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Abstract
Semiconductor quantum dots (QDs), with a typical size of 1-5 nm, behave as zero-dimensional
quantum wells for charge carriers. When exciting a quantum dot with a laser, the created electron-
hole pair is trapped inside the quantum well and will show highly efficient and spectrally narrow
photoluminescence (PL) emission. Although quantum dots only have a history of a few decades,
they already found their way into applications in the fields of lighting technology, electronics and
even as imaging method in biology.

In this work, for the first time quantum dots will be introduced in the field of dusty plasma physics.
Since the emission wavelength of the photoluminescence depends on the amount of charge near
the quantum dot, these particles can be used as charge probes in the plasma. The feasibility of
using quantum dots as charge probes in a capacitively coupled low-pressre RF plasma has been
investigated both by means of modelling and experimentally. A stochastic, discrete charging model
has been set up to learn about the expected equilibrium charge and the charge fluctuations. A first
version of a separate quantum-perturbation model for relating the charge to the induced PL-shift
has been developed as well.

Furthermore, an optical setup for measuring the time-resolved PL-spectrum has been designed.
The possibility of quantum dot injection into vacuum using a vaporization chamber has been
investigated. Later, the scope of the work has narrowed to quantum dot samples, dried out on a
silicon substrate exposed to a low-pressure plasma. These samples have been illuminated by a 405
nm laser and the temporally resolved PL spectra have been measured using a monochromator and
an ICCD. In addition, surface ananlysis of the substrates has been performed by SEM and TEM.

From the spectral time series, a redshift of the photoluminescence wavelength has been observed
during plasma exposure. The redshift can be divided into two timescales: (i) A fast timescale,
possibly related to the precense of charges (local fields) and (ii) a slower timescale, related to heating
of the quantum dots and the induced enhancement of non-radiative recombination processes.
Furthermore, we observed a decrease in the overall intensity due to plasma exposure, which
can be related to the plasma lifting particles from the substrate or the plasma destroying the
photoluminescence properties.
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Section 1: Introduction

1 Introduction

1.1 From solids to plasmas

Roughly 80 years ago, the term plasma was introduced by Irving Langmuir [1]. In physics,
a plasma indicates a (partially) ionized gas, consisting of neutrals, electrons and ions.
Interestingly, Langmuir saw similarities between the ionized gas and blood plasma [2],
since in both situations the plasma serves as a substrate carrying special types of particles.
In blood these particles could be red and white blood cells or germs, while in the ionized
gas one would talk about high-velocity electrons or about molecules of gas impurities, for
example. Later, in 1963, Frank-Kamenezki identified plasma as the fourth state of matter
[3], besides the solid, liquid and gaseous state. Phenomenologically, this statement can
be justified by considering the phase transitions. As shown in figure 1.1, the atoms of a
material in the solid state are ordered in a lattice. Once a solid is heated (while keeping the
pressure constant), the atoms escape the lattice and the material passes into a liquid. With
further increasing the temperature, the distance between individual atoms increases and
the liquid transforms into a gas. After adding even more energy to a gas, the atoms will
decompose into freeply moving charged particles, since the additional thermal energy allow
the electrons to be releleased from their orbit around the nucleus. However, one should
note that the phase transition into plasma generally happens much more gradually than
the other phase transitions. Typically, a plasma can be characterized by the temperature
T and density n of each of the species.

Liquid Gas PlasmaSolid

Electron

Ion

Atom

Increasing energy

Figure 1.1: The phase transitions moving from a solid state into the
plasma state with increasing internal energy.

It is fascinating to realize that the plasma state covers many orders of magnitudes in
both temperature and density. For example, typical laboratory plasmas have densities
ranging from n ≈ 109 − 1013 cm−3, while space plasmas can occur at much lower densities
(n ≈ 101 − 105 cm−3) [4]. Fusion experiments, which aim for mimicking the processes
happening at the surface of the Sun, require higher densities (n ≈ 1014 − 1016 cm−3) and
much higher electron temperatures than those available in the lab (Te ≈ 10 − 100 keV
compared to Te ≈ 1−5 eV in the lab) [4]. From this it follows that the conditions of a plasma
(e.g. background pressure, but also geometry and discharge type) determine the shape
and characteristics of the plasma. Gaining fundamental knowledge about the behaviour
of the plasma therefore often comes down to measuring densities and temperature, as has
been practised in the field of plasma diagnostics for several decades.
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Section 1: Introduction

1.2 From plasmas to dusty plasmas

While a regular plasma consists of neutrals, electrons and ions, the addition of solid
particles into the plasma offers a different environment and ensures new plasma behaviour.
We distinguish two types of dust-containing plasmas, based on the magnitude of the
Havnes parameter P ∝ nd

ni
[5] [6], which is proportional to the ratio of the dust density nd

and the ion density ni in the plasma. For high Havnes parameters, i.e. high dust densities
nd ≫ ni, we speak of dusty plasmas, where the properties of the plasma are severely
affected by the presence of the dust. In the lower limit nd ≪ ni, where we speak of dust
in plasmas, the dust is present but does not significantly alter the plasma parameters. In
the low-Havnes parameter regime, the particles can be seen as non-intrusive local plasma
probes, since they reflect the plasma properties at the position they reside.
The charge of dust particles is the key parameter which reveals information about physical
mechanisms in the plasma, such as magnitudes of the ion drag force or the inter-particle
Coulomb force [7]. Charge measurements on microparticles have been peformed previously
by means of particle resonance methods [8] [9] [10] [11], using an external electric field [7]
or via Mie ellipsometry and dust density wave diagnostics [6]. While the first two methods
work well for microparticles, the last method can also be used for dust particles with a
radius of several hunderds of nanometers. Mie ellipsometry works particularly well for
particles which have a size similar to the wavelength of the incident light.

In this work, we are interested in charging processes of small nanoparticles, having a
size of only a few nanometers. Since this is relatively uncovered area within the field,
investigating these phenomena offers new fundamental knowledge. However apart from
that, there is an applicational component as well. According to Moore’s law [12], the
reduction of the cost of a transistor component leads to a technological revolution in which
the number of components per integrated circuit (IC) doubles every two years. In order to
keep up with Moore’s law, individual component sizes nowadays are being pushed down
to less than 10 nm. Following this reasoning, the importance of fundamental knowledge on
the behaviour of small particles becomes clear: Even the smallest impurities in the chip
manufacturing machines can damage the IC or the optical components in the machine. In
order to better understand the behaviour and the dynamics of small impurities in these
complex environments, investigation on the dust particle charge would be a vital step.

1.3 From dust particles to quantum dots

The previous section introduced the goal to learn more about charging processes of small
particles. Most present particle diagnostic techniques rely on particle scattering : The
interaction between incoming photons and the particle, leading to the emission of photons
in different directions. The major advantage of using optical diagnostics is its non-
invasiveness; the plasma is minimally disturbed by the incoming light. Unfortunately the
scattering intensity quickly decreases with decreasing particle size. Essentially, individual
particles within our size range of interest are not visible by means of scattering. Therefore
one needs to visualize the particles indirectly, by using another optical process.
In this work we will exploit the photoluminescence of quantum dots. Quantum dots are
semiconductor crystals with a size of only a few nanometers. The quantum dots can be
excited using a laser, after which an electron-hole pair is generated and confined inside
the quantum dot. Because of the small dimensions, quantum confinement occurs and the
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Section 1: Introduction

charge carriers obey to the bound states of the confining potential well. After charge
carrier relaxation to these bound states, recombination will happen in the form of sending
out a photon. Due to the relaxation process, the emitted photon has a higher wavelength
(lower energy) compared to the excitation wavelength. In general, the light emission of
a material after absorption of a (laser) photon is called laser-induced photoluminescence.
Realizing that the bound state energies are determined by the quantum dot intrinsically,
the emission energy is expected to be very well-defined. Spectra of individual quantum dots
should show delta-function-like behaviour [13]. For large assemblies of quantum dots, we
expect a slightly broader spectrum (in our case FWHM ≈ 25 nm) due to a size distribution
of the quantum dots [14] which occurs during the production process. Even in large
assemblies of quantum dots, the photoluminesence is an efficient process and produces
spectrally narrow emission. Although the photoluminescent properties of quantum dots
have only been investigated for a few decades, they have already found their way into other
fields of research and industry [15] [16]. In biological research, quantum dots have been
used as fluorescent probes in microscopy, complementary to the well-established fluorescent
dyes [17]. Apart from that, quantum dots have been used for investigating fluorescence
resonance energy transfer (FRET) [18] and the first single-QD FRET-based nanosensors
have been constructed for the detection of specific DNA sequences [19]. Furthermore,
quantum dots have been used for cell tracking [20] and in-vivo imaging in lymph node
mapping in pigs [21]. More recently, quantum dots have made their entrance in industry,
in the form of photovoltaic devices [22], light-emitting diodes (LEDs) [23] and quantum
dot displays [24].

1.4 Thesis goals and outline

In this work, for the first time we will introduce quantum dots in the field of dusty plasma
physics. It has been pointed out before that the photoluminescence wavelength of quantum
dots depends (among other things) on the presence of local charges and electric fields near
the surface of the quantum dot. This quantum-confined Stark effect perturbs the energy
levels in the quantum dot and therefore shifts the photoluminescence energy. This property
makes the quantum dots suitable as charge probes in complex environments like a plasma.
The small size of the quantum dots and the short perturbation range ensure a low amount
of invasiveness. Figure 1.2 schematically shows the process of a charge-induced shift of
the quantum dot photoluminescence. As shown by the insets, we are interested in the
wavelength spectrum of the photoluminescence emission of quantum dots (a) without and
(b) with plasma. In the case of plasma, the emission wavelength will be slightly shifted
due to the charging of the nanoparticles. If we are able to follow the photoluminescence
temporally, we can learn about (de)-charging events of small nanoparticles or even show
the stochastic behaviour of the charging. One should note that from the shifted spectrum,
one cannot directly relate the shift back to the amount of charge. In order to do that,
an absolute calibration is necessary, for example by laser-induced photodetachment. With
this technique, one can shoot off electrons from the particle by a high-power laser pulse.
When following the photoluminescence signal during the photodetachment, a calibration
could be obtained.
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Figure 1.2: The general concept of a charge-induced shift of the
emission wavelength of quantum dots. Schematic spectra (a) without
and (b) with plasma exposure.

Before defining the goals of the project, it would be wise to put this work into the
perspective of the entire project. As shown by the schematic in figure 1.3, the total
project consists of two (initially independent) research lines. The first line focuses on
photoluminescence of quantum dots, while the second focuses on the calibration method
using laser-induced photodetachment on nanoparticles. In the future, these two research
lines will be merged in order to combine the time-resolved photoluminescence monitoring
and the removal of electrons by laser-induced photodetachment. In the red boxes in figure
1.3, the scope of this thesis is indicated.

Experiment I: PL of quantum dots

Modelling: Nanoparticle charging
and charging of quantum dots

Quantum dots shining their light 
on plasma charging

Experiment II: Laser-induced 
photodetachment

- Time-resolved PL and plasma e�ects
- Injection of quantum dots
- QD analysis - SEM/TEM

- Discrete stochastic charging model
- Quantum-perturbative model for 
quantum dot charging

- MCRS: Electron density measurement
- Laser-induced photodetachment
- LIP on in-situ grown dust particles

Compare
M

er
ge

Figure 1.3: Schematic of the total project and scope of this thesis (in
red). The two experimental research lines and the proposed modelling
efforts have been indicated. In future work, the two research lines will
be merged.
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The goals of this thesis are two-sided. Usually a good practice within scientific research
is supporting experimental findings by modelling efforts. In this work, the main goals can
therefore be formulated as:

• Gain insight in the dynamics of plasma charging of nanoparticles:

– Experimental approach:

∗ Build an optical setup for the detection of the photoluminescence spectra.

∗ Investigate the photoluminescence spectra of quantum dots in different
environments.

∗ Investigate the possibility of quantum dot injection.

∗ Implement a time-resolved photoluminescence detection method.

∗ Perform microscopy analysis to learn about sample quality and particle size
distributions.

– Modelling approach:

∗ Develop a stochastic discrete model for particle charging.

∗ Develop a quantum-perturbative model for a charged quantum dot.

∗ Investigate the steps which should be taken for a comparison between
experiment and models.

