not translationally invariant. Consequently,
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radiative recombination between an electron in the conduction band and a hole in
the valence band can occur regardless of its wave vector. Within the dipole approx-
imation, and assuming strong (spherical) confinement potentials, these quantities
are related to one another by [47,48]

τX =
2πε0m0c

3

ne2ω2fN
, (1.6)

with ω being the frequency of the transition, n the refractive index accounting for
the dielectric properties of the medium, N the number of unit cells contributing
to the emission process, and the other symbols have their usual meaning. The
oscillator strength per unit cell uniquely determines the strength of the absorption
process. On the other hand, the emission process in general occurs as the coherent
superposition of the contributions of all unit cells over which the center-of-mass
motion of the exciton persists (the so-called coherence area). It is the product of
the oscillator strength per unit cell and the number of unit cells which characterizes
the strength of the spontaneous emission process.

Exciton dephasing

It is essential to distinguish the two most important times associated with the op-
tical process of an excited electronic state. T1 refers to the radiative, or population
decay time, which is to say, lifetime that would be obtained if radiative decay via
the unavoidable spontaneous emission were the only mechanism for depopulation
of the state. T2 is the so-called dipole or polarization decay time, which is the time
it takes a single exciton to randomize its polarization from its initial state.

Dephasing is a process by which coherences, or optical polarization, of a pop-
ulation of an excited two-level system, such as an exciton, is lost. As indicated by
the two characteristic times, there are two different types of dephasing. The first
is population dephasing, in which the population can decay either radiatively or
nonradiatively. This type of dephasing requires a real, state-changing transition
to occur. Regarding the exciton in a semiconductor quantum dot, such transi-
tions may result from radiative recombination under the emission of a photon, or
nonradiatively with the aid of the emission or absorption of phonons. In general,
we can define the lifetime constituted by T1 as 1/T1 = γ1 = γrad +γnonrad, with
γ1, γrad and γnonrad the population, radiative and nonradiative dephasing rates,
respectively. This implies that the population in the excited state decays in an
exponential fashion ∼e−γ1t.

The second source of dephasing emerges from the process of pure dephasing
in which the phases of individual excited two-level state are randomized from one
another. As pure dephasing processes do not change the excited state population,
they can occur with the aid of virtual or real phonon-assisted transitions. There-
fore, the electron-phonon interaction in quantum mechanically confined systems
can lead to both population and pure dephasing of the system. The phase re-
laxation rate of excitons in nanocrystals can be described in terms of a number
independent processes, each characterized by its own specific time constant. We
write [49]



CHAPTER 1 11

γtot =
1

2T1
+
∑
i

1

T2i
, (1.7)

with 1/γtot the total dephasing time or transversal relaxation time and T2i repre-
sent the dephasing processes without energy deviation, indexed by process type.
In the case of dephasing, which results from spontaneous emission alone, the total
spectral linewidth of the ground state exciton transition yields the homogeneous
broadening of ~/T1.

This description of dephasing, of course, does not reflect the actual observed
behavior in semiconductors at all, as exciton-phonon interaction is a strong source
of exciton dephasing. In the zero temperature limit, this means that the linewidth
is dictated by the radiative decay lifetime, which is the basic linewidth mini-
mum. When temperature is increases, the optical transition experiences mono-
tonic broadening due to the phonon-assisted scattering from and to the excited
state. In other words, at very low temperatures, the dephasing only consist of
processes resulting from population decay. Eventually, when the temperature in-
creases further, the pure dephasing rate will become more pronounced and increase
much faster than the population decay rate.

Pure dephasing mechanisms in III–V semiconductors include exciton-phonon,
carrier-carrier or exciton-exciton interaction, defect scattering and spectral diffu-
sion [50]. In this work, the studies on linewidth broadening effects, resulting from
dephasing by defect scattering and spectral diffusion, are presented in Chapter 3.
Dephasing effects, due to the exciton-phonon interaction, are discussed in Chapter
4. Dephasing effects, which are attributed to the carrier-carrier or exciton-exciton
scattering, in this respect are less of interest as they are easily suppressed by using
low excitation power density, due to very low carrier or exciton population density
per dot.

The zero-phonon line

The zero-phonon line (ZPL) constitutes an important property in the absorption
spectrum of nanocrystals, as it yields the total decoherence rate [51]. Its width
ΓZPL indicates the coupling of the electron to the electromagnetic vacuum and
to phonons. As stated before, the semiconductor nanocrystal energy levels are
discrete, which implies the presence of discrete acoustic phonon modes. With
decreasing quantum dot size, the coupling to the high energy phonons becomes
stronger, which leads to the appearance of phonon sidebands [51–53]. These side-
bands are located around the central zero-phonon line in the absorption spectrum.
In the case of the emission or absorption of optical phonons, they result in ‘replicas’
of the zero-phonon absorption transition spaced by one optical phonon energy. A
schematic illustration of the zero-phonon line is shown in Fig. 1.6a. The exciton
linewidth increasingly broadens as function of temperature, due to the absorption
and emission of acoustic phonons.

In general the electron-phonon coupling mechanisms fall into two categories:
Deformation potential coupling and polar coupling, which can be subdivided into
piezoelectric coupling and Fröhlich interactions [55]. Deformation potential cou-
pling arises from lattice distortions caused by the acoustic phonons traveling
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Figure 1.6: Schematic representations of two important concepts used in this thesis,
namely the zero-phonon linewidth ΓZPL and spectral diffusion. (a) Temperature broad-
ened zero-phonon line illustrated for three different temperatures. At low temperature,
the spectral weight of the exciton transition is in the zero-phonon line, with a minor side-
band at the low energy side of the spectrum, due to the absorption of acoustic phonons.
At more elevated temperatures, the sidebands grow progressively around the central zero-
phonon line and eventually become symmetric on both sides. Constructed from Ref. [54].
(b) Illustration of spectral diffusion. If the measurements are slow in comparison to the
transition energy diffusion rate, the measured linewidth is broader than the actual deco-
herence broadened linewidth, i.e, the homogeneous linewidth. The homogeneous line is
shifted in time at a diffusion rate of τ−1

D , as a result of a fluctuating environment.

through the crystal. The longitudinal acoustic (LA) phonon modes cause stretch-
ing and contraction of the distance between the atoms and be regarded as a pe-
riodic deformation of the band gap. Piezoelectric coupling of acoustic phonons
is the result of an electric field polarization caused by strain in the crystal. The
Fröhlich interaction arises between the polarization associated with longitudinal
optical (LO) phonons and the electric field of the electron. Exciton coupling to lon-
gitudinal optical phonons of frequency ωLO, mediated by the Fröhlich interaction,
is usually described by the Huang-Rhys factor, which determines the linewidth
and the luminescence Stokes shift. The Stokes shift in semiconductor physics in
this respect comprises the red shift of the emission spectra with respect to the
absorption spectra.

Considering the absorption and emission process of phonons inside the bulk,
the electron-phonon interaction mechanisms mainly is determined by the polar
coupling of the electron and hole to optical phonons [55]. The nonpolar coupling
of holes to optical phonons, as well as the deformation potential and piezoelec-
tric coupling of both electron and hole to the acoustic phonons, usually are not
so important. This is caused by the fact that most materials are only weakly
piezoelectric and that the Wannier excitons in the bulk are extended over a large
number of unit cells, which makes them less susceptible to local fluctuations in the
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potential landscape. In a quantum dot however, the polar coupling of the electron
and hole is largely negligible as a result of the local charge neutrality of the quan-
tum dot exciton. Moreover, the considerable decrease of the spatial extent of the
exciton, due to a decreased crystallite size, leads to an increased coupling to the
short-wavelength phonons.

(In)Homogeneous broadening effects

The width from a pair with well-defined energy separation or quantum state,
is called its homogenous linewidth Γh [56]. This can often be very narrow and
represents the true linewidth of the state in a sense that it is the rate at which the
state forgets the phase with which it was created. The homogeneous linewidth is to
be distinguished from the inhomogeneous linewidth Γi, which represents the spread
that can arise, for example, from the distribution of sizes within an ensemble of
nanocrystals that contributes to a distribution of exciton recombination energies.
Many of these sharp peaks overlap slightly in energy and thus form a much broader
band whose width gives rise to the broad photoluminescence signature. For a
single nanocrystal, even at very low temperatures, the photoluminescence will
still exhibit a full width at half maximum of its spectral line greater than its
homogenous linewidth. This phenomenon, which is called spectral diffusion or
spectral wandering, are random spectral shifts in the optical transition frequency
as a result of a fluctuating local environment [57–61]. The study concerning the
spectral wandering in nanocrystals provides important information on decoherence
processes in nanocrystals. An illustration, describing the spectral diffusion process
in a semiconductor quantum dot, is shown in Fig. 1.6b. Here, the measured exciton
transition linewidth is broadened as a result of spectral diffusion processes, which
lead to a shift of the emission energy in time.

1.3 PLASMONICS

As sketched in the first part of this chapter, the usage of electronic devices for
information processing and sensing is reaching fundamental limits in terms of
device operation speed and bandwidth. One of the most promising solutions is
presumed to be the replacement of electronic signals (as information carriers) by
light. In comparison to nowadays electronics however, the low level of miniaturiza-
tion inhibits the usage of electromagnetic waves as information carriers in optical
signal-processing devices and integrated circuits. This problem is a direct conse-
quence of the diffraction limit of light in dielectric media, which does not permit
localization of electromagnetic waves into nanoscale regions much smaller than the
wavelength of light in the material [62].

Light can be confined to length scales beyond the reach of conventional lenses
or dielectric photonic structures by making use of light-matter interactions at a
metal surface. Polaritons are hybrid particles made up of a photon strongly cou-
pled to an electric dipole. An interface between a metal and a dielectric supports
surface plasmon polaritons, which are evanescent electromagnetic waves bound to
the interface that are strongly coupled to coherent oscillations of free charges at the
metal surface. Another example consists of the coupling between an electron–hole
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pair inside a semiconductor and a photon, which creates an exciton polariton. In
recent years, the study of surface plasmon photonics or ‘plasmonics’ has attracted
much attention, spurred by the possible applications of strongly confined optical
fields and enabled by advances in nanofabrication technology [63–69]. Plasmonics
is an area of nanophotonics beyond the diffraction limit that studies the propa-
gation, localization and guidance of strongly localized surface plasmon polariton
modes using metallic nanostructures. In this work, we will focus on a special sub-
class of surface plasmons, which are the localized surface plasmons situated on the
surface of a spherical metal nanoparticle. First, we will give a brief overview of the
most basic electrodynamical concepts involved in the field of plasmonics. In the
last part of this chapter, we will introduce part of the calculations, which founded
the fundamental ideas behind the work that is described in Chapter 5.

1.3.1 Bulk plasmons and surface plasmon polaritons

Bulk metals support certain elementary excitations due to collective oscillations
of free electrons that are called bulk plasmons. The optical properties can be
described over a large frequency range using the plasma model, which assumes an
electron gas with an effective electron mass M of density N freely propagating
behind a background of positively charged atom cores. The electrons start to
oscillate coherently in the presence of an electromagnetic field E(t)=E0 exp(−iωt),
and are damped through collisions with a characteristic rate γ = 1/τ (typically
τ≈10−14 s at room temperature). The frequency of these ‘dispersionless’ modes is
equal to the plasma frequency ωp of the given metal, which is one of the parameters
of the Drude mode that will be discussed shortly.

Bulk plasmons are longitudinal polarized charge density waves, and there-
fore they do not directly couple to electromagnetic waves, which are transverse.
Instead, special tricks are needed, such as gratings for momentum matching or
evanescent coupling. Under these conditions, an incoming wave with transverse-
electric (TE) or transverse-magnetic (TM) polarization may couple with the longi-
tudinal bulk magnetic or electric plasmon modes, respectively. These longitudinal
modes, which are referred to as bulk plasmon polaritons, are excited along the
metal-vacuum interface, with a frequency that is of the order of the bulk-plasmon
frequency.

Conversely, the eigenmodes of an interface between a dielectric and a metal
are surface plasmon polaritons (SPPs). We refer to them as eigenmodes in the
sense that they are solutions of Maxwell’s equations that can be formulated in
the absence of an incident field [70]. On a flat interface between dielectric and
metal half-spaces with dielectric constants εd and εm, respectively, surface plasmon
polaritons are transverse magnetic plane waves propagating along the interface.
Assuming the interface is normal to ẑ and the surface plasmon polaritons propagate
along the x direction (i.e., ky = 0), the surface plasmon polariton wave vector kx
is related to the optical frequency ω through the dispersion relation [71]

kx = k0

√
εdεm
εd + εm

. (1.8)

The optical response of metals is often described by the Drude model for a
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free-electron gas [72],

εDrude(ω) = ε∞ −
ω2
p

ω2 + iΓω
≈ ε∞ −

ω2
p

ω2
+ i

Γω2
p

ω3
(1.9)

in which ωp is the plasma frequency and Γ the damping rate due to electron-
electron and electron-phonon scattering. ε∞ includes the contribution of the bound
electrons to the polarizability and should have the value of 1 if only the conduction
band electrons contribute to the dielectric function [73]. The plasma frequency
is given by ωp =

√
ne2/ε0m∗ with n, and m∗ being the density and effective

mass of the conduction electrons, respectively, and ε0 the ambient permittivity.
The electron relaxation time can be calculated from the DC conductivity σ by
τ=σm∗/ne2.

In the case of low frequencies ωτ�1 metals are strongly absorbing. κ(ω) is the
extinction coefficient that determines the amount of absorption, as defined by the
complex refractive index ñ=n+ iκ of the medium. The absorption constant then
becomes α=

√
2ω2

pωτ/c
2. The penetration depth of the fields at low frequencies

becomes δ= 2/α (Beer’s Law), and is called skin depth. At large frequencies, the
approximation ωτ� 1 is valid. In this case, the amount of damping is negligible
and the dielectric permittivity is represented by a real number, i.e., ε(ω)=1− ω2

p

ω2 .
As stated in the introductory part of this chapter, in the focus of a conventional

lens only propagating plane waves with real wave vector components contribute to
the field, via λ=2π/|R {kx} |. Figure 1.7a shows the dispersion curve (Eq. 1.8) for
an interface between a Drude metal and air in the absence of losses (Γ=0). When
εm < −εd, i.e., for frequencies below the surface plasmon resonance frequency
ωsp =ωp/

√
1 + εd, the wave vector is larger than k0 and the dispersion curve thus

lies to the right of the light line. As a result, the field decays evanescently in the
direction normal to the interface, since kz is connected to kx through wave vector

εk20 = k2x + k2y + k2z , (1.10)

where k0 =ω/c the wave vector in free space. A large real part of the wave vector kx
is therefore directly related to a large transverse (vertical) confinement determined
by the imaginary part of kz. In the absence of losses, kx is purely imaginary for
ωsp < ω < ωp, meaning that the wave does not propagate along the interface.
Above ωp the metal is transparent, and the solution to Eq. 1.8 corresponds to the
condition of illumination of the interface at the Brewster angle. As can be seen in
Fig. 1.7a, the wavevector diverges at ωsp for a lossless Drude metal. In reality, the
maximum possible wavevector is limited by absorption in the metal, causing the
dispersion curve to bend back close to ωsp to result in the typical s-shaped curve
characteristic of polaritons (Fig. 1.7b) [75]. Fig. 1.7c shows the dispersion curve of
surface plasmon polaritons at air/Ag interface [74]. Also plotted is the imaginary
part of the wavevector (k′′) which denotes the magnitude of the loss along the
direction of propagation. Ohmic dissipation causes the surface plasmon polaritons
to decay with a characteristic propagation length LSPP (defined as the distance in
which the surface plasmon polariton intensity decays to 1/e of its original value)
given by LSPP ≡ 1

2k′′x
. Provided that the proper evanescent waves are excited
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Figure 1.7: (a) Dispersion of surface plasmon polaritons (SPPs) at the interface of a
lossless Drude metal with air. (b) Transverse dependence of the Hy field of SPPs on
a air/Ag interface, with permittivities εd and εm, respectively. Generation of surface
charge requires an electric field normal to the surface, leading to the field component
perpendicular to the surface being enhanced near the surface and decaying exponentially,
i.e., evanescently away from it. The penetration depth is determined by the skin depth
δm. The decay length of the field is determined by δd, which is in the order of half the
wavelength of the incident light. (c) Dispersion of SPPs at the interface of Ag with air.
The optical constants are measured on a Ag film. Both the real (k′x) and imaginary
(k′′x) parts of the wave vector kx are plotted. The dashed line denotes the light line,
ω=
√
εdckx. Adapted from Refs. [64, 74].

with large enough amplitude in the direct vicinity of the dielectric, light can be
localized to dimensions smaller than the diffraction limit [5].

1.3.2 Localized surface plasmon resonances

In addition to surface plasmon polaritons and surface plasmons at a planar dielectric–
metal interface, localized surface electromagnetic excitations also exist on length
scale much smaller than the wavelength of the incident light. These localized
surface excitations are called localized surface plasmons (LSPs) or localized sur-
face plasmon resonances (LSPRs), and they can exist in various geometries, such
as small metallic particles or voids of various topologies. For an isolated metal
nanoparticle (MNP), with a size nearly equal to the penetration depth of an in-
cident electromagnetic field (e.g. ∼20 nm for silver in the optical spectral range),
the clear distinction between surface and bulk plasmons vanishes. This external
electromagnetic field can penetrate into the volume of the metal nanoparticle and
shift the free conduction electrons with respect to the particles’ metal ion lattice.
The resulting surface charges of opposite sign on the opposite surface sides of the
particle produce a local restoring field within the particle. The coherently shifted
electrons of the metal particle together with the restoring field consequently rep-
resent an oscillator, whose behavior is defined by the electron’s effective mass and
charge, the electron density and the geometry of the particle. Note that this be-
havior is quite different for bulk metals, where the free conduction electrons do
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Figure 1.8: Dispersion relation of bulk plasmon-polariton, bulk, surface (PSP) and lo-
calized plasmon (LSPR) in case of vanishingly small damping (left). Schematic depiction
of the propagating and localized surface plasmons (top right). Also shown is the local-
ized plasmon for the dipole resonance of a small metal sphere in vacuum (bottom right).
Drawing courtesy of Adam Urbańczyck [76].

not oscillate against a restoring force field. Instead their motion is similar to a
mass being dragged in a viscous fluid, and will differ based on the timescale on
which the electrons respond to the driving force of the incident field. Hence, a
wide spectral range of frequencies is available for the bulk surface plasmons, pro-
vided that the frequency of the incident field is below the plasma frequency of the
metal. The frequency of a localized surface plasmon can be determined in the non-
retarded (electrostatic) approximation by solving Laplace’s equation with suitable
boundary conditions. The electrostatic approximation, which neglects the effects
of retardation, is valid if the characteristic size a of a system is small compared to
the wavelength λ corresponding to the LSP frequency, i.e., RMNP�λ, with RMNP

being the radius of the metal nanoparticle.
The idealized dispersion relationships, i.e., in the case of negligible damping,

for both the bulk plasmons and surface plasmons is shown in Fig. 1.8. Also shown
in the figure are the dispersion lines for the propagating photons inside the bulk
metal with a frequency larger than the bulk plasmon resonance frequency, which
are dubbed plasmon-polaritons. It should be emphasized that also surface plas-
mon polaritons are a different type of excitation than localized surface plasmons.
A surface plasmon polariton has the dispersion relation ωsp =ω(ksp) given by Eq.
1.8, and is a propagating surface mode. In contrast, localized surface plasmons
are confined to curved metal objects. They are characterized by discrete, complex
frequencies, which depend on the size and shape of the object to which the surface
plasmon is confined, and on the dielectric permittivity of the surrounding medium.
Localized surface plasmons can be resonantly excited with light of appropriate fre-
quency (and polarization) irrespective of the wave vector of the exciting light. In
contrast, a surface plasmon polariton mode can be excited only if both the fre-
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quency and wave vector of the exciting light match the frequency and wave vector
of the surface plasmon polariton. The quintessential localized plasmon resonance
is the dipole mode of a metal nanoparticle, which has been widely studied and
exploited in many applications ranging from stained glass windows to molecular
sensing [77].