Now that the main goals are defined, the structure of this thesis will be indicated. In
chapter 2, the relevant theoretical background will be indicated. After defining the plasma
state and its properties (section 2.1 and 2.2), we will focus on dust particle charging
(section 2.3). In sections 2.4 and 2.5, we will look into semiconductors and charge carrier
confinement in quantum dots.
Next, in chapter 3, the modelling approaches will be discussed. The first section 3.1 will
discuss the development of a stochastic (nano)particle charging model based on charging
currents. The second part (section 3.2) will focus on a model for charging a quantum dot
and the induced shifting of the bound states and therefore the photoluminescence.
Chapter 4 will start the experimental approach, with giving an overview of the experimental
methods. Sections 4.1 through 4.4 will discuss all parts of the setup, from the quantum
dot injection to the optical setup to detect the photoluminescence. In section 4.5 some
experimental challenges are mentioned and the decision is made to focus on dropcasted
quantum dot samples. Furthermore, in section 4.6 we introduce a synchronization method
for the excitation and detection of the photoluminescence, which improves the overall
reproducability of the experiments. Section 4.7 elaborates on the data analysis procedure.
Schapter 5 shows the experimental results. Sections 5.1 through 5.3 discuss general PL
properties of the quantum dots and explore the possibility of quantum dot injection. When
doing this, the first version of the time-resolved measurement scheme is implemented. In
sections 5.4 and 5.5, we focus more on the photoluminescence of dropcasted quantum
dots. Section 5.6 shows the results of the time-resolved photoluminescence measurement
of dropcasted quantum dots and investigates the influence of plasma.
Finally, in chapter 6 the most important conclusions (section 6.1) will be provided and
ideas for further research (section 6.2) will be indicated.
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Section 2: Theoretical background

2 Theoretical background

As mentioned in the introduction, the main goal of this project is to gain insight in
the dynamic plasma charging of nanoparticles, using the photoluminescence properties of
quantum dots. Therefore, in this section the theoretical concepts around plasma discharges
and (nano)particle charging will be elaborated. Furthermore, we will provide the basics
of quantum confinement and the physical processes happening inside a quantum dot. As
a start, the general criteria of the plasma state (section 2.1) will be explained and we
will focus on the capacitively coupled radio-frequency driven (RF-CCP) discharge mode
(section 2.2). After this the relevant mechanisms behind nanoparticle charging will be
derived in section 2.3.
The second part of this chapter will be focused on quantum dots. In section 2.4, a
general introduction to semiconductor physics and charge carrier confinement in quantum
nanostructures is provided. Next, we will work towards the finite depth square well model
to describe the energy levels in a quantum dot in section 2.5.

2.1 Defining criteria of a plasma

In chapter 1 plasma has been introduced as a (partially) ionized gas, containing neutrals,
electrons and ions. Although plasmas come in a large variety of shapes and sizes, a number
of general properties can be defined. This section will revolve around three criteria which
define the plasma state: the Debye length, quasineutrality and the plasma frequency.

• The Debye length λD:
One of the most important features of a plasma is the ability of efficiently reducing
electric fields [25]. This shielding effect can be illustrated as described by the
situation in figure 2.1. An excess charge Q = −e is placed inside a homogeneous
plasma. Consequently, the electrons in the plasma will be repelled from this charge,
while ions will be attracted. This will lead to a space charge ρ = ne,ie near to the
excess charge. A certain distance away, at x = λD, the plasma is no longer affected
by the additional charge and is considered homogeneous again. At the boundary,
one expects a balance of the potential and kinetic energy of the electron. To achieve
this, the electrostatic potential is needed from Poisson’s equation, ∇2φ = − ρ

ε0
, which

in this case leads to φ(x) = −1
2
ρ
ε0
x2. The potential energy at the interface will

then become Epotential = −eφ (λD) = 1
2
ne,ie

2

ε0
λ2
D. Equating this to the kinetic energy,

Ekinetic = 1
2kBTe,i, with kB being the Boltzmann constant and Te the electron

temperature, the Debye length can be defined as λD =
√

ε0kBTe,i
ne,ie2

. The Debye length

is a typical length scale over which a charge can be shielded from the bulk of the
plasma.

For a typical laboratory plasma, having Te = 2 eV = 23 208 K and ne = 1015 m−3, the

Debye length for an electron can be calculated to be λD,e =
√

8.85×10−12⋅1.38×10−23⋅23208

1×1015⋅(1.602×10−19)2
≈

3.3 × 10−4 m. For an ion (ni = ne = 1015 m−3 and Ti = 298 K), the Debye length
becomes about 10 times as small: λD,i ≈ 3.7 × 10−5 m.
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x
-e

ni  ≠ 0, ne = 0, ρ = nie ne = ni ≠ 0

λD

Figure 2.1: Schematic view for the definition of the (electron) Debye
length λD. The Debye length can be interpreted as the length scale
needed to shield an excess charge from the homogeneous plasma.

• Quasineutrality:
Another property of a plasma is its quasineutrality. This means that in pristine
electropositive plasmas, for length scales much larger than the Debye length, the
total negative charge of the electrons is compensated by the positive charge of the
ions. Again using Poisson’s equation, the potential variation Φ across a plasma with
length l≫ λD can be expressed as:

d2Φ

dx2
∼ Φ

l2
∼ ∣ e
ε0

(ni − ne)∣ .

Using that the potential variation about the plasma bulk will be in the order of the
electron energy kBTe [4], one can state:

Φ ≲ kBTe =
e

ε0
neλ

2
D, (2.1)

where in equation 2.1 the definition of the Debye length is used. Combining the
previous two expressions yields:

∣ni − ne∣
ne

≲ λ
2
D

l2
, which implies ∣ni − ne∣ ≪ ne → ni ≈ ne if λD ≪ l.

The last expression introduces the notion of quasineutrality. One should note that
this is only valid for the bulk of the plasma; i.e. a stationary and homogeneous
plasma region far away from the electrodes.

• The plasma frequency ωp:
Thirdly, the plasma frequency ωp can be defined. Assume that, as shown in figure 2.2,
in a quasi-neutral bulk plasma all electrons are (hypothetically speaking) collectively
shifted a small distance to the right. At the left edge of the plasma, only ions remain,
while at the right edge only electrons are present. A net charge density ρ = ne,ie is
now created at the sides of the plasma, from which the electric field can be calculated
(by applying Gauss’ law):

E(x) = ∫
x

0
− ρ
ε0
dx = −ne,ie

ε0
x.

Next, the expression for the electric field can be inserted into Newton’s second law
of motion, in order to find a differential equation for the trajectory of the particles
as a result of the displacement:

me,i
d2x

dt2
= −eE(x) = ne,ie

2

ε0
x.
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From this, there can be noted that the resulting motion is an oscillation, in which

the frequency defines the electron plasma frequency: ωp,(e,i) =
√

ne,ie2

me,iε0
. This is the

frequency with which the displaced electron cloud would move with respect to the ion
cloud. Note that this illustrates a simplified case in which we assumed no collisions:
In the case of collisions the resulting motion would have been a dampened oscillation.
Typical values for the plasma frequency for an electron or ion in an argon plasma
would be ωp,e = 1.8 × 109 rad/s and ωp,i = 6.6 × 106 rad/s, respectively. The plasma
frequency can also be interpreted as the typical frequency with which deviations
from charge neutrality are restored.

+

+

+

+

+ -

-

-

-

-

Plasma bulk
ne = ni

Figure 2.2: In a homogeneous plasma, all electrons are collectively
shifted a small distance to the right. The resulting electric field defines
the plasma frequency ωp.

2.2 Low-pressure capacitively coupled discharges

Until now, the most important plasma properties have been stated. However, not much
attention has been drawn to how to actually create such a plasma. In the laboratory, a
plasma is created by applying a voltage between two electrodes, while a gas resides in the
space in between the two electrodes. If this voltage is above a critical value, the gas will
break down into a plasma. After this first phase, the plasma will need to be sustained. One
can choose several discharge modes (DC or AC, with kHz or MHz frequencies), depending
on the applications or purposes of the experiment. DC discharges are widely used in
industry, e.g. in laser technology, as television or computer screens and in the lighting
industry [26]. AC discharges, such as RF discharges, are for example used in the field of
semiconductor industry and materials processing [4]. In the experiments in this thesis, a
radio-frequency (RF, f = 13.56 MHz) driven plasma is used.

2.2.1 Radio-Frequency (RF) plasmas

One way to drive a plasma in the laboratory is by electric fields. In an RF-driven plasma,
the frequency is chosen in a specific way. The plasma frequency (derived in section 2.1) can
be interpreted as the timescale at which deviations from charge neutrality can be restored.
The other way around, it is also the timescale at which externally induced deviations from
charge neutrality (i.e. electric fields) can be followed. The RF-frequency is set to be
f = 13.56 MHz = 852 Mrad/s. If we compare this to typical values of the plasma frequency
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(ωp,e = 1.8 × 103 Mrad/s, ωp,i = 6.6 Mrad/s), we see that only the electrons will be able to
follow the instantaneous RF-field, while ions will only feel the time-averaged field. This
means that in practice, the electron temperature (energy) will be a few eV, while the ions
remain at room temperature.

A general image of an RF capacitively coupled plasma (RF-CCP discharge) is shown in
figure 2.3. The bulk of the plasma resides between the two electrodes, while near the
electrodes two sheath regions are formed. The reason for the formation of these sheath is
since there is a difference between the surface potential of the electrode and the plasma
potential, the electrode will start attracting charge carriers. Since the electron mobility is
much higher than the ion mobility, the electrodes will initially attract electrons, leaving
an electron-depleted region (the sheath) behind. On the bottom of figure 2.3, the electron
density ne and ion density ni are plotted in the discharge, also indicating the decrease in
the sheath regions.

ne, ni

plasma bulk

x

de
ns

ity

sheath a sheath b

Figure 2.3: General structure of a planar RF-CCP. An alternating
voltage (f = 13.56 MHz) is supplied between two electrodes, creating a
plasma in between. Near the electrodes, electron-depleted sheath regions
are formed. Image adapted from [4].
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2.3 Dust particle charging mechanisms

In the previous sections, the basics of plasma physics and the application to a low-pressure
RF-CCP are discussed. Note that the previous discussion is far from complete and only
discusses the aspects which are deemed necessary for the remainder of this thesis. For
a broader overview of general concepts in plasma physics, among others the books of
Lieberman [4], Piel [25] or Melzer [27] are recommended. In this section, we will derive
what happens when nanometer-sized solid dust particles are introduced in a plasma. The
difference between the surface potential of the dust particle and the surrounding plasma
will lead to charging of the dust particle. Since the electron mobility is much higher than
the ion mobility µe ≫ µi, the particle will be negatively charged. For micrometer-sized
particles, this charge can be of the orther of several thousands of elementary charges [11].
For the particles used in this thesis (with a diameter of d ≈ 1−5 nm), we only expect a few
negative charges on the particle. Before a model is built to actually estimate the amount
of charges, the dominant charging mechanisms are determined.

2.3.1 Collection currents - Orbital Motion Limited (OML) theory

There will be started with discussing the electron and ion collection currents in the ideal
case of a stationary, isotropic plasma. Orbital motion limited (OML) theory is used to
describe these currents. It finds its roots in probe theory, where Mott-Smith and Langmuir
[28] were interested in finding the currents towards probes immersed into a plasma, for
a certain probe bias voltage. By performing a voltage sweep, they were able to link the
characteristic I(V)-curve to (plasma) parameters like the floating potential, ion current
and even the electron energy distribution function (EEDF). On the basis of the probe
theory stand the collection currents, derived from conservation of energy and angular
momentum.
This derivation will first be given for the collection of ions, and will be in line with the
description in the books of Melzer [27] and Lochte-Holtgreven [29].

Ion collection current Ii
One can realize that charge collection of a electrostatic probe and a dust particle are
relatively similar in the sense that in both environments the currents are driven by a
potential difference of the dust particle (probe) with respect to the plasma potential. In
figure 2.4, a spherical dust particle (with a negative potential φp < 0 with respect to the
plasma) with radius a which is bombarded by ions with speed vi,0 and impact parameter
b is shown. The particle is surrounded by a sheath, which will serve as the region in which
the dust particle is able to attract charge carriers from the plasma. For a certain impact
parameter bc, the so-called grazing impact parameter, the charge carrier is will graze
the surface of the particle. For slightly bigger impact parameters, the particle surface
of the particle will not be reached and therefore those charges will not contribute to the
collection current. In the approximation of a collisionless sheath around the particle, all
charge carriers with a smaller impact parameter than bc will form the collection current.
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bc

b < bc

b > bc

a

vi,0

φp < 0

Figure 2.4: Schematic for the ion collection current of a dust particle.
Charge carriers are incoming with a velocity vi,0 and impact parameter
b are travelling towards a dust particle. Impact parameters b ≤ bc will
be collected, while higher impact parameters will only be deferred.

The first goal is to find an expression for the critical impact parameter bc. A good starting
point for this is considering conservation of momentum, by comparing (A) the moment
when the ion is infinitely far away from the particle and (B) when the ion grazes the
surface of the particle:

mivi,0bc =mivia. (2.2)

One can also state the conservation of energy, which is the sum of the kinetic and potential
energy in the electrostatic potential of the dust particle:

1

2
miv

2
i,0 =

1

2
miv

2
i + eφp (2.3)

Note that in this expression, φp is the potential of the particle with respect to the plasma
potential. Substituting equation 2.2 into equation 2.3, one finds:

1

2
miv

2
i,0 =

1

2
miv

2
i,0

⎛
⎝
v2
i

v2
i,0

+ eφp

(1/2)miv2
i,0

⎞
⎠
= 1

2
miv

2
i,0

⎛
⎝
b2c
a2

+ eφp

(1/2)miv2
i,0

⎞
⎠

From this, one can find an expression for the critical impact parameter:

b2c = a2 ⎛
⎝

1 − 2eφp

miv2
i,0

⎞
⎠
. (2.4)

Since φp < 0, the impact parameter is larger than the particle radius (bc > a), which makes
sense due to the property of the sheath surrounding the particle which allows attraction
of positive charges away from the surface, as shown in figure 2.4.
From this impact parameter, the cross section for collection can be defined as σc ≡ πb2c .
Having this cross section, we can start thinking about calculating the total collection
current. To arrive at the collection current, one should integrate over the set of possible
velocities of the incoming particles. According to equation 2.4, each incoming speed has
a different cross section, and therefore a different contribution to the current. The ion
collection current can therefore be given by:

dIi = σc(vi)dji = σc(vi)nievif(vi)dvi,
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where the current portions can be written as ji = nievi, and one should into account the
ion velocity distribution function f(vi). If we assume a (normalized) isotropic Maxwellian

velocity distribution, i.e. f (vi) = 4πv2
i ( mi

2πkBTi
)

3/2
exp(−1/2miv

2
i

kBTi
), the total ion collection

current can be obtained by:

Ii = 4π2a2nie(
mi

2πkBTi
)

3/2

∫
∞

0
(1 − 2eφp

miv2
i

) v3
i exp(−1/2miv

2
i

kBTi
)dvi. (2.5)

Carrying out the integration (using the standard integral ∫ ∞0 x2k+1 exp (−ax2)dx = k!
2ak+1 ,

with k a natural number), the total ion (particle) current is given by:

pi = Ii/e = πa2ni

√
8kBTi
πmi

(1 − eφp

kBTi
) . (2.6)

Electron collection current Ie
The electron current can be calculated completely analogous to that of the ion. An
important difference is the negative charge of the electron: It ensures that the electrons
are repelled from the dust particle (since φp < 0), as shown in figure 2.5. Again, one can
define the grazing impact parameter from conservation of angular momentum and energy:

b2c = a2 ⎛
⎝

1 + 2eφp

miv2
i,0

⎞
⎠
.

This expression shows that the collection cross section is smaller than the particle radius a.
In a similar fashion than for the ion current, the total electron current can be calculated by
means of an integration over velocity space. The electron (particle) current then becomes:

pe = Ie/e = −πa2ne

√
8kBTe
πme

exp( eφp

kBTe
) . (2.7)

bc

b < bc
b > bc

a

vi,0

φp < 0

Figure 2.5: Schematic for the electron collection current of a dust
particle. Charge carriers are incoming with a velocity vi,0 and impact
parameter b are travelling towards a dust particle. Impact parameters
b ≤ bc will be collected, while higher impact parameters will only be
deferred.
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2.3.2 Electron tunneling current - WKB approximation

The second charging mechanism that is worth discussing is that of electrons tunneling
away from the particle. There seems to exist an upper limit to the charge a particle
can acquire in a plasma [30] [31]. When passing this limit, the particle will start to
spontaneously emit electrons. In this section, we will introduce this charge limit based on
electron tunneling. In figure 2.6, the energy landscape of a small nanoparticle is drawn:
an electron approaching the dust particle experiences a potential barrier from the already
present charge Qd:

Ve(r) = −e ⋅
Qd

4πε0r
. (2.8)

Particles which have overcome this barrier are confined into a well with depth An = A∞ −
5
8

e2

4πε0a
, where A∞ is the electron affinity of the (zero-curvature) bulk material, and a the

size of the dust particle. In figure 2.6, the region outside of the particle is energetically more
favorable than the region inside. Therefore, electrons can attempt to tunnel through the
barrier into free space. This tunneling current will eventually contribute to the total charge
on the dust particle. The tunneling probability T will be determined using the Wentzel-
Kramers-Brillouin (WKB) approximation, a technique known in mathematical physics to
obtain approximate solutions to differential equations. This method particularly deems
useful in calculating tunneling rates through potential barriers [32]. For this potential
barrier, the tunneling probability looks as follows:

T ≃ exp(−2

h
∫

rt

a

√
2me ⋅ [Ve(r) − Ve(rt)]dr) . (2.9)

In this equation, rt is the point in space after the potential barrier, at which the potential
is equal to that of the electron inside the well (see figure 2.6. This distance is found by
solving Ve(a) −An = Ve(rt).

a rt

V(∞)

V(0)

V(a)

Po
te
nt
ia
l

Distance

An

Figure 2.6: Potential landscape for electron tunneling. Image modified
from thesis of Heijmans [31].

The total tunneling particle current is then found to be [31]:

pt = ∣Zd∣ ⋅
√

2kBTp

me

1

2a
⋅ T (2.10)
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2.3.3 Other charging mechanisms

Besides charge carrier collection and electron tunneling, a few other mechanisms for dust
particle charging exist. In this section, other processes will be mentioned, their working
mechanism will be briefly explained and an estimation for their importance for the particles
used in our experiements will be given.

• Secondary electron emission:
When energetic electrons hit the surface of the dust particle, it may cause a release of
a secondary electron. For many materials information about the secondary electron
emission yield function δs(E) (the amount of electrons released by an primary
electron with energy E) is known [4]. Typically, the average yield is in the order
of 1 and the optimum energy to release an electron is several hundreds of eV.
In principle this would immediately rule out the relevance for secondary electron
emission in our plasma, but one should note that these values are only valid for flat
bulk materials. The curvature of a dust particle leads to high local electric fields,
lowering the secondary electron emission threshold and therefore making the process
easier for smaller particles. An equation which describes the secondary electron
emission current (assuming Maxwellian electrons) is [33]:

Is = 4πa2nee

√
kBTe
2πme

1

(kBTe)2
exp( eφd

kBTe
)∫

∞

0
Eδs (E) exp(− E

kBTe
)dE. (2.11)

Once the plasma parameters are known, only the yield funtion δs(E) should be
known. This yield is not only a function of the energy, but also contains material-
dependent properties, such as the inverse absorption length α, the excitation efficiency
Ks and Whiddington’s constant for energy loss with distance KW . In the case of our
quantum dots, of which the outer region is made of ZnS, these properties have not
been measured yet. As an example, in figure 2.7 simulated results for the secondary
emission yield δs for α = 106 cm−1, KW = 1012 V2cm−1 and Ks = 0.01 is shown for
several radii of dust particles Dg. The bulk limit, as described by Jonker’s curve
[33], is shown as a reference.

Figure 2.7: Secondary electron yield δs(E) as a function of primary
electron emission. Simulations have been done for α = 106 cm−1, KW =
1012 V2cm−1 and Ks = 0.01. Image retrieved from [33].
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From figure 2.7, one can see that for the choice of these material constants, secondary
emission only plays a role for primary electron energies of about 1 keV. When
decreasing particle size, generally the secondary electron yield increases, and for
nanometer-sized dust particle Dg = 0.01µm = 10 nm, the peak shifts towards even
higher energies. With these parameters it would be sufficient to say that inside a
plasma secondary electron emission can be neglected, but it heavily depends on how
the material constants for ZnS differ from the ones shown above.

• Photoemission:
Another process which leads to charging of the nanoparticle is photoemission. When
a flux of photons with an energy larger than the material’s work function hν >Wf

impinges the dust particle, the particle may emit photoelectrons. Because electrons
will be lost, this mechanism will make the total particle charge less negative. The
photoemission current depends on the wavelength of the incident photons, the surface
area of the dust particle and material properties of the dust [33]. In the case of
uncharged ZnS bulk material, the work function is Wf = 5.40 eV [34]. For particles
in our size range, the work function W is dependent on the radius and its value
is slightly less than the bulk value. In this range, the work function remains
independent of the charge number [35]. This means that (approximately) only the
photons with an energy E > Wf = 5.40 eV, or λ < 229 nm are sufficient to release a
photoelectron. If one wants to assess the probability for photoemission, the photon
flux Jp of the plasma in this range can be measured, for example by using optical
emission spectroscopy (OES). If the photon flux is known, the current induced by
this mechanism can be written as [33]:

Ip = πa2eJpQabYp, (2.12)

where Qab is the absorption efficiency and Yp the photon yield.

• Remaining processes:
Besides the processes mentioned above, one can also think about some more exotic
charging mechanisms, such as thermionic emission (when the particles are highly
heated) or radioactivity (e.g. β-emission) [36]. Although these processes do contribute
to the charge of a dust particle, they are not relevant for the experiments in this
thesis and will therefore not be treated with more detail.
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2.4 Introduction to semiconductor physics

In the next part of this section, we will focus on the physics behind quantum dots. The
starting point will be defining semiconductors and the band gap.

A semiconductor can be viewed as a material with a much higher conductivity than
insulators, but a lower conductivity than metals, when measured at room temperature
[37]. The temperature dependence of the conductivity is what distinguishes metals from
semiconductors: While metals retain their conductive properties even for low temperatures,
semiconductors will turn into insulators in this regime. This classification is directly
connected to the existence of an energy gap (band gap) between the last occupied (valence
band) and the first empty (conductance band) states. Although the distinction between
semiconductors and metals is quite arbitrary, it is chosen to define the state of a material
based on their conductive properties at room temperature.

In general, the magnitude of the band gap determines the distinction between conducting,
semiconducting and insulating materials. In figure 2.8, a schematic of the energy landscape
of the three types of materials is shown. In conductive materials (left), the valence and
conduction bands partly overlap, which implies easy transport of charge carriers and heat.
In semiconductors (middle), there is a separation between the valence and conduction
band, but this energy separation is rather small. As a rule of thumb, semiconductors are
defined as materials in which a photon coming from the visible region of the spectrum (400-
700 nm) is able to overcome the band gap and promote an electron into the conduction
band, and leaving a hole behind in the valence band. This spectral range actually gives
an estimation for the maximum band gap energy for a semiconductor, using E = hc

λ with
h being Planck’s constant and c being the speed of light. Filling in λmax = 400 nm, we
find Emax ≈ 3.2 eV. For higher band gaps, the energy barrier can no longer be overcome
using visible photons, and we enter the insulating regime. In these materials, conduction
is barely possible (see the right of figure 2.8).

Conduction

Valence

Conduction

Valence

Conduction

Valence

En
er

gy
 Conductor Semiconductor Insulator

ΔE < 3.2 eV

Figure 2.8: Schematic view of the energy levels of a conductor (left),
a semiconductor (middle) and an insulator (right).
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In this work the main interest is not necessarily in semiconductor bulk material, but
rather in small semiconductor nanocrystals. When nanoparticles reach sizes smaller than
the typical de Broglie wavelength for electrons/holes λ = h

√

2πmkBT
(= 4.3 nm for electrons

at T = 300 K), the particles must be seen as a quantum structure in which charge carriers
can be trapped. In these structures one speaks of quantum confinement and the laws of
quantum mechanics and concepts such as the Schrödinger equation, discretized energies
and wavefunctions will come into play. Section 2.5 will take us through the relevant
mathematical concepts and will build up to a simplified model for calculating the energy
levels and wavefunctions inside a quantum dot.

2.5 Charge carrier mechanics and the Schrödinger equation

In the previous section, we learned about semiconductors in general and provided the
defining properties. In this thesis, we will mainly focus on quantum dots. Quantum dots
are small semiconductor materials, usually ranging in size from 1 − 5 nm. The quantum
dots used in this work consist of a CdSe core and a ZnS shell. Generally speaking, a
quantum dot serves as a spherical, three-dimensional quantum well for charge carriers.
Inside these small wells, charge carrier behavior is completely different from that in bulk
material. In this section, we will gradually work towards the understanding of the behavior
of charge carriers trapped inside a quantum dot. There will be started by evaluating the
behavior of (i) a free particle, in order to later introduce the concept of effective mass when
looking at a semiconductor. Next, the (ii) infinite spherical quantum well will be evaluated
analytically, as well as the (iii) finite spherical quantum well. Thereafter, this model will
be applied to (iv) an actual quantum dot model. In the next section, a numerical model is
built to also access the (v) charged quantum dot. In all of these cases, the working horse
will be the time-independent Schrödinger equation.