1.3.3 Theoretical framework

As a closure of this chapter, we present some of the calculations, courtesy of Alexey
Toropov∗, regarding the theoretical analysis on the emission enhancement in epi-
taxially grown semiconductor nanostructures, induced by resonant interaction of
emitting excitons with plasmons localized in a gold nanoparticle. Although this
investigation addresses the plasmonic effects of a gold nanoparticle positioned near
the surface of a rough InGaN film or CdSe/ZnSe quantum dot heterostructures,
the main derivations for the plasmonic enhancements using Mie Theory [78] are
applicable in general form.

As part of the main conclusions, the work shows that the radiative coupling
of the plasmons to the localized excitons is mainly dominated by the higher-order
plasmon resonances. Moreover, the coupling is extremely sensitive to the relative
orientation of the quantum emitter and metal nanoparticle, which frustrates the
establishment of the preferred dipole–dipole juncture. Also, the distance between
the emitter and the surface of the metal sphere constitutes an optimum for the
enhancement factor, which is defined by the trade-off between coupling efficiency
and dissipative losses to higher order plasmonic modes of the metallic nanoparti-
cle. The calculations also reveal that the enhancement critically depends on the
initial yield Y0 of the emitter in the absence of the metal nanoparticle. This can
immediately been seen from the following equations,

Yi =
γRi

γi + ΓNR
0

=
γRi /γ0

γi/γ0 + 1−Y0

Y0

, (1.11)

which defines the emission yield Yi, where Y0 = ΓR
0 /(Γ

R
0 + ΓNR

0 ), ΓR
0 and ΓNR

0 are
the radiative and nonradiative decay rates of the isolated emitter, and γi and γRi
the total and radiative decay rates of the coupled system, respectively. The index
i defines the relative orientation being either ⊥ or ‖. γ0 is the total decay rate
of the emitter without the presence of the metal nanoparticle. The enhancement
factor or plasmonic amplification factor Kem is defined as the ratio between the
initial yield and the emission yield as Kem =Y/Y0.

An example of a calculation of the enhancement factor for a quantum emitter
that is coupled to a 100 nm gold nanoparticle, is shown in Fig. 1.9. The model
assumes an initial quantum yield of the emitter of 5%, with the emitter embedded
in a dielectric medium with a homogeneous effective permittivity of 6. The figure
shows the first order and second order plasmon coupling for various distances
between the quantum emitter, which is assumed to be a point dipole, and the
surface of the metal nanoparticle. The figure shows that an optimum distance d
∗Alexey Toropov is affiliated to the Ioffe Physical-Technical Institute, Russian Academy of

Sciences, St. Petersburg, Russia
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Figure 1.9: Calculated emission yield as function of photon energy, of a 100nm gold
metal nanoparticle for various quantum emitter to metal nanoparticle surface distances,
as indicated in the figure. The emitter exhibits an initial emission yield of 5% and is
embedded in a dielectric medium with an effective permittivity of 6. The peaks situated
at approximately 1270 and 1830meV, respectively, are attributed to the dipole to dipole
coupling and to the coupling to higher order plasmon modes [8]. Calculations are courtesy
of Alexey Toropov (Ioffe Institute, St. Petersburg).

exists for the enhancement factor. For increasing distance beyond the optimum,
the interaction between the emitter and the gold nanoparticle rapidly weakens due
to decrement of the coupling strength. At small distances, the enhancement factor
decreases due to efficient coupling of the radiation to the dissipative higher-order
plasmonic modes of the metallic particle. These dissipative modes are considered
to be dark modes, as they do not efficiently couple to the far field. Overall,
increment of the distance d results in a redshift of the energy peak position and
broadening of the width of the dipole resonance wavelength. The influence of
the distance on both properties of the resonance however, becomes weaker for
the higher order plasmon modes, as show in the figure for the quadrupole mode
situated at approximately 1.84 eV.

Apart for the distance, the efficiency of the enhancement also depends on the
initial emission yield of the emitter in the absence of the metal particle (Y0). It
follows directly from Eq. 1.11 that even for an initial yield of Y0 =1, the enhance-
ment factor Kem is always smaller than 1. This can be explained by the fact that
γi is always larger than γRi , as it covers both the radiative decay rates and the non-
radiative decay rates governed by dissipative losses in the metal. The left-hand
side of Fig. 1.10 shows the emission wavelengths as a function of the diameter
of the gold sphere and the effective permittivity of the semiconductor dielectric
for varying initial yield of the quantum emitter. The right-hand side of the fig-
ure shows the corresponding enhancement factor, using Eq. 1.11 and the explicit
forms for the total and radiative decay rates, i.e., γ0 and γRi , respectively. The



50 100 150 200

2

4

6

8

10

12

14

16

Au sphere diameter (nm)

P
e
rm

it
ti
v
it
y

1
1

2

2
2

2

2

2

3

3

33
3

3

4

4

4

4

5

5

50 100 150 200

2

4

6

8

10

12

14

16

Au sphere diameter (nm)

P
e
rm

it
ti
v
it
y

5

5
5

10
15

1
5

1
5

1
5

2
0

2
0

2
0

20

20

3
0

3
0

3
0

30

4
0

4
0

4
0

4
0

5
0

5
0

50

6
0

6
0

60

8
0

8
0

80

8
0

8
0

1
0
0

1
0
0

1
0
0

1
0
0

1
2
0

1
2
0

1
2
0

50 100 150 200

2

4

6

8

10

12

14

16

Au sphere diameter (nm)

P
e
rm

it
ti
v
it
y

710

710

800

800

8
0
0

8
0
0

8
0
0

1000

1000

1
0
0
0

1
0
0
0

1500

1
5
0
0

1
5
0
0

700

700

2
0
0
0

2
0
0
0

1
0
0
0

2
5
0
0

650

50 100 150 200

2

4

6

8

10

12

14

16

Au sphere diameter (nm)

P
e
rm

it
ti
v
it
y

570
570 600

600

6
0
0

650

650

700

700

700

800

800

8
0
0

8
0
0

900

900

9
0
0

9
0
0

1000

1000

1
0
0
0

1
0
0
0

1200

1
2
0
0

1
2
0
0

1500

1
5
0
0

1
5
0
0

2
0
0
0

2
0
0
0

2
5
0
0

2
8
0
0

50 100 150 200

2

4

6

8

10

12

14

16

Au sphere diameter (nm)

P
e
rm

it
ti
v
it
y

700

700

700

7
0
0

800

800

8
0
0

900

9
0
0

9
0
0

1000

1000

1
0
0
0

1
0
0
0

1200

1
2
0
0

1
2
0
0

1500

1
5
0
0

1
5
0
0

2
0
0
0

2
0
0
0

650
650

650

2
5
0
0

50 100 150 200

2

4

6

8

10

12

14

16

Au sphere diameter (nm)

P
e
rm

it
ti
v
it
y

2

2

5

5
5

10

1
0

1
0

1
0

1
0

1
0

1
5

1
5

1
515

1
5

1
5

2
0

2
0

2
0

2
0

2
0

3
0

3
0

30

3
0

3
5

3
5

3
5

3
5

(a)

1

2

3

4

5

20

40

60

80

100

120

140

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

1000

1500

2000

2500

3000

1000

1500

2000

2500

5

10

15

20

25

30

35

Y0 = 10%

(b)

(c)

Y0 = 1%

Y0 = 0.1%

Resonance Wavelength Enhancement Factor
Wavelength [nm]

Wavelength [nm]

Wavelength [nm]

Enhancement

Factor [a.u.]

Enhancement

Factor [a.u.]

Enhancement

Factor [a.u.]

Figure 1.10: Two-dimensional contour plots of the resonance wavelengths (left-hand
side) and corresponding light enhancement factors (right-hand side) for different initial
emission yields of the isolated emitter, as indicated in the figures. The calculation is done
for the dipole resonance as a function of the diameter of the gold sphere and the effective
permittivity. The relative orientation is fixed to the radial orientation of the emitting
dipole with respect to the surface of the sphere. The distance between the surface of the
metal sphere and the emitter is 4nm. The initial emission yield of the emitter, which
modeled as a dipole emitter, is varied from Y0 =10% (a), to Y0 =1% (b), and Y0 =0.1%
(c).
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distance between the dipole emitter and the metal sphere was fixed at 4nm, which
corresponds to the most optimal distance for the maximum enhancement. Two-
dimensional contour plots in Fig. 1.10 show the representative data obtained for
the radial orientation (⊥) of the emitting dipole for the dipole plasmon resonances.
It is important to realize that these dipole resonances contribute to the plasmonic
enhancement in the whole range of parameters, whereas the contribution of the
higher-order multipole modes exists only for large enough metal particles and ef-
fective permittivity. Fig. 1.10 shows that the enhancement factor and the width of
the plasmon resonance strongly depend on the initial yield of the quantum emitter.
The resonance energy position remains unaffected for varying initial yields, and is
mainly determined by the size and the surrounding of the quantum emitter and
metal nanoparticle juncture. In analogue to the damped harmonic oscillator, the
width of the plasmon resonance is determined by the amount of damping that is
inflicted on the system, in this case being the nonradiative losses of the quantum
emitter.

Regarding the practical application of our model, one should also consider some
of its limitations. First, the calculations are done only for the radial orientation.
This orientation favors the dipole–dipole coupling and largely suppresses contribu-
tions of the higher-order modes. As stated previously, these modes are responsible
for the dissipative losses, and reduce the emission yield because these modes do
not couple to the far field [79]. Second, any deviation of the shape from a spher-
ical one, is likely to result in a change of resonance position and intensity of the
plasmon resonances. For a detailed description how shape parameters influence
the position and width of the plasmon resonances, for example, consider the work
of X. Lu et al. [80]. The model also neglects the plasmon-induced local increase
of the exciting electromagnetic field in the vicinity of the metal particle. These
contributions however, are expected to be small, when close attention is payed to
spectral overlap of the excitation wavelength with respect to the plasmonic modes
of the metal nanoparticle. Finally, the spatial dynamics of excitons is completely
neglected, following the picture of the quantum emitter represented by a dipole.
The simplification is legitimate when the enhanced emission rate is much faster
than the escape time of the confined carriers, or hopping time. This is usually the
case when the enhancement is strong. However, for weak and moderate plasmonic
amplification, the emission and escape lifetimes can occur on a similar timescale.
In this case, the exciton dynamics might be of importance.

Motivated by the recent advances in nanofabrication technology, investigations
on the radiative coupling of a localized excitons inside a semiconductor nanos-
tructure to the plasmons embedded on the surface of a small metal particle, has
attracted much attention in the last couple of years [29,81,82]. At lot of the work
however, has been done for colloidal semiconductor quantum dot structures, which
in general are notorious for their low internal quantum efficiencies and uncontrol-
lable blinking behavior [83]. For the more sustainable quantum dot structures,
embedded for example in III–V semiconductor materials, radiative coupling has
mainly been established for the tangential orientation of the emitter and metallic
nanoparticles [84–86]. Or, when radiative coupling is accomplished with the aid
of the tip of a cantilever, radial coupling is established in a situation where the
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contributions of the higher-order plasmon modes are of significant influence to the
plasmonic enhancement [87]. The contribution of the higher-order plasmons can
be attributed to the change in dielectric environment, initiated by the cantilever,
which shifts the position of the plasmon resonances in energy. In the last part of
this thesis, we intent to establish pure dipole coupling of excitons embedded in
an InAs quantum dot to the plasmons localized on the surface of a spherical gold
metal nanoparticle. The survey is conducted at low temperature, using moder-
ate excitation power regimes, for dots that are believed to have a high internal
quantum efficiency. The experimental conditions therefore only facilitate moder-
ate plasmonic enhancement for which the exciton dynamics are expected to be of
influence. With this research, for which the main results together with a detailed
description of the used experimental techniques are presented in Chapter 5, we
aim to fill part of the gap that exists in today’s literature.



CHAPTER 2
Experimental Methods

2.1 INTRODUCTION

As was elucidated in the previous chapter, quantum dots are semiconductor struc-
tures at a nanoscale that exhibit atomic-like behavior, due to the confinement in
all three dimensions. To fully observe the unique property of quantum confinement
behavior however, a few prerequisites must be fulfilled. First, the influence of the
confining barrier material must be minimized in order to suppress quenching of the
quantum dot photoluminescence (PL) and blurring the spectrum with unwanted
background noise. This can be done, for instance, by resorting to low tempera-
tures. At low enough temperatures however, one typically observes a broad band
of transitions reflecting the inhomogeneous distribution of size, geometry, and com-
position, due to the non-deterministic nature of the growth process. Therefore,
the dot density must be low enough (typically in the order of 109 cm−2) to resolve
individual isolated exciton transitions. Isolation of single quantum dots can be
achieved with the aid of either etching of the barrier material (mesas) or by mask-
ing with a patterned layer of an opaque material (holes). Normally, aluminum
or gold are used for this latter purpose as they show high reflectance in the near
infrared spectral region. If we assume a low dot density and the nominal sizes of
both mesas and holes is about 1 µm2, this means that on average each structure
consists of about 10 dots, which can easily be resolved within a spectral window
of about 30 nm, depending on the spectral resolution.

The optical quality of the dots must be sufficient to be able to collect the
photoluminescence of a single dot, which originates from the excitation of exactly
one electron–hole pair into the exciton ground state and subsequent recombination.
Occupation of the lowest exciton transition with one electron–hole pair usually is
achieved by the application of low excitation power densities, which supports the
suppression of background emission. Preferably, the excitation energy is close to
the wetting layer energy or the band gap energy of the barrier material in order
to excite the free carriers, which are to be captured by the dots.

When working in a so-called backscattering geometry, both excitation and
collection of the photoluminescence are done with the same objective. Preferably,
the objective combines a large magnification with a large numerical aperture (NA).
The large magnification contributes to focussing of the incident light, which leads
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to a reduction spot size and thus a small(er) selection of dots. A large numerical
aperture on the other hand, improves the light collection and resolving power of
the objective’s lens. Consistently, the smallest detail that can be resolved is in
the order of λ/2NA, with λ the wavelength of the incident light. Registration of
the photoluminescence spectrum usually is done by exploiting the resolving power
of spectrometer (or monochromator), which disperses the collected light with the
aid of diffraction gratings. The spectral resolution of the spectrometer depends
on a number of factors, such as the focal length of the spectrometer, which is
the distance between the dispersing grating and the detector. Provided a large
enough the groove density of the diffraction gratings, the spectral resolution can be
increased by increasing the focal length. The groove density of the gratings thus,
which typically is measured as the number of grooves per millimeter, is of pivotal
importance: The higher the groove density, the higher the spectral resolution.
Finally, the detector contributes the spectral resolution via the size of the pixels.
The smaller the pixel size, the higher the achievable spectral resolution.

In this work, we employ two different optical setups. The setup comprising a
low(er) spectral resolution is referred to as the ‘characterization PL setup’. This
setup mainly is used for the initial optical characterization of the sample, when
the spectral resolution is of less importance. As will be discussed, this setup also
is capable of making detailed photoluminescence maps of the sample. The second
setup, which is equipped with a time-correlated single photon counting module,
has higher spectral resolution than the first one and is therefore referred to as the
‘time-resolved PL setup’. This setup is used for single dot spectroscopy and time-
resolved measurements. In the following, we will describe both setups in detail.
The growth of the samples used in this thesis, as well as the steps involved with
post-growth processing, are described in the Chapters 3 (growth) and 5 (growth
and post-processing).

2.2 THE CHARACTERIZATION PL SETUP

Fig. 2.1 schematically displays the characterization PL setup. This setup consists
of a flat window cryostat, which has a large window that allows for the characteri-
zation of multiple samples in the same cool down cycle. It is a so-called continuous-
flow cryostat equipped with a diffusion pump to regulate the flow of helium from
a storage dewar. The sample is attached to the cold finger of the cryostat with
the help of a tiny amount of vacuum grease to provide a good thermal contact. At
low temperatures (∼ 10 K), excitation and collection of the photoluminescence is
done with a 100× objective with a numerical aperture of 0.5, except for the macro-
photoluminescence measurements, which were conducted with a 20× objective. As
an excitation source we employ a continuous-wave diode laser operating at 635 nm
with a maximum output power of 2.8mW. The collected photoluminescence is
focussed into a single mode optical fiber, which supports transmission of wave-
lengths up to a cutoff wavelength of 1.7µm. Dispersion of the light is done in
a spectrometer with a focal length of 0.3m. The spectrometer is equipped with
three different diffraction gratings of varying resolution, i.e., ranging from 200 to
600 grooves/mm with a blaze wavelength around 2 µm. For the registration and
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Figure 2.1: Schematic representation of the characterization photoluminescence (PL)
setup. The sample is kept at low temperature inside a helium flow cryostat. For most of
the experiments, we excite the samples with the aid of a photo diode laser operating at
635nm. The incident laser light passed through a narrow width bandpass filter (632.8nm)
before impingement on the sample surface. The position of the laser spot on the sample
surface is controlled by three stepper motors of a x-y-z stage, and can be monitored by
a charge coupled device (CCD) that is inserted in the excitation path. Collection of the
photoluminescence is done with the aid of a single mode fiber. Subsequent dispersion of
the collected photoluminescence is done inside a 0.3m monochromator, which is equipped
with three different diffraction gratings fixed on a rotatable turret. A flexible mirror at
the end of the optical path, displays the photoluminescence signal on either an InSb CCD
camera or an InGaAs detector array.

analysis of the photoluminescence we use an InGaAs detector array working at
−100 ℃. The software (WinSpec32) allows the integration of the light collected
from a part of the sample in a so-called region of interest to record the spectrum.

The positioning of the sample occurs by driving the stepper motors of an ex-
ternal x-y-z stage. Control over the sample position is obtained by a customized
LabviewTM interface. The interface is capable of creating photoluminescence maps
over a desired area of the sample surface. By monitoring the x-y position with
a charge coupled device camera, three points are defined, which are used to con-
struct a coordinate system from a three-dimensional plane. The z component of
the system is defined from the optimized position of integrated photoluminescence
intensity. Based on the desired number of measurement point, a three-dimensional
grid is created. The step motors are automatically driven to each point on the grid
and the photoluminescence spectrum is recorded. These spectra are used to con-
struct a photoluminescence map of the measured area. With the obtained spectra
it is possible to create different spectral maps of the area, such as a distribution
photoluminescence intensity normalized to the total integrated photoluminescence
of the entire area, or, a distribution of the maximum photoluminescence intensity
specified by the emission wavelength.
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2.3 THE TIME-RESOLVED PL SETUP

Here, we describe the time-resolved PL setup (Fig. 2.2), which in essence is quite
similar to the characterization PL setup. Apart from the different components, the
main difference between the two setups is the addition of the time-resolved part,
i.e., the time-correlator card and histogrammer, and the second monochromator.
The application of single or multimode fibers, here schematically drawn for the
optical excitation path, allows for flexible switching between the two setups. For
instance, collection of the photoluminescence can be done at the time-resolved
PL setup, while the sample is kept at low temperature inside the cryostat of the
characterization PL setup. Based on the laser mode operation, the description
of the time-resolved PL setup can be divided into two separate parts. One part
addresses the collection and spectral analysis of the photoluminescence emerging
from a single quantum dot under the influence of continuous wave excitation.
The other part involves the timed registration of the exciton dynamics under the
influence of pulsed excitation.

2.3.1 Micro-photoluminescence spectroscopy

Similar to characterization PL setup, the time-resolved PL setup also has a helium
flow cryostat to control the temperature (Fig. 2.2). The cryostat is equipped with
an internal three-dimensional micro-positioning stage, with a nominal step size
of 1.5nm. For the excitation, we utilize a titanium doped Sapphire laser, with a
tunable wavelength range from approximately 700 nm up to 1µm. If higher energy
sources were required, we operate a continuous wave photo diode of 635nm. In
some cases, also a 780nm photo diode was employed owing to the superior power
stability over the Ti:Sapphire laser. Micro-photoluminescence (µPL) experiments
were performed with continuous wave operation in backscattering geometry using
a 100× objective. The incident power was controlled with a rotatable optical
density filter. A sliding power meter was installed in the excitation path, directly
above the objective lens, to monitor the pump power.

The collected optical signal was focussed onto the entrance slit of a 0.5m spec-
trometer, to spectrally analyze the sample photoluminescence. The entrance slit
in all the µPL experiments was kept a fixed width of 30µm. A rotatable turret in-
side the spectrometer controlled the position of three different diffraction gratings,
comprising 300, 600, or 1200 grooves/mm. The blazing angles all were optimized
for a wavelength of 1µm. Registration of the photoluminescence spectrum was
controlled by a moveable mirror, which either coupled the light onto a silicon
charge coupled device or a silicon avalanche photo diode. The charged coupled
device offers a broad detection window, with a resolution, in conjunction with the
1200 grooves/mm grating, of about 70µeV, depending on the photoluminescence
wavelengths. The avalanche photo diode mainly was used for the registration of
the photoluminescence transients, which are discussed in the succeeding section.
All the hardware elements of the setup, such as the spectrometers, the power den-
sity meter, and the positioning stages were controlled by a customized LabviewTM

interface, which was able to address every hardware component individually or
combined within a single versatile program.
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Figure 2.2: Schematic representation of the time-resolved photoluminescence (PL)
setup. Apart from the inclusion of the single photon correlator and histogrammer card,
and the additional monochromator, the schematics is identical to that of the macro PL
setup. A beam splitter (BS), placed within the excitation path (indicated in orange)
of the Ti:Sapphire laser, is used to split off part of the laser light, which serves as a
synchronization source for the time-correlator card. Both the excitation path and the
collection path (red) can be expanded with various optical elements, such as quarter- and
half-wave plates, linear polarizers, and optical density filters, to control the polarization
and intensity of incident (collected) light. The sample is kept at low temperature by
placement inside a helium flow cryostat. Dispersion of the collected photoluminescence
is done inside the monochromator, which is equipped with three different diffraction grat-
ings fixed on a rotatable stage. A flexible mirror at the end of the optical path, displays
the photoluminescence signal on either a charge coupled device (CCD) or an avalanche
photo diode (APD).

Determination of the linewidth

Systematic determination of the spectral linewidths of isolated quantum dots con-
stitutes a majority of the measurements, which are reported in the Chapters 3
and 4. Therefore, we briefly address the procedure that was applied to a large
number of dots. First, we perform power dependent measurements on an isolated
exciton transition. In these measurements, the excitation power density (or pump
power) is ramped up over at least one decade, while recording several spectra of
the isolated exciton transition. If conducted successfully, this measurement will
give us a general idea of the excitation power density at which saturation of the
exciton ground state transition occurs. For the actual measurements, it is of piv-
otal importance that the excitation power density does not exceed this point of
saturation, because this will introduce so-called power induced broadening to the
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Figure 2.3: A typical micro-photoluminescence (PL) spectrum at 4.2K of InAs quantum
dots embedded in an Al0.33Ga0.66As barrier matrix for different excitation densities. The
PL intensity, here displayed in units of kilo counts per 30 s, is obtained by continuous
wave excitation at 635nm. The background threshold, recorded from a separate data
file, has been subtracted from the data to accommodate fitting of the various exciton
transitions. The PL intensity of the neutral exciton X0 shows a near linear behavior on
excitation density, whereas the biexciton 2X0 shows a stronger than linear dependence
on excitation density. Saturation of the ground state exciton transition already occurs
at approximately 100nW, while the biexciton transition shows no signs of apparent
saturation for excitation densities higher than 1 µW.

spectrum, thereby obscuring the actual linewidth. Excitation below the saturation
point is what we will be calling the ‘linear regime’.

Once the saturation point is determined, we make a record of the background
threshold covering a large spectral range (typically from 800 nm to 1 µm), using
a typical integration time of 30 s. This will help us with the fitting of the data,
as we will discuss later on in this section. Then, with the background subtracted
from the spectrum, we record spectra over the same spectral range, with the same
integration time of 30 s. These measurements have to be performed several times
for different pump powers in order to discriminate the ground state exciton tran-
sitions from higher order exciton complexes, and to make sure that analysis of the
spectral linewidth occurs within the linear regime. An example of a typical pho-
toluminescence spectrum, illustrating the procedures that we have just described,
is shown in Fig. 2.3.

When several spectra are accumulated over different parts of the sample, the
linewidths of the exciton transitions can be extracted. Starting from the spec-
tra with the lowest excitation power density, every isolated line in the spec-
trum was analyzed to verify the linear regime. Then, the isolated exciton tran-
sitions were fitted using the freeware curve fitting program Fityk (available from
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Figure 2.4: Determination of the linewidth Γ of a ground state exciton transition
located at 1361.8meV using the Fityk fitting program. The measurements were done
at a temperature T = 50 K for two different integration times tint, i.e., 500ms (a) and
30 s (b). Linewidth values were obtained by using a Gaussian background function (gray
area) in combination with a Lorentzian function. Difference of the measured linewidth
values is less than 9%, thereby excluding the influence of power induced broadening.

http://fityk.nieto.pl). This program is capable of applying a large number
of model functions as a fit to the data. In this work, we employ three different
model functions, namely a Gaussian function (Chapter 3), a Lorentzian function
(Chapter 4), or a combination of the two, i.e., a Voigt function. The program uti-
lizes a non-linear regression method to a set of variable parameters, based on the
Levenberg-Marquardt algorithm. The best fit to the data is obtained by manually
applying several iteration steps to minimize the weighted sum of squared residu-
als, also called the χ2, on each of the different parameters, namely the height, the
width and the peak position. A prerequisite for applying a successful fit to the
data is that the spectral resolution is narrower than the measured linewidth. In
practice, this implies that an isolated spectrum consists of at least three points.

Unwanted background luminescence was either subtracted from the spectra,
or fitted with a Gaussian (background) function. This procedure is necessary for
correct determination of the linewidths. An example of the linewidth fitting proce-
dure, is shown in Fig. 2.4. Linewidth values of the same transition under different
excitation densities within the linear regime, showed no systematic variation of

http://fityk.nieto.pl
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the measured full width at half maximum. Also, determination of the linewidth
of several strong exciton transitions at short timescales, e.g., 500ms, revealed no
significant deviation of the measured linewidth values at the 30 s timescale. There-
fore, we concluded that the power-induced broadening effects are negligible in our
measurements.

2.3.2 Time-resolved photoluminescence spectroscopy

The time-resolved photoluminescence measurements were performed with the Ti
doped Sapphire laser operating at 76MHz, with a pulse width of 3−5 ps. For
these measurement, we use the avalanche photo diode located on the other exit
port of the spectrometer. This exit port consists of a narrow slit, followed by a
focusing system used to couple the spectrally filtered emission into an optic fiber
with a core diameter of 100µm. The signal was then transmitted through the
fiber to a single photon counting module. The silicon avalanche photo diode was
operated in ‘Geiger’ mode, i.e., biased slightly above the breakdown voltage. In this
case, a single photon may trigger an avalanche of no less than about one hundred
carriers. The avalanche photo diode, provided by Perkin Elmer (SPCM-AQR), has
a response time of 400 ps, with a reported quantum efficiency of about 60%. The
devices are thermoelectric cooled for low dark count rate (∼40 Hz). In combination
with the small spectrometer entrance slit (30µm), closing the entrance slit in front
of the avalanche photo diode to about 30µm yielded a spectral resolution down
to approximately 65µeV, which was measured with the aid of a Xenon calibration
light source.

The reverse start and stop method

photoluminescence

 photon
photoluminescence

photon

many cycles without

photon emission

start-stop-time 1 start-stop-time 2
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Figure 2.5: Accumulation of a time correlated single photon counting (TCSPC) his-
togram by micro-photoluminescence spectroscopy. Every arrival of a photoluminescence
photon is registered at a time bin, determined by the delay time ∆t between Start en
Stop, which eventually leads to the built of a histogram. The histogram, accumulated
over many cycles, represents the time decay one would have obtained from a single shot
time-resolved analog recording.

Before we address the issues that are involved with the time resolution of time-
correlated single photon experiments, we would like to emphasize the following.
When doing time-correlated single photon experiments it is crucial to maintain a
low probability of registering more than one photon per cycle (Fig. 2.5). This
can be explained by regarding the so-called dead time of the detector. This time,
which is in the order several nanoseconds, is the time that the detector is unable
to register a second photon event immediately after being triggered by a first one.
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This means that usually only one photon is detected per excitation/emission cycle.
If a measurement fails to comply with this requirement, the number of missed
registrations would become very large, leading to an over-representation of the
early photons in the histogram. This effect is called ‘pileup’, whereby the apparent
radiative lifetime appears to be shorter than the actual decay time. Therefore, as
a rule of thumb, the average count rate at the detector should not exceed 5% of the
excitation rate. With the Ti:Sapphire operating at 76MHz, the average detector
count rate should not exceed 4MHz, which would already be close the detection
limit of the avalanche photo diode. In the actual experiments, the detector count
rate rarely exceeded the value of 2 kHz, which already is substantially lower.

It can readily be seen that this requirement necessarily leads to a re-ordering
of the time sequence in which the events are registered: If the laser pulse would
indeed serve as Start for the event registration, the computational overhead would
be tremendous, since on most of the occasions, no accompanying photon would
be available. A much more clever scheme relies on the fixed repetition rate of
the laser, and is known as the ‘reverse start-stop mode’. In this case, the Start
and Stop (or Sync) source are reversed, which means that the registration of a
photoluminescence photon starts the registration, while the laser pulse serves as
a Sync. Since the laser pulses appear periodically, this reverse registration of
events makes no difference to the time-resolved information, apart from a reversed
histogram, which can easily be handled by subsequent processing.

The Start and Sync sources

For the data acquisition, we employ the time-correlated single photon counting
method, which is provided by the TimeHarp 200 time-correlator card from Pi-
coQuant. This device serves to time the separation between two input pulses at
different ports on the device to picosecond resolution, then provides on-board his-
togramming to obtain the number of coincidences as a function of the time delay
between the two signals [88]. As already mentioned, the two ports are called the
‘Start’ and the ‘Sync’ (Fig. 2.2). The Start port is triggered by the occurrence
of a single photon event on one of the avalanche photo diodes, which records
the event by starting a digital clock with picosecond resolution. The clock stops
once a signal from the Sync port is received, or when the device times out. The
time between the two events comprises the data that provides the time-resolved
information of the events in the form of a histogram. The TimeHarp 200 time-
correlator card offers a routing device, which is capable to operate up to four
photomultiplier tubes or avalanche photo diodes simultaneously. In our case, with
the setup (Fig. 2.2) being built in the so-called Hanbury Brown-Twiss interferom-
eter configuration [89], two avalanche photodiodes can be used to conduct auto-
or crosscorrelation experiments.

Unlike the Start source, which is always the avalanche photo diode, the Sync
source could be picked from three different configurations. The first one is a built-
in function generator, which provided sharp pulses at a clock frequency of 200 kHz.
This option mainly was used for spectral registration of an isolated quantum dot by
scanning over the exciton transition line. The second option is using the second
avalanche photo diode, which constitutes the auto (cross) correlation function.



32

The third possibility is to use the output of a fast trigger diode. In this case,
the triggering was done by exposing the trigger diode to a beam split off from
the pulsed laser light. This option has been used the most throughout this thesis
and probably is the most common application of time-correlated single photon
experiments.

Timing resolution and the Instrument Response Function

The most critical component in terms of timing resolution in the time-correlated
single photon counting measurements will usually be the detector. In that respect,
the timing accuracy of the detector to register a photon determines the resolution
and is introduced from the timing uncertainty that emerges from the conversion
of a photon into an electrical pulse. The second most critical component usually
is the excitation source. This component is constituted from the jitter of the elec-
trical sync signal, which is derived from the laser light that is exposed on the fast
trigger diode. Another source of timing error is the timing jitter of the electronic
components used for time-correlating single photon counting. This is caused by
the finite rise- and fall-times of the electric signals used for the time measurement.
The contribution of the electronics to the total timing error however, usually is
relatively small. Finally, radio-frequency (RF) noise should be kept low. This can
be done for instance by proper shielding of the coax cables. It should be men-
tioned that it always is a good idea to avert strong sources of RF interference,
such as mobile phones, from the time-correlated single photon counting detectors
and electronics.

The contribution to the total time spread of all the different components consti-
tutes the total timing jitter of the experiment and is referred to as the Instrument
Response Function. The instrument response function can be derived from the
full width at half maximum of a recorded histogram of the laser pulse. In our
experiments, it was found that the largest contribution to the instrument response
function arises from the avalanche photodiodes, with the contribution of the elec-
tronic components and the excitation source being almost negligible. Determina-
tion of the instrument response function yielded a response time of about 600ps.
Although the timing jitter in our experiments is relatively large, this has little or
no effect on the timing resolution in the derivation of the radiative lifetimes. This
is due to the application of a reconvolution scheme, which we will discuss in the
following section.

The reconvolution method

Typically, lifetime transients recorded from a histogram of coincidences as function
of the time delay ∆t between the arrival of the Start en Sync pulses, are propor-
tional to the probability of capturing of an exciton by the isolated quantum dot
that is under investigation. As explained in the preceding section, this histogram
is a convolution of the timing uncertainty of the experimental setup and the actual
transient phenomenon. In principle, in order to extract the radiative lifetime from
such a measurement, deconvolution of the data with the instrument response func-
tion should yield the desired dynamics. This method however is rarely applied to
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real (noisy) datasets, as it turns out to be an unpredictable computational prac-
tice. More frequently, one utilizes the method of reconvolution, which derives the
decay rate from the data set by applying a rate equation model of the photo-
luminescence dynamics to the histogram. Separate recording of the instrument
response function yields the necessary ingredients to perform the reconvolution
method [90].

Here, we briefly describe the rate equation model that is used for this purpose,
following the model as described in Ref. [88]. This model is implemented into
a MatlabTM routine, which finds the best fit by application of a Gauss-Newton
algorithm, based on a non-linear least squares method. This means that the
reconvolution consists of adjusting model parameters by minimization of the sum
of squared function values, i.e., parameter χ2, such that the best fit to the data is
obtained. Convergence of the fit is retrieved when the application of consecutive
iteration steps fails to significantly improve the Pearson correlation coefficient R.

The model starts from a system of two rate equations

dB

dt
= −B

τc
(2.1)

dX

dt
=
B

τc
− X

τX
, (2.2)

where B and X are the exciton populations in the barrier and in the dot, re-
spectively, and τc is the capture time for the quantum dot, including the exciton
relaxation time the quantum dot ground state, and τX is the exciton recombina-
tion time. With the initial conditions B(0) = 1 and X(0) = 0, the exact solution
for X(t) yields

X(t) =

(
e
−t
τc − e

−t
τX

)
τX

τc − τX
. (2.3)

Further simplification to the model can be done by making the assumption
τc�τX, which yields the approximate solution

I(t) = (1− e
−t
τc ) · e

−t
τX , (2.4)

with I(t) the time dependent photoluminescence intensity. Eq. 2.3 was successfully
applied to all the lifetime measurements performed in this thesis. An example of
successfully obtained values of the transients by applying the reconvolution model
is shown in Fig. 2.6. Starting from a reasonable initial guess for the model param-
eters, the method usually converged quickly (less than 10 iterations) and robustly
(slight adjustment to the initial guess did not affect the end result). Convergence
of most of the fits to a solution yielded a cross correlation coefficient R2> 0.996,
which is indicative of an almost flawless fit. The error bars for the lifetimes of
the quantum dots, presented in the succeeding chapters, were obtained from a
measurement statistics. Time-resolved measurements were conducted repeatedly
on a single isolated quantum dot. This procedure was itinerated for several other
quantum dots. The derived radiative lifetimes yielded a standard deviation of
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Figure 2.6: Low temperature (T =5 K) histogram of a ground state exciton transition
located at 1396.0meV in the Al0.23Ga0.77As sample. Indicated in the figure are the
instrument response function (IRF), the squared correlation coefficient R2, the capture
time τc, and the radiative lifetime τX. The faded gray area indicates the background
noise level. The data were accumulated over 20min using an excitation wavelength of
780nm with the Ti:Sapphire laser operating at 76MHz. The peak of the curve is about
5000 counts, with the entire image consisting of about 300,000 registered photons. The
black solid line represents the fit the data using the reconvolution method as described
in the text.

about 40 ps, close to the smallest time bin size of 37.5ps on the time-correlator
card.



CHAPTER 3
Radiative Lifetimes and Linewidth Broadening of Single InAs
Quantum Dots in an AlxGa(1−x)As Matrix

Abstract

In this chapter, we draw our attention to the application of AlxGa(1−x)As as
a matrix in combination with zero-dimensional components, i.e., InAs quantum
dots. We investigate the linewidths and radiative lifetimes of single InAs quan-
tum dots embedded in the ternary matrix AlxGa(1−x)As as function of aluminum
composition. For an increasing aluminum content, we find that the average of the
measured linewidths of individual transitions increases. Furthermore, we find that
the distribution of the measured linewidths broadens. We infer that the linewidth
broadening is the result of spectral wandering caused by inhomogeneities and local
defects in the surrounding AlxGa(1−x)As matrix. Local charging and de-charging
of defects polarize quantum dots in their vicinity thereby shifting the energy states
of the exciton transition in time through the quantum confined Stark effect. The
intrinsic radiative lifetimes of numerous quantum dots were determined. We sug-
gest that the observed variation in radiative lifetime at a given photon energy is
explained by the influence of an in-plane electric field on the oscillator strength of
the electron–hole pair.