-
-
-
-

(i) (ii) (iii) (iv) (v)

Section 2.5 Section 3.2

Figure 2.9: Schematical view of the potential pathway which will be
solved in order to build up to the charged quantum dot.
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2.5.1 The free particle

In quantum mechanics, the central concept is that of the wave function Ψ(x, t). Observables
such as position or momentum cannot be calculated directly, but will have to be deduced
from the wave function. Opposed to Newton’s laws in classical mechanics, the Schrödinger
equation is the one that governs. For a particle with mass m, affected by a position-
dependent potential V (x), the one-dimensional Schrödinger equation looks as follows:

− h̵
2

2m

∂2

∂x2
Ψ(x, t) + V (x)Ψ(x, t) = ih̵ ∂

∂t
Ψ(x, t). (2.13)

In this equation, h̵ is the reduced Planck constant and i the imaginary unit. A useful
simplification can be made when only considering separable solutions; solutions in which
position x and time t are decoupled. Substituting Ψ(x, t) = ψ(x)T (t) into equation 2.13,
and dividing the equation by ψ(x)T (t), we find:

1

T (t) ih̵
dT (t)
dt

= 1

ψ(x) [− h̵
2

2m

d2ψ(x)
dx2

+ V (x)ψ(x)] . (2.14)

Realizing that the LHS of equation 2.14 is only dependent on t and the RHS only on
x, the equation can only be true if they are both equal to a constant, called E. This
separation constant helps us to arrive at the time-independent Schrödinger equation by
only considering the RHS of equation 2.14:

− h̵
2

2m

d2ψ(x)
dx2

+ V (x)ψ(x) = Eψ(x). (2.15)

In this section, we will solve the Schrödinger equation for a freely moving particle, i.e.
V (x) = 0 for all x. In this way, the second term vanishes and the equation takes the
following form:

d2

dx2
ψ(x) + k2ψ(x) = 0, k ≡

√
2mE

h̵2
. (2.16)

Several functions have properties which suffice this equation, for example real functions
as e.g. ψ(x) = C1 sinkx, ψ(x) = C2 coskx or complex exponential waves as e.g. ψ(x) =
C3 exp(±ikx). In these solutions, C1, C2 and C3 are constants. In the case of a free
particle, we are done here. When the particle is confined, the boundary conditions decide
the actual shape of the wavefunction.

2.5.2 The infinite spherical well

In the next step, the infinite spherical well will be investigated. In contrast to the previous
section, the problem has a spherical symmetry, which allows for using spherical coordinates
r, θ and φ. Taking derivatives in spherical coordinates is slightly more involving, but the
general procedure of separation of variables remains the same. The radial equation, which
describes the wave function R(r) for a particle with mass m in a potential V (r), will be
taken as a starting point in this section [32]:

− h̵
2

2m

1

r2

d

dr
(r2dR(r)

dr
) + [V (r) −E]R(r) = − l(l + 1)h̵2

2mr2
R(r). (2.17)
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In the case of the infinite spherical well with size a, the potential looks as follows:

V (r) =
⎧⎪⎪⎨⎪⎪⎩

0 r ≤ a
∞ r > a

(2.18)

This potential can be seen as an impenetrable barrier for a particle. The particle will be
trapped inside the well, and it is impossible for the particle (and therefore the wavefunction)
to exist outside of the well (r > a). This notion will define the boundary condition to be
R(r = a) = 0. To find solutions for the infinite spherical well, a few steps are needed.

A change of varables ρ → kr, with k =
√

2mE
h̵2

will be necessary to express the second
derivative in equation 2.17 as follows:

− 1

r2

d

dr
(r2dR(r)

dr
) = −d

2R(r)
dr2

− 2

r

dR(r)
dr

= − d
2R(kr)

1
k2
d(kr)2

− k 2

kr

dR(kr)
1
kd(kr)

= −k2d
2R(ρ)
dρ2

− k2 2

ρ

dR(ρ)
dρ

= −k2 [d
2R(ρ)
dρ2

+ 2

ρ

dR(ρ)
dρ

] .

(2.19)

Taking into account the potential V (r) given in equation 2.18, combined with the definition
of k, we can rewrite equation 2.17 as:

d2R(ρ)
dρ2

+ 2

ρ

dR(ρ)
dρ

+ [1 − l(l + 1)
ρ2

]R(ρ) = 0. (2.20)

Solutions of this equation are a linear combination of the spherical Bessel functions and
the spherical Neumann functions:

Rl(kr) = Ajl(kr) +Bnl(kr),

where A and B make up normalization constants. These functions are defined as:

jl(x) ≡ (−x)l (1

x

d

dx
)
l sinx

x
; nl(x) ≡ −(−x)l (

1

x

d

dx
)
l cosx

x
.

One should note that all spherical Neumann functions tend to infinity at the origin, and
therefore cannot be part of the final solution for the wavefunction. The solution then
becomes:

Rl(kr) = Ajl(kr). (2.21)

In figure 2.10, the first two Bessel functions (l = 0,1) are plotted, and the first few zeros
of each of the functions are indicated by a dot. Now that the mathematical description
of the solutions are known, the boundary conditions can be applied. Since the well is
infinitely deep, the wavefunction is expected to be zero at the boundary r = a. Therefore,
the allowed extent of the Bessel function (and the allowed values of k) becomes discrete.
In essence, the appropriate condition is jl(ka) = 0, which means k = 1

aβnl, with βnl being
the nth zero of the lth spherical Bessel function. This restriction defines the quantized

energies via E = h̵2k2

2m = h̵2β2
nl

2ma2
.
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Figure 2.10: The first two spherical Bessel functions (l = 0,1) including
indication of their nodes.

Now, the Schrödinger equation for this potential is completely solved. To get an idea of the
found energies and wavefunctions, the first few have been plotted in figure 2.11. Note that
by increasing n and l, there exist infinitely many solutions. In this figure, the square of the
wavefunction ∣ψ2∣ has been plotted, because it gives an idea of the probability to find the
particle at a given position within the well. Note that the energies found for l = 0 coincide
with the energies of a one-dimensional infinite quantum well, for which En = π2h̵2n2

2ma2
.
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(a) l = 0.
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(b) l = 1.

Figure 2.11: The first two energies and probability density ∣ψ2∣ for a particle inside an
infinite spherical well with width a = 2, for l = 0,1. The energies are expressed in Hartree
atomic units, i.e. h̵ =m = 1.

One should note that in this section we have only solved the radial Schrödinger equation,
and we ignored the θ- and φ- dependency. Through separation of variables the angular
(θ, φ)-equation can be solved seperately, yielding spherical harmonics as solutions. The
total wavefunction is then obtained by multiplying the radial and angular part. In figure
2.12 the square of the wave function for the particle ∣Ψ(r, θ, φ = 0)2∣ is shown for the
first two energy levels (n = 1,2) of l = 0,1 and m = 0. In these images, white represents a
maximum while black represents a minimum of the wave function. These images represent
a vertical cross-section through the quantum dot, so the images should be rotated along
the z-axis to get an image of the actual wave function.
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Figure 2.12: Plots of the square of the wavefunction of a particle inside
an infinite spherical well, having l = 0,1, n = 1,2 and m = 0. The red
circle indicates the boundaries of the well. White indicates a maximum
and black a minimum.

2.5.3 The finite spherical well

Next, the model for the infinite spherical well will be expanded into a finite spherical well.
In this case, most of the equations and procedures are the same, but the minor differences
have implications for the behavior of the wavefunction. Again, the starting point is the
radial Schrödinger equation, already stated as equation 2.17. The only difference is now
a new potential namely a potential well with depth −V0:

V (r) =
⎧⎪⎪⎨⎪⎪⎩

−V0 r ≤ a
0 r > a

(2.22)

Substituting this potential back into the radial equation, we can express the radial wave
equations for inside (i) and outside (ii) the well as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

− h̵2

2m
1
r2

d
dr (r

2 dR(r)
dr ) + [−V0 −E]R(r) = − l(l+1)h̵2

2mr2
R(r) r ≤ a

− h̵2

2m
1
r2

d
dr (r

2 dR(r)
dr ) −ER(r) = − l(l+1)h̵2

2mr2
R(r) r > a

(2.23)

Again, a change of variables should be introduced: For inside the well, k1 ≡
√

2m(E+V0)
h̵2

and k2 ≡
√

2mE
h̵2

. Since in the case of bound energies E < 0 (which means k1 is real and

k2 is imaginary), a choice for the change of variables can be ρ1 → k1r and ρ2 → ik2r, such
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that ρ1,2 remains real. One can work through a similar procedure as in equation 2.19,
which yields differential equations with the following set of solutions:

⎧⎪⎪⎨⎪⎪⎩

ψ(k1r) = Ajl(k1r) +Bnl(k1r) r ≤ a
ψ(k2r) = Ch(1)l (k2r) +Dh(2)l (k2r) r > a

(2.24)

Given that the spherical Neumann function nl(k1r) as well as the spherical Hankel function

of the second kind h
(2)
l (k2r) diverge at the origin, only the other two remain. In the case

of an infinite well the boundary condition was an impenetrable wall, but now since the
well has a finite depth, this is no longer true. Now the wavefunction and its derivative
should be matched at the well boundary, i.e. ψ(k1a) = ψ(k2a) and [dψ(k1r)/dr]r=a =
[dψ(k2r)/dr]r=a. Interestingly, the two equations following from the boundary conditions
are enough to solve for the energies as well as the wavefunctions of this potential. As an
example, the solutions of a potential with depth V0 = 10 and width a = 2 will be solved for
the case of l = 0. When increasing the value of l, the equations still remain analytically
solvable. The two boundary conditions provide the following set of equations:

⎧⎪⎪⎨⎪⎪⎩

sink1a
k1a

= exp−k2a
k2a

cosk1a
a − sink1a

k1a2
= exp−k2a

a + exp−k2a
k2a2

(2.25)

Dividing the two equations yields after simplification the following condition:

k1 cotak1 + k2 = 0. (2.26)

By taking a closer look at the definition of k1 and k2, and realizing that they are similar,
a new variable can be introduced as z = k1/a and a constant z0 = a

h̵

√
2mV0. In this way

z2
0 − z2 = a2 (2mV0

h̵2
− 2m(E+V0)

h̵2
) = a2 (2m(−E)

h̵2
) → k2a =

√
z2

0 − z2. This transforms equation
2.26 into:

z cot z +
√
z2

0 − z2 = 0. (2.27)

Equation 2.27 is a transcendental equation, meaning that the solutions of the equation
cannot be written in a closed-form expression. An approximate approach to find the
solutions is by solving it graphically, which involves plotting the LHS of the equation and
searching the solutions by a root finding algorithm. Implemented in Wolfram Mathematica,
a typical graph is shown for a = 2 and V0 = 10 in figure 2.13.

As one would expect, due to the finite nature of the quantum well, there is only a finite
set of solutions. This can be deduced from equation 2.27 by realizing that the square root
will only have real values as long as z < z0. This makes sense given that bound energies
have an energy E < V0, else they would not be confined in the well. The solutions z∗

can be related back to energies using the definitions of z and k1: E = h̵2(z∗)2
2ma2

− V0. The
similarity between the finite well and the infinite well also becomes visible now. Realizing
that the vertical asymptotes of the LHS of equation 2.27 are located at z = nπ with n being
a natural number, we find back the energy values of the infinite well at the asymptotes.
This means that the closer the roots are located towards the asymptotes, the more the
situation resembles the infinite well. As an illustration, the first four energy levels of an
infinite well are compared with the levels of a finite well with a depth of V0 = 10 and
V0 = 1000 in Table 1. There can be noted that for a deeper well, the first few levels are
barely affected by the well being finitely deep; it seems as if the particle is trapped in an
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Figure 2.13: Plot of the LHS of equation 2.26 as a function of z.
The roots (of which the z-values are indicated by red lines) indicate the
solutions of the equation and therefore the energy values.

infinite well. Contrastively, the higher energy levels do feel affected by the finite nature of
the well; E28,infinite = 967.2 versus E28,finite,V 0=1000 = 938.4. For a shallow well, i.e. for small
values of V0, all energy levels are affected relatively much. Since in the case of quantum
dots the wells are considered quite shallow, a finite well approach is more suitable than
the infinite well approach and will therefore predict more reasonable values.

Table 1: The first energy levels of an infinite well, a finite well with
depths V0 = 10 and V0 = 1000. ∆E is defined as the energy difference
between the infinite well and the finite well, all for l = 0.

n Infinite well Finite well V0 = 10 ∆E Finite well V0 = 1000 ∆E
1 E1 = π2/8 ≈ 1.23 E1 ≈ 0.99 0.24 E1 ≈ 1.21 0.02

2 E2 = (2π)2/8 ≈ 4.93 E2 ≈ 3.93 1.00 E2 ≈ 4.83 0.10

3 E3 = (3π)2/8 ≈ 11.10 E3 ≈ 8.51 2.59 E3 ≈ 10.86 0.24

4 E4 = (4π)2/8 ≈ 19.74 - - E4 ≈ 19.30 0.44

Now that the energies (and the associated k-values) are known, the wave functions from
equation 2.24 can be completed. In figure 2.14, the square wave functions and energies of
a finite quantum well with depth V0 = 10 and a = 2 are shown. As previously discussed,
the expected position of the particle can now extend outside the barrier. One can also
seen that the wavefunctions of the higher levels (i.e. the levels closer to the edge of the
well) can penetrate further into the ‘forbidden area’. For the sake of completeness, a cross
section of the complete wave function Ψ(r, θ, φ = 0) is shown in figure 2.15. Especially
when comparing the wavefunctions to the ones in figure 2.12, the finite nature of the well
can be observed by the wavefunctions being less affected by the boundary of the well.
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Figure 2.14: The energy levels and the square wavefunction ∣ψ2∣ for a
particle inside a finite well with depth V0 = 10 and width a = 2.
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Figure 2.15: Plots of the square of the wavefunction of a particle inside
a finite spherical well with a = 2 and V0 = 10, for l = 0,1 and n = 1,2.
The red circle indicates the boundaries of the well. White indicates a
maximum and black a minimum.
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2.5.4 Quantum confinement of charge carriers

In the previous sections, the behaviour of a particle trapped inside quantum wells has been
discussed. This model turns out to work relatively well for identifying the behavior of
charge carriers trapped in quantum dots. As mentioned in section 2.4, in a semiconductor
a photon from the visible range can excite an electron from the valence band into the
conduction band, leaving a hole in the valence band. The hole can be considered to be
the lack of electron at a position where an electron could exist. The hole is a quasiparticle
which is able to move through the lattice similar to electrons, but with opposite charge.

In heterostructure quantum dots, the charge carrier is trapped by the relative potential
landscape of both materials. Anderson’s rule [38], also known as the electron affinity
rule, states that when considering a heterostructure the vacuum levels of both materials
(i.e. the electron affinity - the energy of a free electron outside of any material) should
be aligned. The electron affinity for these compounds become experimentally accessable
for example by using scanning tunneling microscopy (STM) [39]. Figure 2.16 gives a
schematic overview of the energy levels of a CdSe/ZnS core-shell QD. For the CdSe core,
the conductance and valence band levels are respectively at ∼ −4.9 eV and −6.7 eV with
respect to the vacuum level, leading to a band gap of Eband gap, CdSe = 1.84 eV [40]. For
the ZnS shell, these levels are at −3.4 eV and −7.4 eV. As a result the electrons (confined
in the conductance band) are trapped in a well with depth V0,electrons = 1.4 eV, while holes
(confined in the valence band) feel a well depth of V0,holes = 0.6 eV. For our quantum dots,
we use a core radius of ac = 1.3 nm and a total radius of a = 1.85 nm. In this way, the
energy landscape is fully determined.
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Figure 2.16: Schematic of the energy landscape of CdSe/ZnS core-
shell quantum dots. Due to Anderson’s rule, the vacuum levels should
be aligned. Image adapted from [41].
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This energy landscape also shows the general working of carrier confinement in QDs, as
indicated in figure 2.17. Shortly after the quantum dot has been excited by a laser photon
(i), an electron-hole pair wil lbe generated and confined in the core of the quantum dot.
This electron-hole pair will relax back to the bound states of the quantum well (ii). Finally,
the electron and hole will recombine and send out a photon (iii). The emission of a new
photon after laser excitation is called laser-induced photoluminescence (PL). Note that the
energy of the emitted photon is the sum of the band gap Eg and the bound state energies
of the quantum wells of the electron Eelectron and the holes Ehole. Due to the charge
carrier relaxation, the energy of the emitted photon is lower than that of the excitation
photon. In order to calculate the photoluminescence wavelength, the bound state energy
of the electron and hole well can be calculated seperately, analogously to the procedure
in section 2.5.3. Once these are found, the photoluminescence energy is calculated by
EPL = Eband gap +E1,electron +E1,hole, where the subscript 1 reminds that we are interested
in the lowest energy in each well, assuming that carrier relaxation happens to the lowest
energy possible.
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Figure 2.17: Overview of the processes happening in a quantum
dot. From left to right: Laser excitation, charge carrier relaxation and
photoluminescence emission.

In this section we realized that the quantum dot can be seen as a system of two quantum
wells: one for the electron in the conductance band and one for the hole valance band.
When the quantum dot size is fixed, a photon with a fixed wavelength is emitted. One
expects from theory that the emission spectrum of one single quatum dot is a delta-peak,
of which the energy corresponds to the sum of the band gap and the two bound states
in the quantum well. However, in experiments we observe broader spectra (in our case
with a FWHM of ∼ 25 nm) because we look at a large amount of quantum dots, with a
certain size distribution. A difference in size induces a difference in the bound states and
therefore a different emission wavelength.
This section has showed the roadmap from a free particle until a particle confined in a
spherical quantum well. In section 3.2, the finite spherical quantum well model will be
expanded into a quantum dot model. After finishing that, perturbation theory will be
applied in order to see the consequences of charging a quantum dot.
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3 Modelling efforts

Until now, we have discussed the theoretical background about plasmas, plasma charging,
semiconductors and quantum dots. Since the goal of the project is to gain more knowledge
about plasma charging of small nanoparticles, these two fields need to be combined.
Besides the experimental work, as will be described in chapters 4 and 5, a modelling
approach may also be valuable. This section will describe two separate models developed
in the framework of this MSc. project: (i) A stochastic discrete charging model and
(ii) a charged quantum dot model. With the first model, as described in section 3.1,
an expectation of the charging processes for small nanoparticles is established. Outputs
would be about the expected equilibrium charge, the fluctuation level and the expected
charging time. As described in section 3.2, the charged quantum dot model shows how the
photoluminescence of a quantum dot changes when it is perturbed by an excess charge at a
certain distance from the quantum dot’s surface. Outputs of this model will be perturbed
PL energies and wavefunctions, as well as plots of the PL energy shift as a function of
amount of charges and distance to the quantum dot surface.

3.1 Construction of a stochastic discrete charging model

Dust particle charging became a topic of interest for several decades, first in laboratory
environments but later also in the field of astrophysics. The first notion of dust particles in
industry arised in devices for etching and deposition of thin films, which were confronted
with the formation of small particulates in the plasma [8]. In space plasmas, charged dust
particles have been observed [42] [43] [44], for example in the rings of Jupiter [45] [46] and
the collection of dust particles by the Hubble Space Telescope [47]. Dust particles in plasma
environments are expected to attain a (net negative) charge due to the potential difference
between the particle surface with respect to the plasma [10]. The floating potential of the
particle φfl is defined by the equality of ion and electron fluxes to the particle, as derived
in section 2.3. Using that the dust particle can be viewed as a spherical capacitor [36],
the dust charge Qd is related to the floating potential as Qd = 4πε0rdφfl, where ε0 is the
vacuum permittivity and rd the dust particle size. For smaller dust particles, we expect a
lower floating potential, which eventually results in a lower expected charge.

For microparticles (rd ∼ 1 − 5µm), several methods for obtaining the particle charge have
been designed. For example, one can measure the charge of particles falling through a
plasma by means of a Faraday cup with an electrometer [48] [49] or by deflecting the
charged particles with an additional pair of (DC) electrodes [7]. In these methods, where
charge measurement relies on the particles travelling through plasma, we can also think
of charge measurement methods where the particles can float inside the plasma. In view
of RF discharges, microparticles will reside at an equilibrium position in the sheath, at
the point where gravity balances out the electrostatic force. At this position the particle
will get charged by the local plasma environment, which offers the oppurtunity to use the
particles as charge probes [11]. Particle resonance methods [8] [50] and later phase-resolved
particle resonance methods [9] [51] [10] offer a non-intrusive charge measurement method
which is governed by the response of the dust particle when applying a low-frequency
modulation on the RF-voltage.
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Besides experimental work, particle charging also became a topic of interest for the
modelling community. A focal point of the models is the inclusion of stochastic behaviour
and the statistics arising from that. One of the pioneering works, by Cui and Goree [52],
developed a model in which the time interval between two subsequent charging events and
the choice of the type of charging event are randomly distributed. Other works involved the
construction and solving of a Fokker-Planck equation [53], and a (statistically equivalent)
Langevin equation [54]. Later, the method of the Langevin equation has been extended
by the inclusion of thermionic emission and UV radiation [55].

The model that will be constructed in this work shows most resemblance to the model of
Cui and Goree [52], but is extended for small particles by the inclusion of the tunneling
current as suggested by Heijmans [31]. The input of the model are plasma parameters,
such as electron/ion density and temperature, and the dust particle radius. It will output
timetraces of the charge of an initially uncharged dust particle (quantum dot). Afterwards,
statistics can be performed on these timetraces, yielding information about the average
expected charge, the magnitude of the fluctuations, the timesteps between two subsequent
charging events and the importance of the inclusion of tunneling.
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In section 2.3, the relevant charging mechanisms of plasma species arriving or leaving the
particle have been introduced. Using these, a model for the charging of a nanoparticle
can be constructed. The foreseen model can be divided into three phases (as shown in
figure 3.1): The preparation phase (I), the simuation phase (II) and the statistics phase
(III). The general goal of the model is to use the collection/tunneling rates to predict
the evolution of the charge of a particle in time. Note that since the charging process is
stochastic, a way to include randomness should also be included. Furthermore, one should
take into account that the discreteness of the model: The charge can only increase or
decrease in integer values (i.e. elementary charges).

Phase I : Preparation Phase II: Simulation Phase III: Diagnostics and statistics

Introduce constants

Estimate maximum expected charge

Calculate rates:
- Electron collection pe

- Ion collection pi
- Electron loss by tunneling ptunnel

Create lookup table for rates

Set initial conditions for a and Zi

Calculate currents for momentary Z

Process determination

Calculate timestep

Update time and Z

Timetrace of particle charge

Repeat N times

x1

x2

Equilibration time

Equilibrium charge and fluctuations

Timesteps between charging events

Charge distribution function

Figure 3.1: Overview of the working of the charging model. A lookup
table for the rates as a function of charge is created in phase I. Then,
the simulation is performed (II) and finally statistics on the data (III)
can be performed.

3.1.1 Phase I: Preparation

The preparation phase of the model consists of three parts:

• Introducing the constants:
As a first step, the constants for the simulation have to be introduced. We will
distinguish two types of constants: (i) physical constants and (ii) plasma-related
constants. Besides the usual values for the physical constants (e.g. Boltzmann’s
constant kB, Planck’s constant h, the vacuum permittivity ε0 and the elementary
charge e), plasma parameters (such as electron and ion density ne,i and temperature
Te,i) and dust particle parameters, such as the electron affinity and particle temperature
Tp have to be specified. Also the duration of the simulation (in terms of the amount
of simulation steps N) has to be specified.
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• Creating a lookup table for the currents:
The next step is the preparation of the lookup table. From equations 2.5, 2.7 and
2.10, one can realize that once a particle size a is set, the only variable left in all
particle currents is the dust charge Z. Therefore, instead of calculating all currents
in each timestep in the simulation, one could also create a lookup table before the
actual simulation, such that the currents merely have to be read from the table.
Before creating such a table it is necessary to estimate the expected equilibrium
charge of a particle with a given radius a, such that the length of the lookup table
is defined. An estimation for the equilibrium charge is [25]:

Zestimated = 1675 ⋅ a(in mm) ⋅ Te(in eV).

Taking into account that we expect fluctuations around this equilibrium, the table
should be slightly longer than the estimated charge. Therefore, as a rule of thumb,
the length of the table can be stated as LLOT = ⌈1.3 ⋅ Zestimated + 10⌉, where ⌈. . . ⌉
represents rounding up.
Now that the length of the lookup table is known, the program will calculate the
rates for each of the mechanisms and store the results in a lookup table. The relative
magnitude of each of these currents will determine the probabilities for a certain
process to happen, as will be described in the next section.

3.1.2 Phase II: Simulation

In the second phase, the lookup table will be used to construct a timetrace of the particle
charge, based on the appropriate probabilities for a given charge. This step can be broken
down into three parts:

• Setting initial conditions:
First, the initial conditions of the model need to be set. Since the properties of the
plasma and the material of the dust particle have already been set in phase I, the
only variables left are the dust particle size a and the initial charge Zi. At this point,
the script is ready to perform the actual simulation.

• Performing the simulation:
Inside the main loop, during each timestep the currents for each of the processes are
read from the lookup table and their probabilities (Pe, Pi and Ptunnel) are determined:

Pe =
pe

pe + pi + ptunnel
, Pi =

pi
pe + pi + ptunnel

, Ptunnel =
ptunnel

pe + pi + ptunnel

Next, these probabilities are placed onto a so-called probability bar, such that the
script will be able to decide which process will happen. In figure 3.2, a (hypothetical)
example of such a probability bar is given.
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Assume that, for example, at a given point in time the charge on a particle with
a = 1.85 nm is Z = −9e. The script will then read the particle currents from the
lookup table (pe ≈ 2072 s−1, pi ≈ 3497 s−1 and ptunnel ≈ 15 201 s−1) and calculate the
fraction for each of the processes compared to the total currents (Pe ≈ 0.10, Pi ≈ 0.17
and Ptunnel ≈ 0.73). This will yield the probabilities for the processes to happen, with
the property Pe + Pi + Ptunnel = 1. These fractions will be put onto the probability
bar, directly after each other. In this way, Pe will span from x = 0 to x = Pe = 0.10.
Pi will span from x = xPi = 0.10 to x = Pe + Pi = 0.27. The tunneling current Ptunnel
will span from x = xPtunnel = 0.27 to x = Pe + Pi + Ptunnel = 1.

With these probabilities known, the program will choose x1, a random number
between 0 and 1 and compare its position on the probability bar. The position
of the random number will determine which process will happen and this will also
introduce the stochastic nature into the model. Based on the charge of the particle
at a given moment in time, the probability bar looks different and therefore an other
process may become preferred.

0 1
Pe Pi Ptunnel

xPi xPtunnel

x1

Figure 3.2: Determination of charging mechanism.