3.1 INTRODUCTION

The optical properties of InGaAs quantum dots inside the GaAs matrix have
been studied extensively for their potential role in quantum application devices
[51, 91–93]. The motivation for these experiments can be found in the fact that
for quantum operations the coherence time of any two-level system, in this case
the exciton transition inside the quantum dot, is of utmost importance. This
constrains the homogeneous linewidth Γ of the transition to be preferably at or
close to the transform-limited optical transition, at which point the linewidth is
solely determined by the radiative lifetime τX of the emitter itself [56, 61, 94, 95].
On timescales much shorter than 100ps, various scattering processes, such as
electron-electron scattering and phonon scattering, cause homogeneous broadening
of the transition [50,52,53]. On timescales much larger than the intrinsic radiative
lifetime, the optical transition energy is dynamically broadened as a result of the
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quantum confined Stark effect (QCSE), which shifts the states of the transition
in time (the so-called spectral diffusion or spectral wandering) [61, 96]. The time
after which the probability that the electrostatic environment remains unchanged
is reduced to 1/e can be defined as the spectral diffusion time τD [59]. This time
usually is much shorter than the time needed to accumulate a spectrum, owing to
the low time resolution of most detectors.

In view of the numerous experiments conducted on the InAs/GaAs quantum
dot system and its various device applications, one would expect that a sizable
amount of literature would be available for the InAs/AlGaAs system. Potentially,
the system comprising InAs quantum dots embedded in an AlxGa(1−x)As matrix,
could solve some of the ongoing issues of the InAs/GaAs quantum dot system.
Most important, as previously mentioned, the incorporation of aluminum into
the GaAs matrix leads to the achievement of room temperature operation of the
system [21]. Moreover, the deep confinement of charged carriers could lead to very
low decoherence rates, which are important for applications of quantum computers
built up out of III–V semiconductor materials. Surprisingly however, up until now,
not a single paper has been published that addresses the radiative properties of
single InAs quantum dots inside the AlxGa(1−x)As matrix.

We investigate the spectral linewidth of individual InAs quantum dots embed-
ded in AlxGa(1−x)As for three different samples of varying aluminum composition
(x= 0.13, 0.23 and 0.33) using low temperature micro-photoluminescence (µPL)
spectroscopy. We probe the inhomogeneous broadening of the exciton ground state
transition for energies above 1.1 eV, a limit set by the detectors. The radiative
lifetime of the exciton ground state emission was determined by time-resolved µPL
spectroscopy (TRPL). Different excitation wavelengths were used to excite both
above and below the absorption band edge of the samples.

3.2 EXPERIMENTAL DETAILS

The samples were grown by molecular beam epitaxy using a GaAs semi-insulating
(undoped) substrate. For the 13% and 23% Al samples, an AlxGa(1−x)As barrier
layer of approximately 200nm was grown on top of a 300 nm GaAs buffer layer.
After barrier layer growth, 1.8 to 1.9 mono layers (ML) of InAs were deposited as
a seeding layer for the quantum dot formation. Finally, the samples were capped
with 100nm of AlxGa(1−x)As followed by 2ML of GaAs to prevent oxidation of the
AlxGa(1−x)As layers. For the 33% Al sample, 200 nm Al0.33Ga0.67As was grown
on top of a 20nm thick AlAs buffer layer. After the quantum dot formation,
the sample was capped with 55 nm of Al0.33Ga0.67As followed by quantum dot
overgrowth to allow for determination of the dot density and size distribution by
atomic force microscopy. The aluminum concentration of all three samples was
determined using reflectivity measurements at 70K [97, 98].

In order to optically resolve single quantum dots, we use Au masking containing
apertures of variable size (33% Al sample) or we make freestanding mesas (23% and
13% Al samples) of 150nm in height. Using standard lithography, both apertures
and mesas were created with an average lateral size of 1µm2. The creation of
the mesas involved etching of the sample and the creation of sidewalls close to
the nanocrystal structures. The masking was done on top of the sample surface,
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leaving the sample structure unharmed. A pitch size of 3 µm was used to allow
for the Ti:Sapphire laser, having a spot size of ∼ 1 µm in diameter, to address
the apertures (mesas) individually. Prior to the creation of the mesas, we check
the linewidth of several isolated dots in the 13% and 23% samples. From these
measurements, we exclude any radiative broadening effects of the sidewalls of the
mesas.

For the TRPL measurements, the Ti:Sapphire laser was operating at 76MHz
with a pulse width of 5ps. µPL measurements were performed with continuous
wave operation in backscattering geometry using a 100× objective. After col-
lection, the photoluminescence signal was dispersed in a 0.5m spectrometer and
either registered on a Si charge coupled device (CCD) or on a Si avalanche photo
diode (APD). Using a HeNe calibration light source, the spectral resolution of
the setup was determined and found to vary from 50µeV at 1.18 eV to 100 µeV
at 1.62 eV. The full widths at half maximum of individual transitions were deter-
mined by using either a Gaussian or a Lorentzian fitting function, or a combination
of the two, i.e., a Voigt function. Recording a histogram of the reflected laser light
from the sample surface, the instrumental response function (IRF) was found to
be 650ps. However, least squares deconvolution of the data fixes the resolution to
the size of the bin width of the time correlator card, which is 37 ps.

3.3 EXPERIMENTAL RESULTS

3.3.1 Linewidth broadening

Fig. 3.1 shows the macro-photoluminescence spectra and the measured linewidth
of individual dots as a function of photon energy for the three samples. The
macro-photoluminescence spectra are normalized over the entire ensemble and the
energy shift in maximum photoluminescence intensity reflects both the increased
height of the confinement barrier as a result of the change in AlxGa(1−x)As band
gap energy and the somewhat reduced dimension of the quantum dot size for
increasing aluminum content [99]. The enhancement of the confinement barrier
height was confirmed from temperature dependent measurements, which at room
temperature revealed strong photoluminescence intensities for the sample having
the highest aluminum content.

For the linewidth measurements, we used below AlxGa(1−x)As band gap ener-
gies to optically excite the dots, i.e., 1589meV for the 13% and 23% Al samples
and 1771meV for the 33% Al sample (filled squares). The latter also was ex-
cited with an excitation energy of 1922meV (open squares) quasi-resonant with
the Al0.33Ga0.67As band gap energy of 1940meV [97, 100]. The collection time
for each individual point was 10 s for the 13% Al sample and 30 s for the 23%
and 33% Al samples. To rule out the possibility of multi-exciton emission, the
power dependency of the photoluminescence intensity of each single line was care-
fully checked and only those that showed linear dependency were included in the
linewidth measurements [101].

To study the dependency of the linewidths on the aluminum concentration,
we use the macro-photoluminescence spectra of Fig. 3.1a to identify an ensemble
of dots within each of the three samples that are equally comparable in terms
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Figure 3.1: (a) Macro-photoluminescence spectra of the three samples at 10 Kelvin, us-
ing an InGaAs CCD camera in combination with a 20× objective and 0.3m spectrometer.
All spectra were excited using a continuous wave laser diode operating at 1922meV with
200µW power density. (b) Optical linewidth Γ as function of photon energy for varying
aluminum composition measured on the Si CCD camera for below AlxGa(1−x)As band
gap excitation energies. The gray area underneath the horizontal dashed line indicates
the detection limit of the setup as function of energy. The error bars for the selected
dots at the low and high energy side of the spectrum reflect the error in the measured
full width at half maximum. All the measurements were done at 4.2K.

of photoluminescence intensity and are still considered to be part of the main
photoluminescence peak. For each of the ensembles, we calculate the cumulative
histograms of all the linewidths for all excitation energies within an energy range
of 110meV using a bin width of 25µeV and a lognormal distribution function as
a fit. The results of these calculations together with the fitting function (black
solid lines) are shown in Fig. 3.2. Also shown are the computed values (in µeV) of
the mean average µ and its standard deviation σ. From the histograms, it is clear
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Figure 3.2: Cumulative histograms of the measured linewidths of the three samples,
normalized to the total number of incidences, for the energy ranges as indicated in Fig.
3.1a, using a bin width of 25µeV. The figure also shows the computed values (in µeV)
for the mean µ and standard deviation σ using a log-normal distribution function as a
fit (solid black line).

that the average linewidths for the 33% Al sample are increased in comparison to
those of the two other samples, which are comparable within the resolution limit
of our setup. Moreover, the distribution of the linewidths of the 33% Al sample is
more dispersed.

The dependence of the linewidth on quantum confinement is investigated. We
fit each of the three macro-photoluminescence spectra of Fig. 3.1a with a single
lognormal distribution function. From the fits, we obtain the standard deviation
σx of the ensemble photoluminescence spectra for every aluminum composition
x. We distinguish between quantum dots, which we consider to be part of the
main photoluminescence envelope function, and dots that are located at the high
energy side of photoluminescence spectra, with a photon energy larger than 2×σx
compared to the peak photoluminescence energy position. In the following, we will
refer to the first class of dots as proper dots. Quantum dots with a ground state
exciton transition in the high energy tail of the photoluminescence distribution
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Figure 3.3: Histograms showing the distribution of the measured linewidths, which were
obtained by combining the results from all three samples, for all excitation energies used.
The histograms are normalized to the total number of incidences, using two different
classes of dots, i.e., the proper dots (a) and the pre-dots (b). The distinction between
the two classes is based on a difference in quantum dot size, as is determined from the
macro-photoluminescence spectra of Fig. 3.1a. The used bin width is 25 µeV. The figure
also shows the computed values (in µeV) for the mean µ and standard deviation σ using
a log-normal distribution function as a fit (solid black line).

are dubbed pre-dots, because we think that these dots are smaller than the proper
dots.

Fig. 3.3 shows the cumulative linewidth distribution of the three samples as
function of Γ based on this classification. Using the histograms of Fig. 3.3, we
determine the mean average value of the full width at half maximum and its
standard deviation for both ensembles. For the proper dots, the measured average
Γ is (110 ± 41)µeV and for the pre-dots the average Γ is (127 ± 39)µeV. We
conclude that the proper dots have an average Γ, which is slightly smaller than
those of the pre-dots, with a comparable distribution.

3.3.2 Radiative lifetimes

As pointed out previously, spectral wandering is a process that depends on the dy-
namics of a fluctuating environment. Here we would like to address the influence
of the electrostatic environment of the dot. This means that we are interested in
radiative processes, which occur on a timescale faster than the spectral diffusion
time. We perform TRPL measurements to study the nature of the ground state
exciton transition. Fig. 3.4a shows the radiative lifetimes as function of photon
energy for the three samples. The photon energy range for our time-resolved mea-
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Figure 3.4: (a) Radiative lifetime as function of ground state photon energy for vary-
ing aluminum composition measured on the avalanche photodiode (APD) for below
AlxGa(1−x)As band gap excitation energies. The size of the filled circles for the 23%
Al sample indicate the magnitude of the measurement error in the lifetime of ∼ 40 ps.
A selection of dots of comparable photon energy (1326 ± 5)meV in the 23% sample,
which were all excited with the same excitation energy (1718meV) and an equivalent
power density of 4Wcm−2, are indicated by the light gray dots. The inset shows the
histogram of the measured lifetimes of the 23% Al sample and the corresponding values
(in picoseconds) using a bin width of 50 ps. (b) Typical lifetime transient for a quantum
dot at 1393.8meV in the 33% Al sample. The solid black line is a fit to the measured
data. Also indicated in the figure are the radiative lifetime of the dot and the instru-
ment response function (IRF) (gray solid line). (c) Spectrum for the same dot as in (b)
measured with the APD. A Gaussian fit (solid line) was used to determine the full width
at half maximum of 215 µeV. The background counts of the spectrum stem from the
detector’s dark count rate of ∼40 Hz. All the measurements were done at 4.2K.

surements was chosen such that it covers a comparable amount of both proper dots
and pre-dots. An example of a lifetime transient together with the IRF recorded
on the APD is shown in Fig. 3.4b. Fig. 3.4c shows the corresponding spectrum of
the dot. We only excited the dots non-resonantly, with excitation energies below
and above the wetting layer emission energy [102]. Also here, we only include the
radiative lifetime values from exciton transitions that show a linear dependency of
the photoluminescence intensity on the excitation density. For the 13% and 33%
Al samples, we have employed excitation energies of 1589 and 1768meV, respec-
tively. The 23% Al sample was excited at 1718, 1588 and 1525meV. We did not
observe any significant changes of the radiative lifetime values with variation of
the excitation wavelength. Within the linear excitation regime, we were unable
to detect any dependency of the radiative lifetime on the excitation power density
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within all three of the samples. The fits to the data are obtained by means of a
linear regression method using a single exponential decay model (also see Chap-
ter 2.3.2). All correlation coefficients (> 0.993) indicate almost flawless fits to
the model, thereby ruling out the possibility of other recombination mechanisms,
including nonradiative recombination [103]. The inset of Fig. 3.4 shows the cumu-
lative histogram for the 23% Al sample for all excitation energies, normalized over
the entire distribution. The average measured lifetimes for the 13%, 23% and 33%
Al samples are (0.87 ± 0.15)ns, (0.93 ± 0.15)ns and (1 ± 0.2)ns, respectively. All
computations use the same bin width of 50 ps.

3.4 DISCUSSION

The measured radiative lifetime values of Fig. 3.4a agree well with previously
reported values of InAs quantum dots in GaAs [51, 104–106]. On average, the
measured radiative lifetimes show no clear observable dependence on either the
aluminum concentration or on the exciton transition energy. Based on the values
for the radiative lifetime, the transform-limited optical linewidth yields a value
close to 1µeV [95]. Thus we conclude that the measured linewidths of Fig. 3.2,
which are 100× larger, are not determined by the radiative recombination rate.

We propose that the observed behavior of the linewidth as function of alu-
minum composition and for both the proper and pre-dots, displayed in Figs. 3.2
and 3.3, respectively, is due to spectral wandering, caused by charging and de-
charging of local defects in the AlxGa(1−x)As layer. We expect the density of
defects to become larger with increasing aluminum content [99]. This explains the
results in Fig. 3.2, which show that the linewidth of the dots increases when the
aluminum concentration rises above a critical value of about 30%. The results of
Fig. 3.3 show that the pre-dots are more sensitive to the charge fluctuations in
comparison to the proper dots. This is explained by a weaker localization of the ex-
citon wave function. For decreasing localization, i.e., with decreasing confinement
energy, we expect the electron and hole wave functions Ψ(r, t) to increasingly leak
into the surrounding AlxGa(1−x)As barrier. As a result, the transition becomes
more susceptible to the QCSE caused by an induced electric field. This dynamical
electric field can be accounted for by assuming charge trapping and detrapping in
the vicinity of the dot [61,107,108].

If we again turn our attention to the results of Fig. 3.4, we notice a large
variation of the radiative lifetime at a given photon energy (light gray dots). In
our case, the deviation of τX for the selected dots is 0.61–1.37 ns, which is more
than a factor of two. This behavior is different from what has been reported for
the InAs quantum dots in GaAs, where the variation is less than 70% [106].

The quantum dot radii (≈ 12 nm) are smaller than the Bohr radius aB [104]
of approximately 20nm. Therefore, we conclude that our dots are in the regime
of strong confinement [42, 110, 111]. In this regime of strong confinement, the
radiative lifetime τX is inversely proportional to the overlap between the electron
and hole wave functions [48, 106,112,113], i.e., |〈Ψe|Ψh〉|2. The shortest radiative
lifetime corresponds to a maximum overlap of the electron and hole wave functions.
The presence of additional defects in the AlGaAs matrix explains the weakening
(strengthening) of the oscillator strength of the electron–hole pair, owing to a
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built-in electric field that decreases (increases) the overlap of the electron and hole
wave functions via the QCSE.

We calculate the radiative lifetime and emission energy dependence on an ap-
plied electric field of an InAs quantum dot embedded in an Al0.23Ga0.77 matrix,
using a eight band k · pmodel [109] (see Fig. 3.5). The figure demonstrates how an
applied electric field perpendicular to the growth direction reduces the overlap be-
tween the electron and hole wave functions through the d.c. Stark effect, confirmed
by the redshift of the emission energy. This reduced overlap ultimately leads to a
prolongation of the radiative lifetime. Conversely, an electric field applied parallel
to the growth direction imposes a negligible effect on both the radiative lifetime
and emission energy, validating the strong confinement regime of our dots.

The calculations also demonstrate that the spread in the radiative lifetimes
for our dots can be explained by an in-plane electric field of about 50–60 kV/cm.
Therefore, we suspect a possible hideout for the charge traps at the alloy fluctu-
ations between the InAs wetting layer and AlxGa(1−x)As interface. This seems
to be the most straightforward and reasonable explanation for the variation in
radiative lifetime.

We have performed temperature dependent measurements of the radiative life-
time on several individual quantum dots to exclude phonon assisted carrier escape
for the enhancement in the radiative emission rate [52,114]. These measurements,
which are presented in the succeeding chapter, indicate that the radiative lifetime
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Figure 3.5: k · p calculations demonstrating the influence of an applied electric field
on the radiative lifetime (a) and emission energy (b). Calculations were conducted for a
quantum dot with a height of 2nm and a radius of 10 nm. The dot is embedded in an
Al0.23Ga0.77As matrix, assuming a non-negligible intermixing of Ga into the InAs quan-
tum dot of 25%. Electric field is applied both perpendicular (open symbols) and parallel
(solid symbols) to the growth direction, taking into account the Coulomb interaction of
the electron–hole pair. Calculations are courtesy of Joost van Bree (@Eindhoven Univer-
sity of Technology). For details on the used material parameters and a short explanation
of the model theory, see Ref. [109].
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remains constant for temperatures below 35K, thereby ruling out phonon assisted
carrier escape as a possible mechanism. Moreover, the constant value of radiative
lifetime at low temperatures suggests that nonradiative recombination centers play
a minor role in the variation of the radiative lifetime. From a comparison between
several individual exciton transitions, we did not find any correlation between the
radiative lifetime and the photoluminescence intensity.

3.5 CONCLUSIONS

In summary, we discuss the linewidth broadening of individual quantum dots as
function of photon energy. This we consider to be the result of local charging and
de-charging of charge centers in the vicinity of the dot, caused by randomized defect
incorporation into the AlxGa(1−x)As matrix. The density of charge traps increases
with increasing aluminum content, constituting a local built-in electric field. This
electric field leads to larger broadening of individual exciton transitions through
the QCSE. For dots that have a high photon energy, i.e., the pre-dots, the decreased
localization of the exciton wave function leads to an enhancement of the linewidth
broadening. For the first time, we have performed time-resolved measurements
on individual InAs quantum dots within a strong confining AlxGa(1−x)As barrier
matrix. Our time correlated measurements reveal that small variations of the
electrostatic potential in the local environment of the dot are non-negligible and
have a profound effect on the radiative lifetime of the dot.



CHAPTER 4
Temperature Dependence of the Linewidth and Radiative
Lifetime of Single InAs Quantum Dots Embedded in an
Al0.23Ga0.77As Matrix

Abstract
In this chapter, we investigate the dependence of the linewidth broadening and ra-
diative lifetime for individual InAs quantum dots in an Al0.23Ga0.77As matrix on
temperature. As we have seen in the previous chapter, we expect that the amount
of aluminum in the matrix compromises between good optical quality of the dots
and deep confinement of the charge carriers. In accordance with previous studies,
for increasing temperature, the ground state exciton lineshape progressively devi-
ates from the expected Lorentzian profile, with the appearance of acoustic phonon
sidebands. The final quantum dot eigenstates result from a superposition of the
zero-phonon line and multiples of acoustic phonon replica. From the quenching
of the integrated photoluminescence at higher temperatures, we compute the ac-
tivation energy needed for the charge carriers to escape the confining potential.
The temperature-dependent width of the zero-phonon line is well reproduced by
a thermally activated behavior. From the progression of the full width at half
maximum of the optical transition with increasing temperature, we determine the
acoustic broadening coefficient and the critical escape temperature. We observe
that the extrapolated linewidth of the dots at zero temperature is determined by
an inhomogeneously broadened lineshape, and never by the radiative transform
limit. Moreover, spectral wandering processes occur at a constant rate, inde-
pendent of the temperature. Both observations are different from the generally
observed behavior of conventionally grown InAs quantum dots in GaAs.