Another thing to consider is the timestep between two subsequent charging events.
We assume the probability density function p(t) = exp (−(pe + pi + ptunnel)t) for the
dust particle to ‘survive’ without having a change in charge (i.e. the length of a
timestep) [25]. The actual timestep for the process is determined using a second
random number x2. In figure 3.3, the PDF for a = 1.85 nm and Z = −9e is drawn. A
random number x2 is indicated, and from the intersection with the PDF the chosen
timestep can be read. The shape of the PDF demonstrates that the system is biased
towards shorter timescales, and that the mean timestep would be in the order of a
few tens of microseconds. Note that again, for each value of Z, the width of the
PDF (and therefore the expected timestep) will change via the coupling with pe, pi
and ptunnel.
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Figure 3.3: Determination of timestep until next charging event.
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After each charging event, the total charge will be updated: Z → Z − 1e for electron
attachment, and Z → Z+1e for ion attachment or electron tunneling. The simulated
time will also be updated by t → t +∆t, where ∆t is the timestep calculated in the
previous step.

• Obtaining the timetrace:
The simulation step is repeated N times. In this way, we obtain a stochastic
timetrace, indicating the development of the charge of the particle in the plasma.

3.1.3 Phase III: Diagnostics and statistics

From the obtained timetrace, a number of new things can be learned. To show the results,
the simulation is performed in a number of example cases. The first simulation will show
the behaviour of charges with increasing dust particle size, for fixed plasma parameters
(ne = ni = 1 × 1015 m−3 and Te = 2 eV, Ti = 298 K). In figure 3.4, a simulation is run for
t = 500µs. An initially uncharged dust particle is immersed in the plasma, and from there it
will immediately gain a negative charge. This makes sense when regarding the magnitude
of the electron current with respect to the ion current, which resulted from the difference
in mobility for the charge carriers. After some time, an equilibrium charge is reached,
and the model shows fluctuations around this equilibrium charge. The magnitude of these
fluctuations tend to increase with increasing dust particle dimension. To gain confidence
in the model, there is started with investigating general properties of these timetraces
and comparing them to theoretical predictions. After that there can be focussed on the
charging behaviour of nanoparticles and verifying the importance and consequences of the
electron tunneling processes.

Figure 3.4: Timetrace of particle charge over time for three different
dust particle sizes.

Verifying the discrete charging model:
Figure 3.4 predicts three properties of the charging: (i) There exists a size-dependent
equilibrium charge Zeq, (ii) the time to reach this equilibrium charge increases with
decreasing particle size and (iii) the fluctuations around the equilibrium charge increase
with increasing particle size.
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• Equilibrium charge Zeq:
The equilibrium charge Zeq is determined by comparing the currents flowing towards
the particle. In figure 3.5a, the collection currents for a particle with a radius
a = 10 nm are drawn. Note that for this size the tunneling current is unimportant and
therefore not indicated. The intersection between the electron and the ion current
is the point where the magnitudes of the currents are equal, which is therefore
the expected equilibrium charge. The equilibrium charge is found by solving the
following equation for Z:

∣Ii∣ = ∣Ie∣→ πa2nie

√
8kBTi
πmi

(1 − eφp(Z,a)
kBTi

) = πa2nee

√
8kBTe
πme

exp(eφp(Z,a)
kBTe

) .

In figure 3.5b, the equilibrium charges from solving the equation for several particle
radii are given and compared to simulational equilibrium charges. In the figure it can
be seen that when the simulation is run for a sufficiently long time, the equilibirum
charge from the equation agrees with the simulation.
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Figure 3.5: Figures for finding the equilibrium charge of a nanoparticle in a plasma. For
all simulations, ne = ni = 1015 m−3, Te = 2 eV and Ti = 298 K. (a): Finding the equilibrium
charge from the electron and ion collection current for a particle with a radius of a = 10 nm.
(b): A plot of the equilibrium charge (black squares: Simulation, red line: From equation)
as a function of the nanoparticle radius.

• Fluctuations on equilibrium charge ∆Z:
Next, the fluctuations on the equilibrium charge will be discussed. From figure 3.4,
we noted that the fluctuations increase with increasing particle size. In principle, the
fluctuations are a measure of how far the current can ‘escape’ from the equilibrium
value. If we take a look at figure 3.6, it can be noted that the equilibrium charge
is a stable equilibrium: At slightly more negative charge, the ion current will take
over and push the charge back to equilibrium while at slightly less negative charge
the electron current will take over. The fluctuations can then also be interpreted in
terms of the slope of the currents around the equilibrium point: A higher slope of the
electron current means that pushing back the charge towards equilibrium becomes
more likely and therefore the fluctuations are expected to be less. When taking a
look at the currents for 5 nm and 20 nm, there can be seen that for higher radii,
the intersection is less steep and therefore the ‘restraining possibility’ is expected
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to be less. Following this reasoning, we indeed expect higher fluctuations for larger
particles.
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Figure 3.6: Comparison of OML currents for (a) a = 5 nm and (b)
a = 20 nm. The restraining possibility around the equilibrium charge is
lower for the larger particle.

From theory, the fluctuations turn out to scale with the particle radius as ∆Z ∝√
a

[52]. In figure 3.7a, the fluctuations on charged particles with a radius a is plotted for
several particle sizes, together with the theoretical expectation. Figure 3.7b shows
the relative fluctuations, i.e. the ratio between the fluctuations and the equilibrium
charge. The figures show that although the fluctuations increase with particle size
(a), the relative fluctuations of small particles are higher (b), which indicates that
for small particles the discrete nature of the charging is more important.
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Figure 3.7: Fluctuations ∆Z (a) and relative fluctuations ∆Z/Zeq (b) as a function of
the dust particle radius.

• Equilibration charging time τeq:
Finally, the equilibration time τeq of the particle is assessed. From the timetraces in
figure 3.4, one could note that it takes a certain amount of time for an uncharged
particle to arrive at the equilibration charge. Although larger particles have a
more negative equilibrium charge, they reach this charge faster due to their larger
collection cross section. Therefore, the observed trend is a decreased charging time
for increasingly large particles. The timetrace can be fitted using a (negative)
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exponential, yielding a relaxation time. For argon, the relaxation time can be
estimated as [25]:

τeq = 2.63 × 109

√
Ti

2nia
.

In figure 3.8, the average charging time over 100 simulations is plotted for several
values of a, along with the theoretical prediction. Again, we observe nice agreement
between the two. For the smaller particles, we see an increase of the errorbars, which
is mainly attributed to increasing relative fluctuations ∆Z/Zeq for smaller particles.
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Figure 3.8: Nanoparticle charging time as a function of the particle
size, averaged over 100 simulations per data point. The theoretical curve
is shown in the full red line.

3.1.4 Stochastic charging of a quantum dot

The second part of the analysis will be focussed on the importance of the tunneling process
when considering small nanoparticles (in the range of a few nm). As a first investigation,
we will define an empirical rule for deciding when electron tunneling becomes important,
by looking at the magnitudes of the different currents. Next, the timetraces of a charging
simulation with and without the addition of tunneling will be compared. Finally, the
timesteps between each charging event will be analysed. In this example, we will look at a
situation close to the experimental conditions: Typical laboratory plasma parameters for
a CCRF plasma discharge (ne = ni = 1015 m−3, Te = 2 eV and Ti = 298 K) and a core-shell
CdSe/ZnS quantum dot with a radius of a = 1.85 nm and the electron affinity of 3.88 eV
for ZnS.

• Comparing the currents:
As a start, we present a plot of the collection currents as well as the electron tunneling
current, as a function of charge on the quantum dot. In the previous section, for
larger particles, the intersection of the OML electron and ion current determines
the equilibrium charge (as seen in figure 3.5a). However, in figure 3.9, we see that
the charge in which the tunneling becomes important is close to the crossing point
of the OML currents. The tunneling current acts as a sort of charge barrier which
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introduces a maximum for the (negative) charge of the quantum dot. As soon as the
particle reaches Z = −9, the tunneling current starts to dominate the other processes
and will therefore almost certainly be chosen by the simulation. The tunneling
process will therefore not only make the mean charge less negative, it will also affect
the mean timestep between each charging event (since the total tunneling current
is very high), and will alter the charge distribution. In the upper graph of figure
3.9, the currents for a quantum dot, with a = 1.85 nm are compared. It seems that
tunneling only is important as soon as the relevant region of the tunneling current
lies within the fluctuation region of the OML-current crossing. For large particles
(a = 50 nm, lower graph), the tunneling current lies well outside of the fluctuation
region, and therefore this process is not deemed to be important.
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Figure 3.9: Comparison of the OML currents and the tunneling current
for small (upper graph) and large (lower graph) particles. The red dot
indicates the OML-equilibrium charge and the shaded regions indicate
the fluctuations. Electron tunneling only is important if the tunneling
current lies close to the OML crossing.

• Influence of tunneling on timetrace:
From figure 3.9, it turned out that for small particles electron tunneling becomes
important. As a consequence of the tunneling, there will exist a maximum charge
that the particle will gain. It is instructive to also visualize this difference in the
timetrace. In figure 3.10, the simulation with only the OML currents (figure 3.10a) is
compared to a simulation with the inclusion of the tunneling current (figure 3.10b),
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for a particle with a radius of 1.85 nm. As expected from the previous considerations,
due to the tunneling current the maximum gained charge is Z = −9e. Every time
the particle reached this charge, it returned back to Z = −8e very quickly, while in
the OML-only simulation the particle is able to reach Z = −11e.
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Figure 3.10: Comparison of the timetraces of an (a) OML simulation and (b) a tunneling-
included simulation.

• Time between charging events ∆t:
Finally, one can investigate the influence of the electron tunneling on timesteps
between charging events ∆t. Previously, we noted that the timestep can be related to
the total particle current ptot = pe+pi+ptunnel. A higher total current means a faster
decreasing PDF (see figure 3.3), which leads to shorter timesteps. Looking back at
figure 3.10a, there can be concluded that, besides on the charge limit, the tunneling
also has an influence on the inter-charging timesteps: Since the tunneling current
ptunnel quickly becomes large, the appropriate timestep will be very short. It would
therefore be interesting to compare sort the timesteps based on the instantaneous
charge of the particle, so that the tunneling can be visualized by means of the
timesteps. In figure 3.11, the timestep of an OML-only simulation is compared
to one where tunneling was involved. One can note that when tunneling becomes
important, the timestep indeed drastically goes down.
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3.1.5 Summary of the results from the charging model

The previous sections have explained the underlying principles of a stochastic model for
the charging of dust particles. The model is initialized by setting the plasma and dust
particle parameters, and making a lookup table for the relevant charging currents. A
simulation is started using the initial conditions and a charging process is chosen based
on the magnitudes of the currents. Next, the timestep until the next charging event
is determined and the time and charge are updated. The result is a timetrace of the
particle charge, in which the charge stochastically changes in discrete unit steps. From
these timetraces, the equilibrium charge and the fluctuation level can be calculated, as
well as the equilibration time. We have established that the relative fluctuations become
more important for small particles, and investigated the importance of electron tunneling
for small nanoparticles. Electron tunneling essentially provides an upper charging limit,
due to the sudden extreme increase in the tunneling current. Therefore, the tunneling
timesteps are extremely small, in the order of a few nanoseconds.

Although the foundations of the model have been known for decades, the novelty of this
model lies in the application to small nanoparticles (and the necessary inclusion of the
tunneling current). Apart from the fundamental point of view, the model also provides
information about the relevant experimental timescales. Since we expect the inter-charging
time to be in the range of milliseconds, one can try to match the detection time in a way
such that the charging can be followed in time. We also note that in order to visualize
individual charge fluctuations, the measurement timescale should be reduced into the lower
end of the microsecond range.
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3.2 The charged quantum dot: A perturbative model

Until now, we are aware of the mechanisms behind stochastic plasma charging for small
nanoparticles and we have discovered a range for the expected equilibrium charge, namely a
few electrons. Next, it is time to turn to the photoluminescence properties of the quantum
dots, and explain the working the charge-induced shift of the photoluminescence. Our
starting point is where we left off in section 2.5.4: A model for the finitely-deep spherical
quantum well. In that section, we realized that (up to a certain extent) the quantum
dot can be seen as a system of two quantum wells, one for the electron and one for the
hole. In the first part of this section (3.2.1) we will therefore apply the finite well model
to our quantum dots and show how the photoluminescence wavelength changes with the
quantum dot size and temperature effects will be explored (3.2.2). Then (3.2.3), a first
attempt towards modelling the charge-induced shift is made, by following the work of Early
[56]. From this quantum-perturbative model, the importance of excess charge proximity
is discovered.

3.2.1 Finite-well quantum dot model

As a start, we take back the finite well model from section 2.5.4. Table 2 shows an
overview of the relevant parameters for the quantum dot materials. These parameters fully
determine the confinement potentials for the electrons and the holes. In the simulation,
the quantum dot radius a is varied to show the dependency of the total photoluminescence
wavelength to the quantum dot radius.

Table 2: Material parameters for the quantum dots used in this work.