4.1 INTRODUCTION

Energy relaxation processes in semiconductor quantum dots are long studied phe-
nomena of exciton-phonon interaction in localized systems [52, 53, 115–118]. At
elevated temperatures, besides quenching of the photoluminescence, the elastic
scattering interaction of the exciton by optical or acoustic phonons is revealed by
the combined broadening of the optical transition linewidth and a reduction of
the total recombination time [94,119–122]. Semiconductor quantum dots combine
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a weak phonon-coupling with a high oscillator strength due to the mesoscopic
character of the electron and hole wave functions. This coupling strength can be
enhanced by, for example, increasing the local charge carrier density or chang-
ing the size and shape of the quantum dot [123]. At low temperature phonon
scattering is reduced in a quantum dot and the remaining broadening arises from
relatively slow fluctuations of the environment [95,124].

In single dot spectroscopy, for a homogeneously broadened system, the line-
shape is represented by a Lorentzian lineshape. This is based on the fact that
the Lorentzian arises from the Fourier transform of an exponential, describing the
kinetics of the system in terms of a (finite) radiative lifetime. The time evolution
of a single optical transition is said to be inhomogeneously broadened, when it
resembles a collection of the individual oscillators around a central frequency that
differ in center frequency and decoherence dynamics [125]. The inhomogeneous
broadening can be regarded as a statistical phenomenon, with the Gaussian rep-
resenting the ideal lineshape function after averaging over numerous events. This
type of broadening usually results from randomized interactions with a fluctuating
environment [107], as was the case for the dots studied in chapter 3. In order to
describe the lineshape of a realistic system, comprising both homogeneous and
inhomogeneous broadening, one often uses a convolution of the two models, i.e.,
a Voigt function. The full width at half maximum of the Voigt function yields
an exact solution in the limiting cases where full width at half maximum of the
Lorentzian (Gaussian) function approaches zero (infinity), i.e., the lineshape is
composed of a pure Lorentzian and Gaussian function.

With increasing temperature, the lineshape of a homogeneously broadened
system is accompanied by the appearance of sidebands around the central line,
which is dubbed the zero-phonon line (ZPL). The appearance of sidebands around
the ZPL at lower (higher) energies is the net result of emission (absorption) of
acoustic optical phonon multiples [52,53,126]. Initially, there is only a contribution
to the low-energy side of the ZPL due to phonon emission. At more elevated
temperatures, the emission and absorption contribute equally and the sidebands
become more symmetric around the ZPL.

In the following, we will investigate the linewidth broadening of the optical
transition for a number of individual quantum dots in the 23% aluminum sample
as a function of temperature. As seen in the previous chapter, the 23% aluminum
sample compromises between deep confinement of charge carriers and good optical
quality of the quantum dots. The study concerns the inhomogeneous linewidth
broadening of single exciton transitions within a moderate temperature regime,
i.e., T ≤ 100 K. In this temperature regime, the majority of the spectral weight
lies within the inhomogeneously broadened central line, and therefore it suffice to
fit the exciton transition with a single Gaussian function. For temperatures above
40K, an additional lineshape function is applied to describe the photoluminescence
in the side wings of the spectra, which result from the absorption and emission of
optical phonons. As our primary interest is with the temperature induced broad-
ening effects of the central line, this last contribution to the spectrum is omitted in
the analysis. We discuss the temperature dependency of the peak energy position
of the central line. In the last part of this chapter, we study the temperature
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dependence of the radiative lifetimes of an individual exciton transition. All of the
studies are done within the framework of the previous chapter and strengthen our
opinion that the spectral wandering process is the most dominant process for the
broadening of the linewidth.

4.2 METHODS & SAMPLE STRUCTURE

The sample was grown by molecular beam epitaxy on a GaAs semi-insulating
(undoped) substrate. Starting from a 300 nm thick Al0.23Ga0.77As buffer layer,
200nm of Al0.23Ga0.77As was deposited to define the barrier. Subsequently, InAs
quantum dots were created by wetting the Al0.23Ga0.77As layer with 1.8 to 1.9
mono layers of InAs. The quantum dots were functionalized by capping with
100nm of Al0.23Ga0.77As, followed by 2 mono layers overgrowth with GaAs to
prevent oxidation of the Al0.23Ga0.77As layers underneath.

The dots were excited with a titanium doped Sapphire laser, operating at
76MHz with a pulse width of 5 ps. Following the excitation, the luminescence
was collected in backscattering geometry using a 100× objective. The PL signal
was dispersed and registered in a 0.5m spectrometer on either a Si charge coupled
device or on a Si avalanche photo diode operated in Geiger mode. The overall
optical resolution of the setup was approximately 70 to 80µeV.

4.3 RESULTS

4.3.1 Linewidth broadening and activation energy

In Fig. 4.1 we show the temperature dependence of a spectrum of a single iso-
lated quantum dot, which we dub QD1, located at 1396.9meV at low temperature.
As can be seen in the figure, sidebands appear progressively around the central
transition energy with increasing temperature as a result of the phonon interac-
tion [52, 122]. At first, these side wings appear on the low energy side of the
spectrum only as a result of the emission of acoustic optical phonons. At more
elevated temperatures, the sidebands becomes more symmetric around the ZPL,
implying an equal contribution in terms of absorption and emission of phonons to
the transition.

The insets show the integrated photoluminescence intensity in an Arrhenius
plot and the full width at half maximum of the linewidth as a function of temper-
ature, respectively. From the Arrhenius plot, we determine the activation energy
EA by using the equation I(T ) = I(0)/[1+C·exp(−EA/kBT )] [127], with I(T ) the
integrated photoluminescence intensity of the quantum dot at temperature T , C is
a fitting constant proportional to the ratio between the density of nonradiative re-
combination centers to that of the optically active states, and kB =86.2 µeV·K−1 is
the Boltzmann constant. The energy EA of about 10meV is related to the energy
needed to dissociate the ground state exciton of this particular quantum dot [128].
The value of the activation energy is lower than the previously reported values
for InGaAs quantum dot structures in GaAs [52, 129], which could be attributed
to the increased density of defects and dislocations in the barrier material that
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Figure 4.1: Spectrum of quantum dot 1 (QD1) centered at 1396.9meV (T = 5 K),
normalized to the integrated intensity, as function of temperature. As illustrated by the
photoluminescence lines measured at T =25 K and T =60 K, with increasing temperature,
sidebands appear progressively around the central zero-phonon line (solid line). The top
left inset shows the Arrhenius plot, which gives the activation energy of approximately
10meV. The top right inset show the evolution of the full width at half maximum of the
linewidth as function of temperature. For moderate temperature values, the measured
thermal broadening is 0.7 µeV·K−1. At more elevated temperatures, we deduce the
optical phonon energy ∆E = 21 meV. From linear extrapolation we obtain 77 µeV for
the zero-temperature linewidth. The solid black line represents the best fit to the data,
using the parameter values as indicated in the figure.

provide additional channels to quench the luminescence by means of nonradiative
recombination [55,130].

The temperature dependence of the homogeneously broadened linewidth of
the ground-state exciton in semiconductor quantum wells (QW) was predicted to
be [94,131]
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Figure 4.2: Spectrum of quantum dot 2 (QD2) centered at 1363.8meV (T = 5 K),
normalized to the integrated intensity, as function of temperature. The photolumines-
cence lines measured at T = 30 K and T = 70 K illustrate the appearance of sidebands
around a central lineshape profile (solid line), progressively controlling the full width at
half maximum. The top left inset shows the Arrhenius plot. The fit gives the activation
energy of approximately 9meV. The top right inset show the temperature dependence
of the linewidth. From the fit (solid line) we obtain the parameter values as indicated
in the figure. The measured thermal broadening is 1.7µeV·K−1, starting from the zero-
temperature linewidth Γ0 of 53 µeV. At higher temperatures, we find an optical phonon
energy of 26meV.

ΓQW =Γh + γacT + γop/[exp(~ωLO/kBT )− 1]. (4.1)

The first term corresponds to the zero-temperature dephasing rate, which is
given by the radiative lifetime τX, i.e., Γh = ~/τX, assuming that the dephas-
ing time is larger than the radiative lifetime. The linear term stems from the
absorption of acoustic phonons of energies smaller than the thermally activated
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kinetic energy kBT at a constant rate γac. The last term reflects the absorption
of longitudinal optical (LO) phonons, described by a Bose distribution function
with ∆E=~ωLO the LO phonon energy. When applied to the description of the
lineshape of quantum dots, the model equation is only valid for temperatures up
to 60K, as it leads to an underestimation the thermally activated broadening of
quantum dots in comparison to quantum wells for more elevated temperatures [94].

In the case of inhomogeneously broadened lineshapes of quantum wells, the first
term of Eq. 4.1 is replaced by the zero-temperature inhomogeneously broadened
constant Γ0, and an additional term is introduced that is related to the free exciton
scattering from (ionized) impurities [132]. Thus we obtain the following model
equation

Γ = Γ0 + Γimpe
−〈Eb〉
kBT + γacT +

γop

e
~ωLO
kBT − 1

, (4.2)

where Γimp represents the linewidth due to impurity scattering and 〈Eb〉 is the
impurity binding energy averaged over all possible locations. In our case, the first
two terms can be related to the linewidth broadening resulting from the fluctu-
ations of a “charged” background. The constant term then represents the inho-
mogeneous broadening effects on the linewidth, such as spectral wandering. The
thermally activated term describes the temperature dependence of the inhomoge-
neous broadening effects. The temperature dependent behavior of the linewidth
at low temperatures however, as shown in the right insets of Figs. 4.1 and 4.2, dis-
plays a linear dependency. Therefore, we conclude that spectral diffusion processes
occur at a constant rate, independent of the temperature.

We apply the model to the linewidth broadening of QD1, shown in the inset
at the right-hand side of Fig. 4.1. The behavior of the linewidth as function of
temperature is well described by the linear term up until a critical temperature of
approximately 30K. From the fit (solid black line), we obtain the thermal acoustic
broadening coefficient γac of (0.7 ± 0.5) µeV·K−1, the zero temperature linewidth
Γ0 = (77 ± 9) µeV, the optical phonon broadening coefficient γop = (9 ± 2) meV,
and the longitudinal optical phonon energy ∆E=(21± 2) meV.

Next, we select a dot with a ground state emission energy of 1363.8meV at low
temperature, which we name QD2. The temperature dependence of its emission
spectrum, together with the normalized integrated photoluminescence intensity
and the linewidth, are shown in Fig. 4.2. In accordance with the previous section,
the relevant parameters are extracted by applying the proper fitting function to
the data. Thus we obtain the activation energy EA = (9.3 ± 0.6)meV. For the
other model parameters we deduce the following values, γac =(1.7 ± 0.6) µeV·K−1,
Γ0 = (53 ± 12)µeV, γop = (25 ± 7)meV, and ∆E= (26 ± 2)meV.

Based on the investigation of these two dots, we readily draw some preliminary
conclusions. Both values for the thermal acoustic broadening coefficient γac are in
agreement with the values reported earlier in literature [53,94,133]. Both dots show
a LO phonon energy lower than the characteristic optical-phonon energy in bulk
GaAs of about 36meV, which is in agreement with values reported in literature for
InAs quantum dots in GaAs [53,123,124,134–136]. The energy difference between
the bulk value and that of the quantum dots could be attributed to strain and



CHAPTER 4 51

phonon confinement effects [134,137–139].
In the following, we perform a more systematic investigation of the broadening

mechanisms by measuring various dots with different photon energies at moderate
temperatures. The results of this investigation are listed in Table 4.1. Besides
the dots’ nomenclature and the central transition energy EC, the table displays
the deduced values for the activation energy EA, the nonradiative recombination
rate C, the zero-temperature linewidth Γ0, the acoustic broadening coefficient γac,
the optical phonon broadening coefficient γop, and the LO phonon energy ∆E,
respectively. In the absence of datapoints at high enough temperatures (T >50 K),
the contribution of the optical phonons can not be determined in all cases.

Interestingly, we deduce that the phenomenological constant C, which is re-
lated to the nonradiative recombination rate, can be associated with the activation
energy EA. This is illustrated in Fig. 4.3, where we plot the ratio C as a function of
the activation energy. The figure indicates that dissociation of the exciton exhibits
a linear relation to the ratio of the nonradiative to the radiative recombination
rate. This is quite a remarkable result, since the two parameters are expected to
be uncorrelated. The activation energy of quantum dots in general can be related
to the thermally activated energy to dissociate the exciton. While the nonradia-
tive recombination rate is associated with thermal escape from the quantum dot
assisted by carrier scattering via the emission of longitudinal phonons through ex-
cited states at higher temperatures [140]. The obtained relationship thus suggests
that the probability of nonradiative recombination is higher when the energy dif-
ference between the exciton ground state and activation energy becomes larger.
In other words, with increasing localization of the exciton, and time spend in the
quantum dot, the probability of nonradiative recombination increases.

The sixth column of Table 4.1 shows the thermal broadening coefficient γac.
We observe that a description of the linewidth broadening in terms of the exciton
phonon interaction yields values of γac comparable to those of the homogeneously
broadened dots [53,94,124]. This again excludes temperature activated processes,
and justifies the description of the spectral wandering in terms of a temperature
independent factor.

Table 4.1: Obtained parameter values for various quantum dots (QDs) located at dif-
ferent ground state transition energies EC (T = 5 K). QD1 and QD2 were measured in
two separate runs and therefore appear twice in the table. All the measured values are
in meV, unless indicated different.

QD EC EA C Γ0 [µeV] γac [µeV·K−1] γop ∆E
QD1 1396.9 10 ± 1 37 ± 12 77 ± 9 0.7 ± 0.5 9 ± 2 22 ± 2
QD1 1395.9 8.8 ± 0.3 23 ± 2 84 ± 4 1.4 ± 0.2 –* –*

QD2 1363.8 9.3 ± 0.6 30 ± 5 53 ± 12 1.7 ± 0.6 25 ± 7 26 ± 2
QD2 1363.3 8.7 ± 0.3 22 ± 3 107 ± 4 1.5 ± 0.2 –* –*

QD3 1364.9 12 ± 3 65 ± 15 75 ± 5 0.4 ± 0.2 18 ± 3 27 ± 2
QD4 1357.0 7.7 ± 0.1 36 ± 16 70 ± 7 0.8 ± 0.4 13 ± 4 26 ± 3
QD5 1388.7 10.5 ± 0.9 44 ± 9 41 ± 4 0.5 ± 0.4 –* –*

* In the absence of datapoints at elevated temperatures, γop and ∆E are not determined.
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Figure 4.3: Nonradiative recombination rate plotted as function of activation energy
for the dots of Table 4.1. Serving as a guide to the eye, the dashed line is a linear fit to
the data.

In the last two columns of Fig. 4.1 the values related to the LO phonon medi-
ated escape mechanism are listed. For the LO phonon energy ∆E, the majority of
the values coincide with the values previously reported in literature [53,133]. The
obtained values show no clear dependence on the photon energy, which could be an
indication that the optical phonon energy is determined by strain and confinement
effects related to the AlGaAs matrix [134].

Two independent measurements of the same dot, allows us to investigate the
influence of the local electrostatic environment and the surrounding barrier ma-
trix on the optical transition. The resulting spectra of QD1 and QD2, both also
measured up to a maximum temperature of 40K in a secondary run, are shown
in Fig. 4.4. In this context, separate runs indicate thermal cycling of the cryostat
between room temperature and cryogenic temperatures. Following the discussion
of Eq. 4.2, we argue that with each thermal cycle, the inhomogeneous broadening
of the linewidth occurs at a constant rate, independent of the temperature. The
homogeneous broadening, originating from the interaction with optical and acous-
tic phonons, constitutes the temperature dependence of the linewidth broadening.
In other words, inhomogeneous broadening effects are governed by the local en-
vironment of the dot, whereas the matrix, i.e., the host, determines the phonon
interactions. This translates into variation of the parameters EC, EA, C, and Γ0

with each thermal cycle. The parameters describing the phonon interaction, γac,
γop, and ∆E, on the other hand, are determined by the host material and therefore
are expected to remain constant with each cycle. The latter statement may appear
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Figure 4.4: Temperature dependence of the optical transition energy of QD1 (a) and
QD2 (b) measured in two separate runs using thermal cycling. The dark grey spec-
tra indicate the first run, previously displayed in Figs. 4.1 and 4.2, respectively. The
insets in each figure show the temperature dependence of the integrated photolumines-
cence intensity in an Arrhenius plot. From the fit (black solid lines), we obtain the two
thermal activation energies. From the model equation 4.2, the black solid lines are the
corresponding fits to the data.

to be rather bold since most of the phonon related parameters are undetermined
in the second run. An additional verification of this statement however, will be
given in the following section where we discuss the temperature dependence of the
peak photoluminescence energy.

As can be seen from Table 4.1, there is a variation of the local parameters
with each thermal cycle. With both measurements performed under the same
experimental conditions (same excitation energy, low excitation density power),
the fluctuations may be attributed to “day-to-day” variation of the electrostatic
environment as seen by the dot. The dynamics of the fluctuating environment
can be represented in a simple model where a group of uncorrelated traps induce
a Stark shift of the quantum dot emission line. Each thermal cycle is expected
result in a different defect distribution and (de)activation of charge traps, leading
to a variation of the local parameters [141].

4.3.2 Peak energy position

In this section, we apply a two oscillator model to describe the evolution of the
photon energy with temperature. From the obtained model parameters, we will
show that the photoluminescence peak position as function of temperature is af-
fected in a similar manner as the temperature induced linewidth broadening. The
exact position is determined by the local environment and the shift of the emission
energy by the phonon interactions, proven by similar behavior of different dots.

A comprehensive description of the band gap energy in semiconductor physics
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as function of temperature was first done by Varshni [142]. The model, taking
into account the Bose nature of the phonon distribution, was developed further
by Viña [143] and brought more into an agreement with experimental data by
Pässler [144]. For the fitting of the central energy peak position of the optical
transition, we adopt the two oscillator model as developed by Pässler, which is
applicable to describe the evolution of the peak energy position for quantum dots
as function of temperature [145,146]. We write the equation

EC(T ) = EC(0)− α
(

W1Θ1

exp(Θ1/T )− 1
+

W2Θ2

exp(Θ2/T )− 1

)
, (4.3)

here α = −dE(T )/dT |T→∞ is the slope of the linear T dependence in the high
temperature limit with phonon temperatures Θ1,2 =ε1,2/kB. The weighting func-
tion is given by w(ε)=W1δ(ε− ε1) +W2δ(ε− ε2), with ε1,2 are the energies of the
oscillators with weights W1,2, correlated by W1 +W2 =1 as set by the normaliza-
tion condition

∫
dεw(ε)=1. The average phonon temperature and the dispersion

coefficient are Θ=W1Θ1 +W2Θ2 and ∆=
√

(Θ2 −Θ)(Θ−Θ1)/Θ. In this model,
the low energy oscillator as described by the discrete Θ1 phonon temperature, is
dominant in the cryogenic region and is associated with the emission/absorption of
transverse acoustic (TA) phonons, i.e., Θ1≈ΘTA. The high energy oscillator asso-
ciated with the high energy phonons comprises the effects of longitudinal acoustic
(LA), longitudinal optical (LO) and transverse optical (TO) phonons. In general,
the oscillator strength of the high energy oscillator is about a factor of 3 to 4 higher
than that of the low energy oscillator in bulk GaAs. For bulk AlxGa(1−x)As, the
average phonon temperature Θ and the dispersion coefficient ∆ are dependent
on the aluminum composition x [147]. The increase of the average phonon tem-
perature with increasing x is attributed to an increment in energy of the optical
branches in the phonon spectra rather than the longitudinal ones [98].

We fit the peak energy position of the spectra of QD1 and QD2 as shown
in Figs. 4.1, 4.2, and 4.5 using Eq. 4.3. The results of the fitting procedure,
accompanied by the obtained parameter values, are displayed in Fig. 4.5 and
Table 4.2, respectively. Employment of Eq. 4.3 yields a very good fit to the data
provided enough data points are available at high temperature. In order to fit the
data in the low temperature regime as obtained for the two dots in the second
run, we apply Eq. 4.3, omitting the contribution of the high energy phonons,
thereby maintaining the Bose character of the phonon distribution. The resulting

Table 4.2: Obtained parameter values for QD1 and QD2 by least-mean-squares fits of
EC(T ) using the two oscillator model of Eq. 4.3.

QD EC(0) [meV] α [meV/K] Θ [K] ∆ W1 = 1−W2 Θ1 [K] Θ2 [K]
QD1 1 1396.9 0.25 ± 0.01 123 ± 2 0.35 ± 0.01 0.22 ± 0.06 42 ± 4 146 ± 5
QD2 1 1363.8 0.25 ± 0.01 126 ± 3 0.35 ± 0.01 0.17 ± 0.04 27 ± 7 146 ± 8
QD1 2 1396.9 0.60 ± 0.10 235 ± 3 0.44 ± 0.05 0.38 ± 0.04 102 ± 8 315
QD2 2 1363.8 0.59 ± 0.07 236 ± 5 0.44 ± 0.05 0.37 ± 0.06 101 ± 6 315
1 Analysis done with Pässler (two-oscillator) model, using four parameters for fitting.
2 Analysis done with Viña-like model, omitting the high oscillator strength of Eq. 4.3, with Θ2 fixed at
315K (GaAs bulk value).
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Figure 4.5: The temperature dependence of the energy peak position (solid symbols)
of QD1 (a) and QD2 (b), respectively, measured in two separate runs. The first run is
displayed by the circular symbols, whereas the squared symbols correspond to the second
run. The energy peak positions are fitted with the Pässler (solid black line) and Viña-like
model (dash dotted line). The right axes show the temperature dependence of the full
width at half maximum of the linewidth for the two dots (open symbols). The dotted
lines represent a linear fit to the data for temperatures below 40K.

equation resembles the model as developed by Viña [143] and therefore we use his
name accordingly. As expected, the Viña model underestimates the temperature
dependence at low temperature, but provides a nice fit to the data in the linear
regime for temperatures above 40K [147].

The temperature dependence of the linewidth for QD1 in Fig. 4.5a, here plotted
on a linear scale (also see Fig. 4.1), shows how an insufficient number of datapoints
in the second run possibly leads to a wrong predicament of the local parameter
Γ0 and host parameter γac. For example, applying a fit to the data discarding the
linewidth value at 30K, yields Γ0 =(97± 10) µeV and γac =(1.0± 0.3) µeV·K−1.
These values would contribute to the explanation of the temperature dependent
linewidth broadening in terms of the local versus host parameters, as discussed at
the end of the preceding section, meaning that the local parameter varies and that
the host parameter remains constant with each thermal cycle.

Comparison of the two dots in Fig. 4.5 reveals a remarkable similar behavior of
the shift in main peak energy. All of the parameters concerning the phonon induced
broadening are comparable for both dots, regardless of the applied model. We
therefore conclude that the description of the temperature dependence of the peak
energy position is determined the host material in terms of the electron phonon
interactions [133]. The most striking feature however appears to be the difference
in the emission energy at zero temperature with each thermal cycle. We attribute
this to an alteration of the local electrostatic environment, as discussed previously.
Also here, it appears that the influence of the fluctuating environment can be
represented by a constant parameter, i.e., the difference in emission energy EC(0).
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Variation of this parameter of a single dot can be attributed to redistribution of
defect centers and (de)activation of charge traps, set with each thermal cycle.

4.4 RADIATIVE LIFETIME

To conclude this chapter, we will address the temperature dependence of the ra-
diative lifetime. The simplest model stems from the Wigner-Weisskopf model of
spontaneous emission [148]. In this model, when applied to the electron-phonon
system, the carrier relaxation in the quantum dot is exponential and proportional
to density of phonon modes and the coupling strengths. A repeated energy ex-
change between the electron and phonon modes would result in Rabi oscillations.
However, as the confined LO phonons decay rapidly into acoustic phonons [149],
the electron’s energy is dissipated away through elastic interactions with the LO
phonons [150]. For an ideal QD, dynamic processes, such as nonradiative recombi-
nation, thermal excitation, migration, and tunneling of carriers are irrelevant and
photoluminescence decay spectra represent the rate of radiative recombination.
At temperatures below 50K, carriers are frozen into different individual quantum
dots, prohibiting carrier redistribution and tunneling among the quantum dots.
Therefore, each of the quantum dots behaves as a single ideal quantum dot with
a nearly constant photoluminescence lifetime as function of temperature.
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Figure 4.6: Radiative lifetimes of QD1 centered at 1396.0meV (T =5 K) as a function
of temperature.
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In Fig. 4.6, we show the temperature dependence of the radiative lifetime of
QD1 for temperatures up till 70K. The radiative lifetime first slightly decreases
with increasing temperature, but then increases for temperatures above 40K. The
temperature dependence of the radiative decay in this low temperature regime
is unexpected for quantum dot structures, owing to the constant spontaneous
emission rate ΓR [151]. Therefore, the decrease in radiative lifetime is most likely
to be caused by an increase in the nonradiative recombination rate ΓNR, which is
related to the total decay rate Γdec via Γdec = ΓR + ΓNR [152]. We assume the
increase of ΓNR to be caused by thermal activation of nonradiative recombination
centers.

For temperatures above 35K, previously conducted studies on time-resolved
ensemble luminescence of InAs quantum dots in GaAs reveal a significant influ-
ence of the wetting layer on the exciton dynamics, mediating thermal escape and
replenishment of charge carriers among the dots, which results in an increase of
the radiative lifetime [103, 152–154]. Here, we focus on a single isolated exciton
transition, where thermal population of excited states becomes important at more
elevated temperatures [155]. In this case, the effective lifetime of the exciton tran-
sition is determined by the oscillator strength of the excited state involved. As a
result of difference in effective mass, excited hole states are expected to be pop-
ulated first. The low probability for recombination between the electron ground
states and these excited hole states effectively leads to a prolongation of the ra-
diative lifetime [156]. Finally, for temperatures above 150K [154], we expect the
radiative lifetime to decrease eventually as the result of nonradiative recombina-
tion processes [157], thermally induced population of dark exciton states [158] and
thermally induced carrier redistribution among the quantum dots [117].

4.5 CONCLUSIONS

In conclusion, we have shown that the temperature dependent linewidth broaden-
ing of InAs quantum dots in an AlxGa(1−x)As matrix is described by the model
of interacting acoustic and optical phonons. Day-to-day behavior of an identical
dot is explained from a modification of the local environment caused by redistri-
bution and freezing out of localized defects. The zero-temperature linewidths of
the dots is determined by processes resulting from spectral wandering, rather than
the intrinsic radiative lifetime. Inhomogeneous linewidth broadening of individual
transitions occurs at a constant rate, independent of temperature. These observa-
tions are confirmed by the analysis of the shift in peak photoluminescence energy
with increasing temperature. Time-resolved photoluminescence measurements on
an isolated transition first show a slight decrease in radiative lifetime, followed by
an increase for temperatures above 40K. This behavior is explained by thermal ac-
tivation of defect centers with increasing temperature, and subsequent population
of excited states at even higher temperatures.
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CHAPTER 5
Radiative Coupling of Single InAs Quantum Dots to Gold
Colloidal Metal Nanoparticles

Abstract

Using low temperature photoluminescence, we investigate an exciton–plasmon hy-
brid system comprising an InAs quantum dot embedded in a GaAs matrix and a
colloidal gold metal nanoparticle. The initial macro-photoluminescence spectrum
shows a bimodal distribution of the ground state exciton transition energies in
our quantum dots, which were grown by the droplet epitaxy technique. To op-
tically characterize our dots, we perform time resolved photoluminescence single
dot spectroscopy measurements. We find the linewidth of individual transitions to
be comparable to the conventionally grown InAs quantum dots by the Stranski-
Krastanow growth method. As function of photon energy, the radiative lifetimes
of individual transitions matches the previously reported values for dots grown by
the Stranski-Krastanow growth method. Both characteristics are indicative for an
excellent optical quality of our dots. Employing standard electron beam lithogra-
phy, we create ridged structures and nanomesas, suitable for the creation of a solid
state quantum dot –metal nanoparticle hybrid system. The photoluminescence
emerging from the ridged structures before and after the colloidal deposition are
mapped out in two dimensions. As a result of nonradiative recombination at the
sidewalls of the ridges, the peak photoluminescence intensity, which emerges from
the wetting layer, quenches in favor of the quantum dot luminescence. With the
deposition of the gold colloids, the bimodal distribution transforms into a Gaussian
distribution, favoring only photoluminescence emerging from the low energy side
of the spectrum, completely suppressing the high energy side photoluminescence.
This observation is explained in terms of the radiative coupling of the ground
state excitons that are created inside the quantum dots, to the plasmons inside
the gold metal nanoparticles. The high energy charge carriers, initially populating
the higher energy levels inside the quantum dots and the localized states inside
the wetting layer, are dissipated nonradiatively inside the metallic nanoparticles.
The observed photoluminescence enhancement of about a factor of two coincides
with the theoretically predicted values and is explained by an enhancement in the
radiative emission rate.
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Figure 5.1: Schematic representation of the quantum dot –metal nanoparticle (MNP)
hybrid system.

5.1 INTRODUCTION AND MOTIVATION

In recent years, there has been an exponential rise in the experimental efforts
to control the spontaneous emission dynamics of a quantum emitter by the Pur-
cell effect [67, 69, 82, 83, 86, 87, 159–163]. The interest is mostly stimulated by the
advances in modern technology allowing fabrication of well-defined metal nanos-
tructures, which support coupling of localized plasmons and semiconductor quan-
tum dots (QDs) acting as single quantum emitters [164]. The probability of the
spontaneous emission rate for the transition between the excited state i and the
lower-energy state j is given by Fermi’s golden rule as Γi→j=( 2π

~ )|〈j|Ĥ|i〉|2ρ(νij),
with 〈j|Ĥ|i〉 the interaction matrix element between the two energy levels and
ρ(νij) the optical field density at the transition frequency νij , hereafter referred to
as the photonic mode density [165]. The matrix element between the initial and
final state thus determines part of the emission, but the photonic mode density
additionally provides a bath of electromagnetic modes into which the (excess) en-
ergy can be released. As a consequence, the rate of the spontaneous recombination
of the coupled emitter-plasmon system can significantly be increased above that
of an isolated emitter, owing to a local increase in the photonic mode density near
the metallic nanoparticle (MNP).

Similar to the Purcell effect of a solid-state emitter in an optical dielectric mi-
crocavity with Bragg mirrors [25,166] or coupled to a photonic crystal cavity [167],
this mechanism can be useful for designing semiconductor single-photon emitting
devices. Both approaches imply resonant coupling of a quantum emitter to an elec-
tromagnetic cavity mode, resulting in an increase of the emission yield and an im-
proved light collection. These improvements can be crucial for room-temperature
operation of the single-photon emitters and for the shaping and controlling of the
spontaneous emission rate [168]. A potential advantage of the metal plasmonic
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cavity over the dielectric one is a much broader resonance frequency, which sim-
plifies the achievement of resonant conditions. However, the strong dissipation of
confined plasmonic modes remains challenging [79]. Experimental implementation
of plasmonic light enhancement requires the positioning of the quantum emitter
in the near field of the metallic nanoparticle with a nanometer-scale precision [85].
Therefore, precise optimization of the structures is an important prerequisite for
substantial improvements to the radiative properties of the single emitter. Contri-
butions to the radiative properties of the coupled system either stem from improve-
ment of the light absorption (excitation enhancement) or changes in the decay rates
(emission enhancement or quenching). Modification of the radiative properties of
the isolated emitter is susceptible to the potential device application. For exam-
ple, a photovoltaic or photochemical reaction benefits from maximized absorption
enhancement combined with minimized radiative decay rates [65]. Conversely, a
plasmon-enhanced light emitting diode requires the exact opposite [169].

(a) (b)
Wavelength [nm]

Enhancement

Factor [a.u.]

Figure 5.2: Two-dimensional contour plots of the resonance wavelength (a) and respec-
tive enhancement factor (b), calculated for the dipole plasmon resonances as a function
of the diameter of the gold sphere and the effective permittivity. The calculation is per-
formed for the radial orientation of the emitting dipole with respect to the surface of the
sphere. The distance between the surface of the metallic sphere and the emitter is 4nm
and the initial emission yield of the emitter is Y0 =0.001. Indicated in the figure are the
expected resonance wavelength and enhancement factor for a 100nm gold nanoparticle
embedded in a dielectric medium with an effective permittivity of 7. The modeling and
calculations are courtesy of Alexey Toropov. Further details can be found in Refs. [8]
and [170].

Although in potential very promising, establishing a trustworthy device based
on the coupling between quantum dot and metallic nanoparticle, has been proven
to be experimentally difficult. In this chapter, we will discuss in detail the chal-
lenges one has to face when creating a potential device comprising nanostructured
III-V semiconductor materials and metallic nanoparticles [81, 84]. A schematic
representation of our system of choice, based on an InAs quantum dot embed-
ded in GaAs and a gold metal nanoparticle, is shown in Fig. 5.1. The aim is to
establish radiative coupling by means of optical excitation between the plasmons
embedded in the gold metal nanoparticle and the confined excitons inside the InAs
quantum dot. In the figure, R is the distance between the surface of the gold metal
nanoparticle and the quantum dot, whereas the radius of the gold metal nanopar-
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ticle is denoted by RMNP. Although simplistic by nature, the picture effectively
illustrates the goals that have to be set in order to establish resonant coupling
between the emitter and the gold metal nanoparticle.

First, the size of the gold particle RMNP has to be chosen such that the peak
of the plasma frequency overlaps with the emission frequency of the emitter. Al-
though the bandwidth of the plasma frequency of a gold metal nanoparticle is large
(typically in order of 400meV depend on the size) [171], the dielectric environment
in combination with the size of the gold particle shifts this frequency significantly.
Theoretically calculations were performed to determine the resonance wavelength
of a spherical gold metal nanoparticle [170]. The results are displayed in Fig. 5.2a
for a spherical gold nanoparticle coupled to a quantum emitter, situated at 4nm
distance from the metallic nanoparticle. In the calculation, the initial emission
yield of the emitter Y0 is set at 0.1%. Tuning the initial yield of the emitter Y0
affects the width of the resonance frequency as well as the enhancement factor,
which is defined as the ratio between the initial yield and the emission yield as
Y/Y0. The position of the resonance frequency however remains unchanged (also
see Fig. 1.10 and accompanying text). Fig. 5.2b shows the corresponding en-
hancement factor for an emitting dipole radiatively coupled to the gold sphere
in radial orientation. Highlighted in the picture (dashed white lines), are the ex-
pected resonance wavelength and respective enhancement factor for the system of
our choice, based on the assumption of an effective permittivity of 7, constituted
by the combined ambient permittivity and the permittivity of the semiconductor
material. The maximum plasmonic enhancement, which can be achieved for the
hybrid system, exhibits an optimum diameter that depends on the plasmonic ma-
terial through the imaginary parts of the dielectric function of the metal. The
amount of reradiation, which comprises the ratio between the dipolar scattering
and extinction cross sections, is proportional to the diameter of the sphere. For
small diameters, the emitted light mainly scatters off the metal surface, whereas
for large diameters, the outcoupling power is compromised by retardation effects.
The competing mechanisms of the emission rate enhancement and the amount
of reradiation give rise to a trade-off of the maximum plasmonic enhancement,
thereby constituting an optimum of the sphere diameter.

Once the photon energy of the quantum emitter lies within the bandwidth of
the resonance frequency of the metallic nanoparticle, the two have to be brought
into close proximity. As a prerequisite, the distance R between the surface of the
metal nanoparticle and the quantum emitter must be less than 80 nm to establish
radiative coupling [172]. However, as a result of the nonresonant higher order plas-
monic modes there exists an optimum distance (4<R< 15 nm) of the plasmonic
enhancement. At short interparticle distances, the multipole plasmonic modes,
which do not efficiently couple to the far field (dark modes), are responsible for
the quenching of the plasmonic enhancement of the hybrid system [8, 79]. The
largest plasmonic enhancement can be obtained by placing the metallic nanoparti-
cle in the high intensity electromagnetic field of the quantum emitter. In our case,
with the quantum dot modeled as a dipole emitter with the base length much
larger than the height, the metallic nanoparticle has to be aligned to the quantum
dot in the horizontal plane. This owes to the constructive (radial orientation) and
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destructive (tangential orientation) interference of the source dipole and the metal
sphere [79].

Finally, the efficiency of the enhancement critically depends on the initial quan-
tum efficiency Y0 of the single emitter, which can be easily derived as [8]

Yi =
γRi

γi + ΓNR0

=
γRi /γ0

γi/γ0 + 1−Y0

Y0

, (5.1)

where Y0 =Γ0/(Γ
R
0 + ΓNR0 ), ΓR0 and ΓNR0 are the radiative and nonradiative decay

rates of the single emitter, with γi and γRi the total and radiative decay rates of
the coupled system, respectively. The subscript i denotes the relative orientation,
which either is radial (⊥) or tangential (‖). γ0 is the total decay rate of the emitter
in the absence of the metallic sphere. From equation 5.1, the emission yield Yi/Y0
thus becomes less than 1 for an initial quantum efficiency equal to 1, since the
introduced dissipative modes from the metal contribute to the nonradiative decay
rate. Conversely, the smaller the initial quantum efficiency, the larger the resulting
emission yield. For self-assembled quantum dots, the initial quantum efficiency of
the emitter can be manipulated for example by variation of the temperature or by
applying mechanical strain to the structure.

5.2 EXPERIMENTAL METHODS

5.2.1 Sample preparation
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Figure 5.3: (a) 0.83 × 0.83µm2 atomic force microscopy image of the proposed struc-
ture. (b) Schematic representation of the hybrid system consisting of a gold metal
nanoparticle with a diameter 2×RMNP of 100 nm (yellow sphere) and an InAs quantum
dot (green truncated triangle) embedded in a GaAs matrix (purple).

In this work, we create InAs quantum dots embedded in a GaAs matrix. After
the sample growth, we submit the sample through various post-growth processing
steps to create nanostructures. The structures facilitate the deposition of colloidal
gold metal nanoparticles in order to create the QD–metal nanoparticle hybrid sys-
tem. An atomic force microscopy image of the structure together with a schematic
representation is shown in Fig. 5.3. Starting with the growth of the nanostruc-
tures, we will describe the various processes that one has to follow to create hybrid
system.
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Figure 5.4: Schematic representation of the various steps involved in droplet epitaxy.