Parameter Value and unit

Quantum dot core material CdSe
Quantum dot shell material ZnS
Core radius acore 1.3 nm
Total (core + shell) radius a 1.85 nm
Electron rest mass m0 9.1 × 10−31 kg
Effective electron mass in core me,core 0.13 m0

Effective electron mass in shell 0.42 m0

Effective hole mass in core 0.30 m0

Effective hole mass in shell 0.61 m0

Electron well depth 1.4 eV
Hole well depth 0.6 eV
Band gap energy 1.84 eV

Simply after the introduction of a correction for the difference in effective masses in the
different materials, the model is ready to be used. The output of the model is a calculation
of the energies and wavefunctions in the quantum dot, as solved from the Schrödinger
equation. In general, a bound state exists as long as its energy does not exceed the height
of the barrier. The lowest energies (i.e. having the lowest quantum numbers n, l) are
most relevant in our application, since we assume that charge carrier relaxation happens
towards the lowest energies.
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Figure 3.12 shows the results of the simulation for a CdSe/ZnS quantum dot with a core
radius of a = 2 nm. Here we plotted the first two energy levels (n = 1, l = 0,1) for the
electrons and the holes, and we indicated the associated photoluminescence energy by
means of the black arrow. Table 3 shows an overview of the found energy levels in the
wells. For this particular size, the photoluminescence energy is calculated to be 2.6 eV,
which corresponds to 476.9 nm, via λ = hc

E .

ΕPL = 2.6 eV
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Figure 3.12: Schematic of the energies and wavefunctions in
a CdSe/ZnS quantum dot with a core radius of 2 nm. The
photoluminescence energy EPL is the sum of the band gap energy and
the bound state energies of the electron well and the hole well.

Table 3: Overview of all energy levels in the quantum dot with a core radius of 2 nm.
Decomposition of the PL energy into the individual components.

n = 1, l = 0 n = 1, l = 1

Electron bound energy 0.54 eV 1.03 eV
Hole bound energy 0.22 eV 0.43 eV

Band gap energy 1.84 eV

PL energy 2.60 eV
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After introducing the principles of the finite-well quantum dot model, a so-called sizing
curve can be constructed. This curve shows the dependency between the photoluminescence
energy and the quantum dot radius, for a certain type of quantum dot. It is constructed
by changing running the model for several quantum dot sizes and save the calculated
photoluminescence energy. Figure 3.13 shows the sizing curve for CdSe/ZnS quantum
dots, using the parameters listed in table 2. Along with the simulated results (in black
squares) the Brus equation has been plotted in the same figure. The equation is the result
of the pioneering work of Brus et al. [57], showing an approximate formula to calculate
the band gap of nanocrystals:

E(a) = h̵
2π2

2a2
[ 1

m∗

e

+ 1

m∗

h

] − 1.786e2

4πεrε0a
. (3.1)

In equation 3.1, the first two terms are the infinite-well energies of the electron and the
hole and the third term represents the screened Coulomb interaction between the electron
and the hole. Interestingly, especially for larger particle sizes, there is good agreement
between the finite-well model and the (infinite-well) Brus model. For smaller particles,
the differences between the infinite and finite well becomes visible. From table 1 we learned
that the finite well generally has lower energies than the infinite well, which became visible
when solving the transcendental equation 2.27. For sufficiently large particles, the energies
of the infinite and finite well more or less coincides.
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Figure 3.13: Photoluminescence energy as a function of the quantum
dot radius. The simulated finite-well quantum dot model energies are
shown in black squares, the red line represents the Brus equation [57].

3.2.2 Temperature effects

The spectral properties of the quantum dot determined in the previous section depend on
the temperature. As suggested by Varshni et al. [58], the temperature dependency of the
band gap of a quantum dot is given by:

Eg(T ) = Eg,0 − α
T 2

T + β . (3.2)
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In this equation, Eg,0 is the band gap at T = 0 K (i.e. without the inclusion of temperature
effects), and α and β are material constants. Although the equation has an empirical
origin, it corresponds nicely to experimental observations. Figure 3.14 shows the shift
of the band gap energy as a function of temperature in the case of CdSe, using α =
4.1 × 10−4 eV/K and β = 181 K [40].

Band gap - bulk CdSe
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Figure 3.14: Estimation of the temperature-dependent shift of the
band gap of CdSe, based on equation 3.2.

Two underlying mechanisms are proposed for the redshift of the energy with increasing
temperature:

• Lattice dilatation:
The most straightforward mechanism of increasing the temperature would be thermal
lattice expansion of the quantum dot. An increase in temperature could lead to
a larger quantum well, which eventually leads to lower bound state energies and
therefore a redshifted photoluminescence energy. For higher temperatures, the thermal
expansion coefficient of bulk CdSe (7.4 × 10−6 K−1 [40]) results in a radius variation
of approximately 0.0045 nm can be estimated [40], which (after interpolation around
a = 2 nm in figure 3.13) leads to an induced energy shift of less than 10 meV, which
indicates that this is not the only effect shifting the photoluminescence energy,
considering that from figure 3.14 we observe the total shift to be at least 5 times as
high.

• Carrier-phonon interaction
Furthermore, it is suggested that a major contribution to the shift comes from
temperature-dependent carrier-lattice (phonon) interaction. A phonon can be interpreted
as a lattice vibration. Two types of phonons (namely acoustic and optical) can be
distinguished, based on whether the atoms in a unit cell of the lattice move in phase
or counterphase. Theoretical works [59] [60] suggested that the phonon-induced
energy shift can be broken down into two regions, in which the Debye temperature
θD serves as a transition temperature:

∆Eg ∝
⎧⎪⎪⎨⎪⎪⎩

T 2, for T ≪ θD

T, for T ≫ θD
(3.3)

When taking a closer look to the limiting cases of equation 3.2, we indeed see that
the equation mimics the behaviour as suggested by equation 3.3.
Although not everyone agrees with the underlying assumptions of the theoretical
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approaches [61], the qualitative behaviour of the energy shift seems to hold, also
regarding experimental observations. GIven the Debye temperature of CdSe, θD =
181 K, we are in the linear regime. Besides the energy shift, the influence of electron-
lattice interaction is also expressed by a spectral broadening of the photoluminescence
spectrum. Varshni et al. [58] also developed an expression for the temperature-
dependent FWHM of the photoluminescence spectrum, furthermore dependent on
the carrier-acoustic phonon coupling constant σ, the carrier-optical phonon coupling
constant ΓLO and the phonon energy Ephonon:

Γ(T ) = Γinh + σT + ΓLO

exp (Ephonon/kBT) − 1
(3.4)

Taking all these considerations together, the total recombination energy of the photon is
then expressed as:

Eν = Eband gap(T ) +Eelectron +Ehole = Eg,0 − α
T 2

T + β +Eelectron +Ehole. (3.5)

3.2.3 Perturbative model for a charged quantum dot

Now that we are aware of the working of the quantum dot model, and have thought about
the consequences of adding temperature effects, let’s take one step back and reconsider
this in the context of the project. We are interested in a shift of the photoluminescence
introduced by the presence of (electron) point charges near the surface of the quantum
dot. This problem can be solved using quantum perturbation theory, where the excess
charge serves as a disturbance of the bound state energy levels in the well. The presence
of (local) electric fields and their disturbance of the photoluminescence of quantum dots
has been studied both experimentally [62] [63] as well as in simulations [64] [65]. The
effect is named the quantum-confined Stark effect, since an electric field is the source of
the effect. Interestingly, in experiments both a redshift [66] [67] as well as a blueshift [68]
[69] of the photoluminescence has been observed and attributed to the quantum-confined
Stark effect. The goal of this section is to provide the basics of a perturbation model and
disentangle the paradox between the direction of the shift.

• Perturbation theory:
To explain the working of the quantum-confined Stark effect and its implications
for the quantum dot, we will first look at a simplified picture: Applying an external
electric field to a one-dimensional infinite quantum well. For this quantum well with
a total width L and a depth of V0 →∞, the potential can be written as:

⎧⎪⎪⎨⎪⎪⎩

0, for ∣z∣ < L/2
V0, otherwise

(3.6)

For this potential, the one-dimensional time-independent Schrödinger equation (2.16)
can be solved for the boundary condition that the wavefunction should vanish at both
well edges (ψ(z = −L/2) = ψ(z = L/2) = 0). In this case, the (unperturbed) energies
and wavefunctions are given by:

E(0)n = h̵
2n2π2

2mL2
, ψ(0)n (z) =

√
2

L

⎧⎪⎪⎨⎪⎪⎩

cos (nπz/L), for n odd

sin (nπz/L), for n even
. (3.7)
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We now introduce a perturbation source by means of an uniform external electric
field in the z-direction, with a field strength F . The perturbing potential in this case
is:

V̂ = eFz. (3.8)

We will use this perturbing potential to look at how it changes the unperturbed
energies and wavefunctions in equation 3.7. The equations for the first-order and
second-order energy corrections and the first-order correction to the wavefunction
are listed below [32]:

E(1)n = ⟨ψ(0)n ∣V̂ ∣ψ(0)n ⟩ (3.9)

E(2)n = ∑
k≠n

∣⟨ψ(0)k ∣V̂ ∣ψ(0)n ⟩∣
2

E
(0)
n −E(0)k

(3.10)

ψ(1)n = ∑
k≠n

⟨ψ(0)k ∣V̂ ∣ψ(0)n ⟩
E
(0)
n −E(0)k

ψ(0)n (3.11)

Due to function symmetry, one can observe that the first-order energy correction for
every level is going to be zero. As an example, the second-order energy correction
to the first energy level (n = 1) can be calculated as:

E(2)n = ∑
k≠n

∣⟨ψ(0)k ∣V̂ ∣ψ(0)n ⟩∣
2

E
(0)
n −E(0)k

=
∣⟨ψ(0)2 ∣V̂ ∣ψ(0)1 ⟩∣

2

E
(0)
1 −E(0)2

= 2eF

L

∫
L/2
−L/2

z cos (πz/L) sin (2πz/L)dz
h̵2π2

2m (12 − 22)
= −512

243

e2F 2L4m

h̵2π6
.

(3.12)

Note that we assumed that only the second level (k = 2) was important for the energy
correction, and that the energy difference between the other levels were significantly
higher. Similarly, we could calculate the wave function correction using equation
3.11. Figure 3.15 compares the energies and wavefunctions without (a) and with
(b) an external electric field. We see a small (in the figure almost undiscernible)
lowering of the energies (conform equation 3.12) and a change in the shape of the
wavefunction.
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(b) Field, F = 8.

Figure 3.15: Perturbation of energy and wavefunction due to homogeneous external
electric field. The energy is written in terms of Hartree atomic units.
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• Stark-induced energy shift of a CdSe quantum dot:
As a next step, we will apply the Stark effect to the quantum dots. Again we look
at a particle (in our case an electron) in a quantum dot, but now the perturbation
potential is different. Instead of a homogeneous external field, we place another
point charge (electron) outside of the quantum dot. The perturbation potential for
a point charge q′ inside a sphere interacting with a point charge q outside the sphere,
separated by a distance S and screening constant γ, can be expressed as [68]:

V̂ (r, θ) = qq′

4πε0

3

∑
n=0

(2n + 1)
γn + n + 1

rn

Sn+1
Pn(cos θ). (3.13)

The potential consists of four terms, each involves a certain Legendre polynomial
Pn(x), which mixes different wavefunctions, according to the spherical harmonic
attached. We now consider the situation where we place an electron at a distance
S away from the quantum dot surface, having a quantum dot radius of a = 1.35 nm,
similar to the core radius of our quantum dots. The method for calculating the
energy shift and wavefunction modification is similar to described in the beginning
of this section. We will use equations 3.9, 3.10 and 3.11, with the new perturbation
potential of equation 3.13. For the sake of simplicity, we will use the unperturbed
energies and wavefunctions of the infinite spherical well, as stated by expression 2.21.
Although the actual calculation will not be shown, the following things need to be
remarked:

– The physical interpretation of the energy shifts is as follows: The first-order
energy correction is the result of the perturbation of the excess electron with
the lowest energy level in the quantum dot. The second-order energy correction
is the result of the interplay between the excess electron, the lowest and the
second energy level. It will result in a similar effect as shown in figure 3.15b:
The quantum well will be ‘tilted’, which pushes the electron wave function away
from the excess charge while the hole wave function is pulled towards the excess
charge. The linear polarization of the charge carriers in the quantum dot will
lead to a lower recombination energy and a redshift of the photoluminescence.

– When looking closely to the definition of the first-order energy correction, we
can see that the contribution by the electron-excess electron perturbation will
be canceled by the contribution of the hole-excess electron perturbation, since
the only difference is in the sign of q′. With the second-order correction this
will not be the case since the overlap integral will be squared and therefore the
sign will be lost.