Droplet epitaxy

Exploring the possibilities to epitaxially grow multilayer stacks of various materials
[31,34], Koguchi and Ishige were first to publish on a new method of self-assembled
growth called droplet epitaxy (DE) [173]. A method closely related to the Stranski-
Krastanow (SK) self-assembled growth method [35]. Major difference in both
growth methods, is that the SK growth mode is based on strain-driven processes,
whereas the DE growth utilizes the kinetically limited processes of crystallization
and diffusion, which offers a large number of degrees of freedom. For example, the
DE growth method allows the self-assembly of strain-free, pure GaAs quantum
dots in AlGaAs barriers [174]. A heterostructure structure that is unable to be
grown with more conventional growth methods because of the nearly identical
lattice constants of GaAs and AlGaAs.

A schematic illustration of the DE growth method is shown in Fig. 5.4. In
III-V compound semiconductor physics, the DE growth method is based on V-
column element incorporation into the III-column element droplets on the inert
substrate prior to the monolayer adsorption of the III- and V-column elements. In
the first steps, epitaxial growth of the buffer layer on top of the substrate is ac-
complished at normal growth temperatures, hereafter the temperature is lowered
to ∼150−250 ℃. After ramping down the temperature, the partial pressure of the
group V elements is removed from the chamber to allow for the deposition and
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Table 5.1: Growth recipe of the samples grown with the droplet epitaxy technique.
Listed are the layers that are grown in each step, the substrate temperature and the
source temperatures of the group III-V semiconductor elements and the layer thickness
d. The arrows indicate the direction of the temperature. The last column is added to
clarify steps in the recipe.

Layer Tsub [℃] TGa [℃] TIn [℃] time d [nm] description
GaAs 750 860 21 ′15 ′′ 200 buffer layer growth
stop ↓660 10 ′ lowering of the temperature
stop 660 2 ′00 ′′ closing of As supply
stop ↓ 1°30 ′00 ′′ cool down

In(As) 80 680 1 ′25 ′′ droplet formation
stop ↑ 10 ′′ open As supply
stop 350 15 ′00 ′′ increase temperature /
stop ↑ 20 ′00 ′′ crystallization
stop 610 5 ′00 ′′ pressure stabilization

GaAs 610 860 1 ′04 ′′ 10 partial capping
stop ↑750 2 ′30 ′′ heating of the substrate

GaAs 750 860 9 ′34 ′′ 90 final capping
stop ↓ 10 ′′ completion & cool down

subsequent coalescence into droplet formation of the group III elements. The last
step can occur with or without the formation of a wetting layer as regularly ob-
served in conventional self-assembled SK growth. In the fourth step, the group III
element droplets crystallize into the desired quantum structures (denoted here as
half spheres), due to exposure to the group V element flux. Immediately after the
crystallization, the newly formed nanostructures are overgrown at low temperature
with a capping layer.

In Table 5.1, the recipe for the formation of the quantum dots is given. The
Table is divided into three sections, first the buffer layer growth and subsequent
lowering of the substrate temperature. Second, the formation of the group III
droplets at low temperature and crystallization into the nanocrystals by exposure
to the group V elements. Finally, the nanostructures are defined by capping at
higher temperatures.

One of the major reasons for referring to the DE growth method is assessing
a large variety of nanostructures, which are impossible to grow with conventional
growth methods. Moreover, the low growth temperature is advantageous to create
quantum dots with specific optical emission as for instance is determined by the
quantum dot height [175]. The inevitable low growth temperature that one has
to be obey to achieve the droplet formation however, leads to degradation of the
crystallinity and optical quality of the quantum dots [176,177]. This degeneration
of both crystalline and optical quality can be overcome by an annealing step,
which removes defects, improves the crystal structure, and recovers a smooth and
flat surface at the growth front to allow for further overgrowth at normal growth
temperatures. In our case, the reasons for the application of the DE growth method
might seem to be sparse, considering the abundant successes of growing InAs
quantum dots in GaAs by conventional growth methods [6, 32, 47, 178]. However,
the low growth temperatures is advantageous to obtain a low density of quantum
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dots that is uniform over the entire sample surface and very much reproducible
from sample to sample. This low dot density is highly desirable when doing single
dot luminescence spectroscopy. Moreover, the post-growth processing requires an
excess of materials owing to the chances of failure within one of the many steps
that have to obeyed.

Prior to the post-growth processing, we investigate the optical quality of our
dots. Fig. 5.5 shows the initial characterization of the InAs quantum dots
grown with the DE technique. Atomic force microscopy measurements (Fig.
5.5a) reveal a low density of quantum dots (∼ 4 ·108 cm−2), in combination with
an uniform height and lateral size distribution. From low temperature macro-
photoluminescence spectroscopy measurements, as shown in Fig. 5.5b, we can
identify three main features: the ground-state emission from the quantum dot ex-
citons, the wetting layer emission and a contribution from the bound exciton donor
to acceptor transition. At large excitation powers, also the contribution from the
GaAs band gap emission becomes visible. The quantum dot emission shows a large
distribution (∼110 meV at full width half maximum), which can be narrowed by
applying post-growth rapid thermal annealing [179]. Normally, for quantum dots
grown by the droplet epitaxy technique, a post-growth annealing step would be
helpful in removing defects from the barrier matrix, removal of nonradiative re-
combination centers and improvement of the uniformity across the quantum dot
ensemble. As we will show shortly however, the internal quantum efficiency of our
dots is comparable to that of dots grown with conventional growth methods. This
observation removes the necessity for post-growth thermal annealing. Moreover,
post-growth thermal annealing implies a non-negligible shift of the energy peak
position, which is unwanted considering the energy overlap condition between the
quantum emitters and the gold metal colloids.

In addition to the macro-photoluminescence characterization, we also perform

5.8 nm

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

(a) (b)

 2⋅10
-3

 4⋅10
-3

 6⋅10
-3

 8⋅10
-3

 1100  1200  1300  1400  1500

Quantum Dots

WL

D-A

Eg

P
L

 I
n

te
n

s
it
y
 [
a

.u
.]

Energy [meV]

Figure 5.5: (a) 10×10 µm2 atomic force microscopy image of the sample grown with
the droplet epitaxy technique. (b) Macro-photoluminescence spectrum of the sample
taken at 10K. Indicated in the figure are the contributions of the quantum dots and
the wetting layer (WL) emission. Also visible are the bound exciton donor to acceptor
transition D−A and the GaAs band gap luminescence Eg emerging from the sample
substrate.
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Figure 5.6: (a) Radiative lifetimes of the droplet epitaxy sample as function of photon
energy. The inset shows the dependency of the radiative lifetime τlife on the reciprocal
photon energy squared (~ω)2, fitted with a linear function. (b) Typical transient of a
ground state exciton, situated at a photon energy of 1285.1meV. From the fit (solid
black line), we determine a radiative lifetime of 1.42ns. The grey solid line in the picture
indicates the instrument response function (IRF). (c) Corresponding spectrum of the
same dot as in (b). The spectrum is fitted with a Gaussian function (solid black line) to
determine the linewidth of 92 µeV.

micro-photoluminescence measurements on the high energy ground state excitons
for energies above 1280meV. A limit set by the detection efficiency of our silicon
based detectors. From these measurements, we determine the linewidth of the
dots as well as the radiative lifetime. Fig. 5.6a shows the dependency of the
radiative lifetime on photon energy for an ensemble of dots. As can be seen from
the inset of the figure, the radiative lifetimes are inversely proportional to the
energy squared. This observation confirms the relationship between the oscillator
strength and the radiative lifetime as previously found for conventionally grown
InAs quantum dots in GaAs [104, 110]. It also indicates that in our dots the
confinement energy is dominant over the Coulomb interaction between electron
and hole, with the radiative lifetime inversely proportional to the overlap between
the electron and hole wave functions [106]. Moreover, the radiative lifetimes of our
dots at a given photon energy nicely coincide with previously reported values for
InAs quantum dots grown by the Stranski-Krastanow growth method [51,105,106].
From the reported values regarding the high internal quantum efficiencies of self-
assembled InAs quantum dots [21], we conclude that the optical quality of our
dots is comparable to that of the conventionally grown dots.

The Figs. 5.6b and 5.6c show the transient and corresponding spectrum for a
exciton transition with a photon energy of 1285.1meV. Using a single exponential
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decay model, the radiative lifetime τlife was determined at (1.42 ± 0.04)ns, with
40ps corresponding to the standard deviation of the radiative lifetimes, which is
approximately equal to the resolution of the time correlator card. The spectrum
was fitted with a Gaussian distribution function and from the fit, the linewidth of
this particular dot measures (92 ± 4)µeV.

5.2.2 Post growth processing

In order to obtain the structures needed for the plasmonics experiments, we make
use of the Nanolab@TU/e cleanroom facility. The objective is to create nanos-
tructures that will construct the QD–metal nanoparticle hybrid system, which
will allow us to investigate plasmonic coupling mechanisms [180], modification of
the internal quantum efficiency and/or the radiative decay rate. By means of
electron beam lithography (EBL) and subsequent etching, we create both ridges
and nanomesas of various dimensions. In the following, we will discuss the various
steps of the post-growth processing.

Thin film deposition

Most of the post-growth fabrication processes rely on the deposition of thin dielec-
tric films. The films serve as an etching mask during the lithographic steps, but can
also be applied as electrical insulation or structural support. Silicon nitride (SiN)
has been chosen as a hard mask for the realization of our nanostructures. SiN is
deposited by a plasma enhanced chemical vapor deposition technique (PECVD)
provided by an Oxford Plasmalab System 100, capable of depositing SiN at dif-
ferent temperatures with variable deposition rates. The PECVD system consists
of a reaction chamber, which is accessible through a pressure-controlled load lock,
and the precursor gasses SiNH4 and NH3 for the SiN creation. The precursors are
cracked by a radio frequency (RF) generator connected to a top electrode, igniting
a plasma of about 300℃. The final thickness of the deposited film is controlled by
the deposition rate. The optimum deposition rate is determined at ∼14 nm/min.
In order to achieve isotropic conformal deposition it is important to properly deoxi-
dize and clean the GaAs surface by using diluted ammonia (NH4OH). Through the
adhesive forces, the deposited thin film will follow the surface morphology nicely.
For our purposes, 400nm of SiN provides a good hard mask for the electron beam
lithography step.

Lithography

At the heart of the semiconductor industry is the possibility to create nano-devices
of well-defined shape and geometry. The technique to transport a geometrical
pattern onto a chip by means of a resist, is called lithography. Driven by the
never extinguishing demand to increase the number of components on a chip, we
can identify different optical lithography techniques based on the resolution each
technique offers. Starting with optical lithography, the resolution is determined by
the wavelength of the radiation source used to illuminate a sensitive photoresist
layer through small apertures in a Cr mask. With this technique, as hampered
by the diffraction limit, a moderate resolution of about 0.5 µm is obtained. For
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Figure 5.7: Schematic of an electron beam lithography (EBL) machine. The sample
is mounted on top of a piezo stage to provide alignment to the center of each of the
100 µm×100 µm write fields. Electrons emerging from the electron gun at the top are
accelerated and deflected by magnetic lenses to pattern the desired geometries from a
digital file. The EBL, which in essence is a modified scanning electron microscope, can
also be used to scan the sample for manual or automatic alignment to pre-patterned
markers.

applications where a higher resolution is required, electron beam lithography offers
an alternative. An EBL machine utilizes an electron gun to “write” the pattern,
designed with a dedicated software, into an electron-sensitive resist (or e-beam
resist).

The Nanolab@TU/e cleanroom is equipped with 30 keV EBL (RAITH150-
TWO), which in combination with a 10µm aperture has a writing resolution down
to approximately 30nm. Electrons generated by a filament change the solubility
of the resist in exposed areas, thereby enabling the removal of the exposed (un-
exposed) parts of the sample for positive (negative) resists when immersed in the
developer solvent. For our purposes we use a positive high-resolution e-beam poly-
mer resist (Zeon Corp. ZEP-520A). The resist is deposited on top of the SiN hard
mask utilizing an open spinner at 5000 rpm for about 40 s. After the deposition,
the sample is put on a hot plate to bake out the resist at an initial temperature
of 100℃. In about 4min the temperature is ramped up to 150℃, after which the
final bake out occurs at 200℃ for 2min. Baking out of the resist causes evapo-
ration of the Anisole solvent (methoxybenzene CH3OC6H5) hardening the resist,
which attributes to a high(er) writing resolution. A schematic representation of
the EBL machine, which essentially is a modified scanning electron microscope, is
shown in Fig. 5.7 together with a ZEP-520A coated sample. After the writing, the
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resist is developed by placing the sample in a n-Amylacetate solution for ∼40 s and
subsequent rising in a solution of methyl-isobutyl-ketone (MIBK) and isopropanol
(IPA).

Etching methods

Etching is the transfer of the lithographically defined pattern exposed on the resist
into the hard mask and subsequently to the underlying semiconductor substrate,
where parts not exposed are protected against the etchants. In general, there
are two main categories of etching techniques: wet and dry etching. Wet etching
involves dissolving of a compound by immersion in a liquid substance that reacts
and corrodes the material. Wet etching is highly desirable when selective isotropic
etching is required. We only employ this etching technique for the removal of the
SiN mask at the final stage of the post-growth processing trajectory, with the help
of buffered hydrofluoric acid (BHF), which comprises the solution of ammonium
fluoride (NH4) in hydrofluoric acid (HF) in the ratio NH4F40% : HF49% = 7 : 1.

The dry etching technique does not involve any liquid etchant is commonly
used by the igniting of a plasma that cracks the gaseous precursors of the de-
sired etchants depending on the substrate material. The plasma is activated with
a RF field of few hundreds Watts oscillating at 13.56MHz between two parallel
plates, as shown in Fig. 5.8a. The electrical excitation ionizes and dissociates the
gas molecules and accelerates the high mobility electrons, stripped off the ionized
gases, towards the bottom electrode to sustain the plasma. The released ions,
which are less susceptible to the RF field, can reach the negatively biased bottom
electrode with high energy to etch the substrate. In the etching process, two mech-
anisms are competing, namely the isotropic etching by the chemical reactions and
the anisotropic etching by the ion bombardment, the so-called sputtering effect.
In order to achieve nice smooth, anisotropic and deep etching of the desired nano-
metric features, these two competing mechanisms are to be controlled by changing,
for example, temperature, pressure, RF power and the stoichiometric ratio of the
reactants. Depending on the required anisotropy or etch depth, different plasma
etching equipment is available.

In this work, we employ three different plasma etching machinery: reactive ion
etching (RIE), inductively coupled plasma (ICP) RIE (Oxford Plasmalab 100) and
the barrel etcher (TePla 100). The first two share the same working principle as
discussed before. Schematically shown in Fig. 5.8b, the ICP RIE utilizes a RF coil
rather than two parallel plates to create the electromagnetic field that controls the
density and the energy of the electrons that sustain the plasma. This technique in
principal provides better control over the etch depth, verticality and aspect ratio
recesses in semiconductors, needed to create the desired shallow etched nanomesas.
In this thesis, the III/V alloys were etched using chlorine and nitrogen chemistries
at 200℃. The RIE machine is used to etch the SiN hard mask, using a CHF3

plasma. The barrel etcher uses a microwave oscillating field at moderate power and
therefore is incapable of anisotropic etching. It guarantees high etching isotropy
as the direct current (DC) bias is not formed and the ion bombardment is highly
reduced. This machine is mainly used to strip off residual polymers by means of
an oxygen plasma and for descum of the resistive e-beam layer. Desorption of the
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Figure 5.8: (a) Scheme of a reactive ion etching (RIE) reaction chamber. Once the
plasma is formed, free electrons accumulate on the bottom electrode building up a neg-
ative charge and a self-bias voltage. The positive ions are accelerated by the DC bias
and contribute to knock off material from the sample. (b) Sketch of an inductively cou-
pled plasma RIE chamber. Two mechanisms are involved, the plasma is generated by
electromagnetic induction by an radio frequency (RF) coil and the lower power source
accelerates the ions towards the target sample.

SiN is also possible when a CF4 plasma is employed.

Deposition of colloidal nanoparticles

For the deposition of colloids, we use commercially available colloidal gold metal
nanoparticles from British BioCell International (BBI) with a diameter size of 80
and 100 nm. Gold is chosen because of the relatively small imaginary part of its
dielectric function in the visible and near infrared spectral ranges, constituting a
good plasmonic metal for our quantum emitters. In order to prevent clustering,
the nanoparticles are supplied in a salty water solution (pH = 8.2). The solution
consists of tris-hydroxymethyl-aminomethane (Tris), sodium azide, NaCl, bovine
serum albumin (BSA) and glycerol dissolved in ultrapure water (UPW). We make
use of Au nanocolloids at the highest density available, i.e., 9.88×1010/mL, to
optimize the chances of a gold nanoparticle to be deposited at a quantum dot
site (< 80 nm). After careful sample cleaning by exposure to an oxygen plasma
for about tenmin followed by deoxidization in a diluted ammonia solution and
subsequent rinsing with UPW, the colloids are deposited on the trenches formed
by the etching by means of spinning technique. We employ a pipet to form a
droplet on the sample surface and wait for about 2min for the colloids to sink
down and attach to the surface. Then, we spin for about 20 s at 600 rpm, followed
by 30 s at 2000 rpm. While the centripetal force creates a uniform distribution of
the colloids within the trenches, it also causes the nanoparticles to get stuck at
the ridges sidewalls as a result of the adhesive force between the semiconductor
material and the metal.
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(a)

10 μm

(b)

2 μm

(c)

50 nm

Figure 5.9: Scanning electron microscope (SEM) images of a ridged structure at dif-
ferent magnifications with 100nm gold colloids deposited. The white rectangle in (a)
indicates the area that is magnified in (b). (c) shows a close-up of a single gold metal
nanoparticle, which are highlighted with the white circles in (b). The acceleration voltage
of the SEM was 5 keV.

Structures

As mentioned previously, for our experiments, we create two different kind of
structures: ridged structures and nanomesas. The ridged structure facilitates
colloidal gold deposition among a large number of quantum dots. Furthermore, the
gold spherical nanoparticles are situated in the horizontal plane of the solid-state
quantum emitter, where the electromagnetic field density reaches its peak value.
Therefore, these structures maximize our chances to observe radiative coupling
between the quantum emitters and metallic nanoparticles. The ridges are 50 µm
in length and created over an area of 50× 15 µm2, preserving a pitch length of ∼
500 nm in width, thus creating 12 ridges per structure. As an example, a scanning
electron microscope image of a test structure comprising 33 ridges together with
100nm gold colloids, is shown in Fig. 5.9. From counting over the entire ridge
structure, we determine an average colloidal nanoparticle density < 108 cm−2.
Although the density of the gold particles in this particular example is less than
the average dot density, the test sample clearly demonstrates good uniformity of
the colloids’ distribution over the ridges. In Fig. 5.9, the colloidal density of
the solution (4.94×109 particles/mL) was much less than the one used for the
deposition on the measured samples, which was 17× higher.

Fig. 5.10 shows three different low temperature photoluminescence maps of
five ridged structures equally spaced at 15 µm apart and aligned in the horizontal
direction. The entire image consists of 36×36 points. The photoluminescence was
collected with a 20× objective in backscattering geometry and integrated for 5 s
at each point, thereby accumulating the total measurement to almost 2 h. This
explains the slight drift in the vertical direction. After the collection, the photo-
luminescence signal was dispersed in a 0.3m spectrometer, followed by projecting
through a diffraction grating (blaze wavelength =1.7 µm, 200 grooves/mm) on an
InGaAs charged coupled device, cooled with liquid nitrogen down to 173K. Fig.
5.10b shows the energy distribution for the maximum photoluminescence intensity
of each point. The Figs. 5.10c and 5.10d show the integrated photoluminescence
intensity distribution for two different energy ranges, respectively, corresponding
to the wetting layer and quantum dot photoluminescence energies. Finally, Fig.
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Figure 5.10: Photoluminescence (PL) maps of the sample, as characterized in Fig.
5.5, after the creation of the ridged areas and before deposition of 100nm gold colloidal
nanoparticles. (a) Schematic representation of the sample area, showing five ridged
areas, each comparable to the ridged area shown in the images of Fig. 5.9. (b) Peak
PL position in energy as function of the spatial position. (c) PL map of the integrated
intensity, normalized to the maximum intensity in the quantum dot energy range, i.e.,
from 1100 to 1400meV. (d) Same as in (c) for the wetting layer energy ranging from
1400 to 1475meV. The scale in the figures (a)–(d) is represented by the white scale
bars at the bottom left, each indicating approximately 20 µm. (e) PL spectra at different
positions as denoted in (a). All measurements were performed at 8.5K.
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5.10e show the spectra for two different positions indicated in Fig. 5.10a. The
figures show that, with the creation of the ridges, the photoluminescence inten-
sity originating from the quantum dots, increases. The photoluminescence signal
emerging from the wetting layer on the other hand quenches. The different re-
sponse of the quantum dot and wetting layer photoluminescence to the creation of
the ridge structures can be explained from a confinement point of view. Since the
charge carriers are localized inside the dots, they will not ‘see’ the nonradiative
recombination centers on the sidewalls, which are the result of surface roughing.
Carriers captured inside the wetting layer on the other hand, are only confined in
the vertical direction (parallel to the growth direction) and therefore can easily to
diffuse to the sidewalls. These sidewalls, acting as a sink, allows the carriers to
release their energy by means of nonradiative recombination. Clearly, the plas-
monic enhancement factor can only be obtained from a comparison between the
photoluminescence yield after creation of the ridge structures to that of the photo-
luminescence signal collected after the deposition of the gold metal nanoparticles.

Nanomesas

Although the ridge structures are very useful for photoluminescence mapping, it
has been proven to be experimentally difficult to (re)trace a single nanoparticle
from a charged coupled device image alone. Therefore, the ridges are less suitable
for single dot spectroscopy, where one wants to obtain and more importantly,
preserve an optimal position. Therefore, we create nanomesas of roughly 1 µm2 in
lateral dimensions, with an etch depth of ∼175 nm (also see Fig. 5.3).

Given the dot density (determined by atomic force microscopy) and consider-
ing the radiation damage upon the nanomesa creation, each individual mesa on
average contains about 3 to 4 well conserved dots. The mesas are created on a 5×5
equally spaced grid, with an average distance between two consecutive mesas of
3µm. Labelling of rows and columns per structure yields the flexibility to relocate
single quantum dots. Without compromising the uniformity of the colloids’ dis-
tribution (Fig. 5.11d), the nanomesa structure scheme also allows us to determine
the etch depth at a much higher resolution than that of the EBL by means of
atomic force microscope (see Fig. 5.3). This provides the knowledge needed to
accurately position the metallic nanoparticle in the horizontal plane of the quan-
tum emitter. Treating the quantum emitter as a two-dimensional dipole emitting
in the horizontal plane, this proposed alignment yields the largest plasmonic en-
hancement.

5.3 RESULTS

In this section, we will discuss the results of the photoluminescence mapping ex-
periments, conducted over the ridged structures, before and after the colloidal
deposition. As seen previously, these structures favor the emission of the quan-
tum dots over the wetting layer. Prior to the discussion, we investigate the power
and temperature dependency of the quantum dot and wetting layer emission en-
ergies. The results are shown in Fig. 5.12. The power dependent measurements
identify the ground state excitons in the sample and determine the saturation
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(a) (b)

(d)(c)

Figure 5.11: (a) and (b) scanning electron microscope images of nanomesa structures.
The images were taken with 2.0 keV acceleration voltage to more clearly display any
organic pollution of the sample or remaining residue of the lithography mask. (c) and
(d) similar to (a) and (b), but now with Au nanoparticles deposited. All scale bars
indicate 500 nm.

point of the ground state transition. The temperature dependent measurements
are indicative for the optical quality of the dots. The inset of Fig. 5.12a shows
the photoluminescence intensity as function of the excitation power density of the
photoluminescence emerging from the wetting layer and quantum dots. Both de-
pendencies are fitted using a power function described by y(x)=a · xb, with a and
b representing an arbitrary constant and the exponent, respectively. As expected,
the photoluminescence emission originating from photons emerging from the wet-
ting layer, shows a nonlinear dependency on the excitation power (b∼ 1.6) with
no apparent saturation. The quantum dot emission on the other hand, exhibits a
linear dependency on the excitation power, which saturates for excitation powers
above 1mW.

Our dots exhibit a bimodal distribution, dividing the ground state exciton en-
ergies into two sections with energies above and below approximately 1270meV.
In the following, we will address the quantum dots that emit below and above the
separation energy of 1270meV as ensemble A and ensemble B, respectively.
Applying a fit to the two regimes with a Gaussian distribution function yields peak
energies of about 1215meV and 1325meV, with a full width at half maximum of
70 and 80meV, respectively. The energy difference between the two peak energies
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Figure 5.12: (a) Spectra of the droplet epitaxy (DE) sample as function of the photon
energy for different excitation power densities. The inset shows the integrated photolu-
minescence (PL) intensity dependence on the excitation power Pexc for the quantum dots
(QD) and the wetting layer (WL) emission energies. Solid lines represent fits to the data
using a power function of the form y(x)=a · xb. All measurements were done at 8.5K.
(b) Spectra of the DE sample as function of the photon energy for different temperatures,
all excited with an excitation power density Pexc equal to 2.5mW. The inset shows the
integrated PL intensity dependence on the temperature T for the quantum dots and the
wetting layer emission energies. Also shown are the background (BG) photon intensities
at different temperatures (triangles). The solid black line represents an exponential fit
to the quantum dot photoluminescence intensity, corrected for the background emission
intensities. From the fit, we obtain an activation energy of (24 ± 2)meV.

of 110meV can be accounted for by assuming a discrete stepwise variation in the
quantum dot height [175,181]. Based on the following arguments, the photolumi-
nescence on both sides of the bimodal distribution originates from the emission
of photons emerging from ground state excitons. First, the photoluminescence in-
tensity of both distributions exhibits a linear dependency on the excitation power,
which excludes the emission from multi exciton complexes. Second, even at the
lowest excitation power densities, we observe equally comparable photolumines-
cence intensities on both sides. This observation contradicts the possibility of the
photon emission from higher order states, which would quench at low excitation
power, leaving only the emission from the ground state excitons.

The temperature dependent measurements are displayed in Fig. 5.12b. The in-
set shows initial nearly constant photoluminescence intensities of the ground state
excitons in the quantum dots for temperatures up to ∼ 20 K. From this point
on, the intensities decay exponentially with increasing temperature for tempera-
tures below 100K. In comparison to the quantum dot emission, the wetting layer
photoluminescence decays almost twice as fast with increasing temperature for
temperatures below 100K. For temperatures above 100K, the background photo-
luminescence emerging from localized states within the GaAs matrix comes into
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play. This ultimately leads to quenching of the wetting layer emission. The in-
creased background emission has little effect on the quantum dot intensities, which
remain visible for temperatures up to 200K. For the low temperature energy range
(T <100 K), we apply a linear fit to the temperature dependent photoluminescence
intensity, shown in the inset of Fig. 5.12b. We find EA =(24±2) meV for the ther-
mal escape energy, possibly via excitation to an excited state [39]. It is important
to point out that the thermal activation energy does not necessarily produce ac-
curate values for the thermal escape energies. Any defects and dislocations inside
the barrier material provide additional nonradiative channels, which will quench
the luminescence and consequently reduce the thermal activation energy [121,130].
However, the fact that these values coincide with values reported earlier for con-
ventionally grown InAs quantum dots in GaAs is an additional confirmation of the
good optical quality of our dots.

In order to display the radiative coupling between the quantum dots and the
gold metal nanoparticles, we perform micro-photoluminescence mapping mea-
surements before and after colloidal deposition. The objective of the mapping
procedure is to compare the two photoluminescence spectra in terms of the peak
intensity values and corresponding photon energy positions. From scanning elec-
tron microscope imaging, we acknowledge that the density of our colloidal particles
is low in comparison to our dots, therefore we expect that only a small number
of dots will radiatively couple to the metal nanoparticles. From the calculations,
we also know that the enhancement factor for dots exhibiting a high quantum
efficiency is relatively small (in the order of ∼3−10 depending on the initial yield
Y0, distance and orientation, also see Fig. 5.2). This implies that the plasmonic
enhancement of the photoluminescence will only be observable from the coupling
of individual dots to single metal nanoparticles, while the contribution to the total
integrated photoluminescence intensity will be negligible.

We start by making photoluminescence maps of the patterned areas of the
sample before and after deposition with 100nm Au colloids, labelled pattern and
colloidal, respectively. We identify the photoluminescence emerging from the quan-
tum dots and the wetting layer in terms of the photon energies. Within the
quantum dot energy range we determine the photon energy position of the peak
photoluminescence intensity of each of the measured spectra on the grid. From
the obtained photoluminescence intensity values and their corresponding photon
energy positions, we create histograms of the distribution of the integrated pho-
toluminescence intensity, using a bin width of 10meV. The resulting histograms,
which are normalized to the total photoluminescence intensity of each area, are
shown in Fig. 5.13 for the photoluminescence emission from the quantum dots.
Each of the histograms is fitted using a double or a single lognormal distribution
function. The values (in meV) corresponding to the mean average value µ and
the standard deviation σ, are displayed in each of the figures. The labelling of
the areas by the numbers "1" and "2" denote different parts of the original wafer.
As for the areas that are entitled colloidal ; the deposition time was 2min before
spinning and we repeated the deposition procedure 9 times before we conducted
the photoluminescence measurements (Also see section 5.2.2).

In parallel with the discussion of the histograms in Fig. 5.13, we also show the
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Figure 5.13: (a)–(d) Histograms of the peak photoluminescence intensity emerging
from the quantum dots as function of photon energy, normalized to the total intensity of
each area using a bin width of 10meV. Solid black lines represent fits to the data, with
the computed values displayed inmeV.

accumulated spectra of the various areas in Fig. 5.14. The spectra are obtained by
summation of all the spectra in each measurement (Fig. 5.14a), and subsequent
normalization to the maximum photoluminescence intensity (Fig. 5.14b). Note
that each of the obtained spectra consists of roughly 1200 individual measure-
ments. Similar to the spectra of Fig. 5.12, we recover the bimodal distribution for
all areas, which divides the photoluminescence spectra into the two ground state
exciton energy ranges of ensemble A and ensemble B, i.e., photon energies
below and above 1270meV, respectively. This luminescence property is illustrated
by applying two Gaussian fitting functions to the spectra, illustrated in Fig. 5.14b.
The obtained parameters are (1230 ± 50)meV and (1325 ± 50)meV, in correspon-
dence to the distribution values of Fig. 5.12. Also, the peak position values of
the histograms of Figs. 5.13a and 5.13b are in agreement with these parameters.
Quite a remarkable result, considering that the analysis of the spectra was done
in a totally different manner.
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Figure 5.14: (a) Spectra of the total integrated quantum dot luminescence of the
structures shown in Fig. 5.13. The spectra represent the total integrated quantum dot
luminescence of the entire area, accumulated in a photoluminescence (PL) map measure-
ment. (b) Same as in (a), but now normalized to the maximum PL intensity. Green
solid lines represent fits to the averaged data of the pattern and colloidal areas, using
two Gaussian functions as a fit (green dash-dotted lines).

Focusing at the photoluminescence spectra after the deposition of the gold
colloids; the photoluminescence intensities of ensemble A appear to be enhanced
in comparison to the photoluminescence intensities emerging from ensemble B.
This observation is confirmed by the histograms of Fig. 5.13c and 5.13d where the
distribution of maximum intensities transforms from a bimodal distribution into a
single Gaussian. In the following, we argue that these observations are the result of
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Figure 5.15: Calculated enhancement factor as function of photon energy, of a 100nm
gold metal nanoparticle for various quantum emitter to metal nanoparticle surface dis-
tances, as indicated in the figure. The emitter exhibits an internal quantum efficiency
of 5% and is embedded in a dielectric medium with an effective permittivity of 6. Indi-
cated by the dashed lines in the figure are the energy ranges for the photoluminescence
emission from the quantum dots (QDs) and the wetting layer (WL). The peaks situ-
ated at approximately 1270 and 1830meV, respectively, are attributed to the dipole to
dipole coupling and to the coupling to higher order plasmon modes [8]. Calculations are
courtesy of Alexey Toropov (Ioffe Institute, St. Petersburg).

the radiative coupling of the dots of ensemble A to the gold metal nanoparticles.
Starting from the presumption that we are indeed observing plasmonic en-

hanced emission, we have to make an estimate of the enhancement factor. This
enhancement factor, which is calculated from the comparison between the two
peak intensities of the bimodal distribution, is about a factor of two. A simi-
lar calculation of the enhancement factor using the ratio between the integrated
photoluminescence of both ensembles yields the same result. Theoretical calcula-
tions, which are displayed in Fig. 5.15, show that the enhancement factor of the
plasmonic enhancement of a 100 nm spherical gold particle, is between 8 and 2
when varying the distance between the emitter and the surface of the spherical
metal nanoparticle from 10 to 40 nm, respectively. In the calculation, we assume
an effective homogenous dielectric permittivity of 6 [182]. The quantum emitter,
which is modeled as a point dipole, has an initial quantum yield Y0 of 5%. The
coupling between both particles is established only in the radial orientation. The
largest enhancement factor of 9 is obtained when the distance between the emit-
ter and the surface of the spherical metal nanoparticle is about 10nm, with the
emitter emitting at approximately 1270meV. The width of the dipole resonance
is seemingly broad (full width at half maximum ∼ 850 meV), with a long tail on
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the low energy side and a sharp decline at the high energy side of the resonance
peak. The resonance peak is located at an energy position of 1270meV for a
separation of 10nm and redshifts with increasing distance between the two par-
ticles. This observation accounts for the enhancement of the photoluminescence
emerging from quantum dots of ensemble A, which couple more efficiently to
the gold colloids than the dots of ensemble B. This explanation is confirmed by
the fact that we observe the largest enhancement at exactly the energy resonance
position of the gold metal nanoparticles. It also implicitly shows the limitations of
the model used in the calculations, which neglects the tangential contribution of
the radiative coupling. Moreover, the model treads the emitters as point dipoles,
whereas the experimental observation clearly implies a non-negligible dependence
on the quantum dot size.

5.4 CONCLUSIONS & OUTLOOK

In summary, we have demonstrated radiative coupling of ground state excitons,
located inside an InAs quantum dot, to localized surface plasmons on a gold spher-
ical metal nanoparticle. The quantum dots, which were grown with the droplet
epitaxy technique, have been characterized at low temperature in terms of the
linewidth, radiative lifetime and internal quantum efficiency. From the compar-
ison to conventionally grown InAs quantum dots in GaAs, we confirm that the
optical quality of our dots is good. Their relatively high internal quantum effi-
ciency however, compromises the maximum amount of plasmonic enhancement.
This can be overcome for example by resorting to higher temperatures. From the
distribution of the peak intensity energy positions, we extract an enhancement
factor of about two, which corresponds to the theoretically predicted value, based
on electrodynamic analysis. Both the predicted enhancement factor as well as
the predicted resonance energy coincide with the experimentally obtained values,
which might be considered to be a surprise since the theory does not fully explain
all the observed changes in the photoluminescence spectra. Finally, the deposition
method could be improved by using colloidal solutions of higher density to opti-
mize the coupling efficiency. Furthermore, making use of an optical setup with
a higher spatial resolution and nanometric positioning stages, would allow for re-
flectivity measurements to determine the position of the gold nanoparticle on the
substrate.
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Summary

A study of radiative lifetimes, spectral wandering and
radiative coupling of individual InAs quantum dots

In this work we investigate light matter interaction at the nanoscale. We fo-
cus on zero-dimensional objects, dubbed quantum dots, which are compositional
defined nanometer-sized semiconductor structures in which charge carriers are spa-
tially confined in all three dimensions. Using a tunable laser source, we can selec-
tively address a few quantum dots in order to collect and analyze their photolumi-
nescence spectrum. The aim is to probe the radiative recombination dynamics of
the electron–hole pair created inside the quantum dot, which constitutes the ex-
citon, and study the interaction with its environment. The charge fluctuations in
the close neighborhood of the quantum dot are studied at low temperatures, when
the influence of lattice vibrations is minimized. Besides the radiative broaden-
ing, the optical transition linewidth reflects the amount of changes in electric field
caused by the charging and de-charging of local defects. This is a dynamical pro-
cess, which is referred to as spectral diffusion or spectral wandering. On the other
hand, the quantum dot static electrical environment is studied when an ultrafast
pulsed laser source in combination with an ultra sensitive detector are employed.
From these measurements, we can determine the radiative recombination time of
the exciton. This recombination time reflects the coherence time of the electron
and hole inside the quantum dot, which is important for quantum optoelectronic
operation processes.

Another important aspect of the interaction between the exciton inside the
quantum dot and its environment is the influence of lattice vibrations caused by
thermally activated oscillations of the surrounding atoms. When the temperature
is raised their role will become more apparent and the dynamics can be studied.
We found that the linewidth broadening of self-assembled InAs quantum dots
inside an AlxGa(1−x)As matrix at low temperature is determined solely by the
spectral wandering rather than the radiative broadening process. We infer that
the spectral wandering is caused by local charge defects that are created at the
InAs wetting layer to AlxGa(1−x)As matrix interface. Furthermore, the radiative
lifetime of the exciton is dispersed at a given photon energy as a result of the
in-plane electric field that is created by the local charge traps.

In this work, we also explore the blooming field of nanoplasmonics, which stud-
ies the electromagnetic field interaction with a reservoir of free electrons inside a
metal at the nanoscale. We place metal nanoparticles in close proximity to the
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quantum dot where they act as optical resonators. The exciton wave function can
couple radiatively to an external cavity to enhance the oscillator strength of the
electron-hole transition. The idea behind the experiments is to sufficiently increase
the internal quantum efficiency of the quantum dot and metal nanoparticle sys-
tem, thereby establishing device operation up to room temperature. Lithography
techniques were employed to create the structures necessary to perform the mea-
surements. We used a shallow etching technique to create freestanding nanomesas
that contain the quantum dot layer. Subsequently, colloidal gold metal nanoparti-
cle were deposited on the substrate surface where they tend to stick to the mesas by
means of adhesive forces. Although the radiative enhancement is moderate at low
temperatures, we were able to establish radiative coupling between the quantum
dots and nanoparticles.
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