These considerations indicate that E
(1)
n = 0 and (based on symmety considerations

of the first two wavefunctions) the relevant matrix element causing an energy shift of

the electron level is ⟨V ⟩(1)e = qq′
4πε0

3
S2(2+γ)

⟨ψn=1,l=0∣r cos θ∣ψn=1,l=1⟩. The second-order

energy correction is then given as: E
(2)
n = − ⟨V

(1)
e ⟩

2

E(n=1,l=1)−E(n=1,l=0)
. As a first illustration

of the working of the model, we have calculated the charge-induced energy shift as
a function of the distance from the quantum dot surface S, and plotted the result
in figure 3.16a. We indeed see a decrease (redshift) of the energy, of which the
magnitude becomes larger for a closer-placed excess charge. Figure 3.16b shows the
perturbed wavefunction of the electron state for an excess electron at S = 1 nm from
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the quantum dot’s surface. As expected from the equations, we indeed observe that
the wavefunction is being pushed away from the excess charge.
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Figure 3.16: (a) Energy shift of the electron state in a CdSe QD, as a function of the
distance from the surface S. For this calculation, the screening constant γ = 5.5 [68] (b)
Image of the perturbed wavefunction.

The following things need to be taken into consideration:

– From figure 3.16a, we learn about the importance of the distance of the charge to
the surface of the quantum dot. Unfortunately, in experiments that is something
that cannot be easily controlled: The distance to the quantum dot surface is
determined by the penetration depth of the charge in the region near the surface.
Some papers propose that, in the case of core-shell quantum dots, the excess
charge is able to penetrate through the shell layer [64], while other papers
assume that the shell serves as an inaccessable barrier for the excess charge
[56].

– In addition, in the case of our water-soluable quantum dots, the shell layer is
coated with so-called ligands, which allow for the quantum dots to be dissolved
in water. These ligands have a certain size (estimated to be in the order of
1 − 5 nm, depending on their degree of extent), which can also influence the
distance of the excess charge. In the same sense, little is known about how
these type of quantum dots deal with a plasma environment, in which different
species have different energies and therefore can interact with the quantum dot
in possibly unexpected ways.

– Furthermore, the results shown in this work is just for one excess electron, while
from the model in section 3.1.4 we expect on average approximately 7 electron
charges. To properly investigate the charge-induced shift of all electron charges
together, information about the charge distribution around the quantum dot
also needs to be available.

These considerations indicate that it is far from straightforward to directly link the
results of this model to the experiments or to the results of the model of section
3.1.4. Nevertheless, this model gives information about the mechanism behind the
charge-induced shift of the photoluminescence.
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3.2.4 Remarks on the validity of the finite well model

In this section we will shortly touch on the validitiy of the (in)finite-well approximations.
In figure 3.13 the sizing curve of CdSe/ZnS quantum dots is shown, simulated using
the finite well approximation. The simulated points seem to nicely agree with the well-
established Brus equation, especially in the limit of large particles. It would make sense
to also compare the simulated PL-energy with the actual photoluminescence and size
of our quantum dots. From the specification sheet, we find that the core size of the
quantum dots which emit 540 nm (= 2.29 eV) light is a = 1.3 nm, which agrees with TEM
measurements of dropcasted quantum dots (see figure 5.16). Looking back at figure 3.13,
a large discrepancy between the simulated emission (3.20 eV) and the actual emission
is observed. This is an indication that the (in)finite-well model may overestimate the
PL-energy for small particles. The direct comparison of the experimentally obtained
photoluminescence to models is relatively rare in literature. Recently, Ferreira et al. [70]
published a modification on the finite well model, where they added extensive expressions
for an energy shift due to the screened Coulomb interaction between the electron and
the hole. Furthermore, a shift due to the surface polarization energy coming from the
difference in dielectric constants is added. With the addition of thes two energy shifts, the
Brus equation gets a drastically different shape, as depicted in figure 3.17. This figure is
directly taken from their paper, and indicates the changing of the Brus equation (dashed
line) for CdTe nanoparticles, into the modified equation (full line). Later in the paper,
they show that using this modified equation, results of size measurements by means of
TEM or AFM can indeed are much closer to the theoretically predicted values.

Figure 3.17: Modification of the Brus equation leads to drastic
decrease of the predicted PL energy for small particles. The modified
equation matches experimental size observations by TEM much better.
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4 Experimental methods

In the two previous chapters, an overview of the theoretical background and the modelling
efforts have been provided. There has been focused on general plasma physics, dust particle
charging, properties of quantum dots and the charge-induced shift of the photoluminescence
of the quantum dots. Aside from the modelling efforts, experiments to measure the
charge-induced shift in plasma have been performed. This chapter aims to describe the
experimental devices and methods used in this work.

4.1 Overview of the setup

Figures 4.1 and 4.2 show schematics of the side the top of the setup, respectively. The
quantum dots are introduced in a suspension and introduced into the vacuum using an
injection head and a vaporization chamber. The RF-plasma is generated inside a vacuum
vessel using standard components as a function generator, matching system and an RF
amplifier. The laser-induced photoluminescence of the particles can be monitored using
an excitation laser, a lens system, a monochromator and an ICCD. Samples containing
quantum dots can be presented in two ways: Directly onto the driven electrode (1) and
fixed onto an electrically floating substrate holder (2).
In the next few sections, details of all components of the setup are given. In section
4.2, injection of the quantum dots is the central theme. Afterwards, plasma generation
and stabilization is discussed in section 4.3. The detection of the photoluminescence is
discussed in section 4.4. Next, a method for synchronization of the devices is mentioned
in section 4.6 and data analysis methods are explained in section 4.7. In appendix A, an
overview of all experimental equipment is provided.
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Figure 4.1: Schematic of the side view of the setup. Particles are
injected in a suspension using the injection head. Particles will enter
the vessel from the top, where a plasma is sustained by a RF-driven
amplifier.
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Figure 4.2: Schematic of the top view of the setup. The optical setup
is used to monitor the laser-induced photoluminescence of the quantum
dots, deposited onto a sample holder.

4.2 Quantum dot injection

Injection of nanoparticles into vacuum systems generally is far from trivial. Direct injection
of nanoparticles is virtually impossible due to clustering effects and particles sticking to
the edges of the container. Alternative methods consist of dissolving the particle into
a suspension, and injecting that into the vacuum system. In this way the particles
will be introduced as microdroplets, and individual nanoparticles will be released after
evaporation of the droplet. One can distinguish between direct liquid injection and indirect
liquid injection. In direct liquid injection, heating of the plasma is the main source
to reduce the droplet size and free the nanoparticles. In indirect liquid injection, an
additional heating chamber is connected to the vacuum vessel, such that the droplets can
pass through the chamber and partly evaporate before entering the plasma.

4.2.1 (In)direct liquid injection

To assess which type of injection would be most suitable, one should consider if the plasma
can fully evaporate the injected droplet. For this estimation, a droplet evaporation model
can be constructed. The model is based on the work of Ogawa et al. [71], and it calculates
the particle flux coming from a droplet in a plasma, keeping into account processes such
as evaporation, gas heating, radiation, vapor heating, recombination and condensation.
The model is based on defining heat fluxes for all processes and solving them in a time-
dependent fashion. The output of the model is a plot of the particle radius as a function
of time, from which the total evaporation time (the time until the radius becomes small
enough to release all nanoparticles) can be determined. In figure 4.3, the results of the
simulation are shown for a water droplet (with an initial radius of 10µm into an argon
plasma with p = 13.2 Pa, for different densities.
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Figure 4.3: Simulation of the evaporation of a water droplet in a
plasma with p = 100 mTorr = 13.2 Pa, based on the work of Ogawa et al.
[71].

It turns out that it takes several seconds for the radius to decrease a factor of 10. In our
case, where we inject through the upper side of the vessel (with a height of 18 cm), it is
impossible for the droplet to have plasma exposure for at least 10 seconds without hitting
the electrode. This means that in our case direct liquid injection becomes difficult and an
indirect liquid injection method should be chosen.

4.2.2 Kemstream Vapbox 300

Instead of building the nanoparticle injection system from scratch, the decision has been
made to opt for the commercially available Kemstream Vapbox 300 [72]. Kemstream
has developed the Vapbox, providing reliable, accurate and repeatable vaporization of
liquids and suspensions. The Vapbox has already been used in the field of chemical
vapor deposition (CVD) [73] and for the production of metal ion-doped optical fibers [74].
Recently, it also has been applied to the introduction of golden nanoparticles [75] and
quantum dots [76] in a vacuum system, also for deposition purposes. In this work, using
the vaporization chamber we will strive towards introducing tiny droplets of the quantum
dot suspension, such that the plasma is able to release (ideally) individual quantum dots.
This section will elaborate on how to introduce the quantum dots to the system in a
controlled fashion and about which injection parameters can be controlled by the Vapbox.

Introduction of quantum dot suspension
For our purposes, controlled injection of the quantum dot suspension is necessary. A liquid
flow meter (LFM) is used to control the desired amount of liquid to the injection head.
In order to fill the liquid line, the liquid in the container needs to be pressurized. The
pressurization line (see figure 4.1) consists of a valve, a pressure regulator and a pressure
display. By using argon at a fixed pressure (p ≈ 3.5 bar), the liquid will be pushed into
the line before the LFM. The actual liquid flowing into the injection head will then be
determined by setting the LFM.
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General Vapbox system
In figure 4.4a, an overview of the different components of the Vapbox is schematically
illustrated. The main component of the system is the Vapbox itself, including the injection
head and the vaporization chamber. The injection head consists of two fuel injectors, with
a mixture chamber in between (as illustrated in figure 4.1). Pressurized liquid is introduced
into the mixture chamber via the liquid inlet (as shown in figure 4.4b) through the liquid
injector. In the mixture chamber a continuous flow of argon carrier gas is used to create
a mist of (QD-containing) liquid in argon. With an adjustable delay time, the mist is
injected into the vaporization chamber through the mixture injector (see figure 4.4a). The
vaporizer is externally heated and directly connected to the vacuum. In order to achieve
controlled injection, the Injection Control Unit (ICU) and the Temperature Control Unit
(TCU) are used. The ICU is able to control the flow of the liquid and the carrier gas. The
TCU determines and regulates the temperature of the heating source of the vaporization
box. Typical operation temperatures are T = 100 − 150 oC.
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5.4.3 Injection Head overview 

The injection head (liquid injector + mixing chamber + mixture injector) is surrounded by a heat sink 
made of two aluminium half-shells. A fan attached on the enclosing box blows air on the heat sink 
to maintain at low temperature the injection head (see Figure 5). That allows maintaining the liquid 
at a temperature close to room temperature as long as it is not injected inside the vaporization 
chamber and thus allows avoiding premature decomposition of the liquid. The injection head has a 
Swagelok 1/8” or a VCR 1/8" female fitting for connection to a liquid line. The injection head has a 
VCR 1/4" female fitting for connection to a carrier gas line. 

 
Figure 5: injection head HB4-S2VF4H (with 1/8” Swagelok liquid inlet fitting) 

By construction, the injection head cannot inject only liquid or solution. A carrier gas flow is 
required. 
 
The liquid and mixture injectors (see Figure 5) are fast, normally closed solenoid valves working in a 
pulsed regime. 
 

 

The liquid and the mixture injectors are not compatible with corrosive 
chemicals such as SiCl4, TiCl4 or SnCl4. If such chemicals are used, they can 
heavily damage the injectors. 

 
  

(b)

Figure 4.4: General overview of the Vapbox system (a) and a zoom of the injector head
(b). Images adapted from the Vapbox manual.

Controlled injection
For our purpose, a controlled injection of the QD suspension is desired. The quality
of injection (i.e. the fraction of the injected liquid which is succesfully vaporized into
individual quantum dots) is determined by (among other things) the amount of injected
liquid per pulse, the amount of gas in the mixture injector, the opening time of the mixture
injector etcetera. To achieve this, the injection pattern is fully defined by the opening time
of the two injectors (i.e. pulse width) ton, the injection frequency f , the offset time toff and
the number of pulses N . These parameters can all be controlled by the ICU. In figure 4.5,
an example of such an injection pattern is shown. During an injection pulse, the liquid
injector has to be opened before the mixture injector. The typical frequency of the liquid
injector fliq has been chosen to be lower than the mixture injector to prevent an excess of
liquid in the mixture chamber.
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Figure 4.5: Schematic of an injection pattern. The injection lasts for
N pulses, with fmix = fliq. The time ∆ between the two injectors is the
mixing time. Image adapted from the Vapbox manual.

The ICU can control the injection in two operating modes: Open-loop and closed-loop. In
the open-loop mode, one can set the frequency, pulse width and the number of pulses of
both the liquid injector and the mixture injector. Note that in the open-loop mode the
LFM and MFM are not controlled, and their only function is to provide liquid and carrier
gas upstream of the injectors. In the closed-loop mode, instead of setting pulse widths, one
can give a flow setpoint to the flow meters. In this mode the ICU receives the setpoints
and calculates the opening times needed to reach the setpoints, using a PID controller.

Control software: Vapsoft
In order to facilitate working with the injection head, Kemstream provided VapSoft, a
software package for working with the vaporization box. Figure 4.6 shows a screenshot of
the software, indicating the flow of the mixture injector (in blue/purple) and the liquid
injector (in green) as a function of time. The system is operated in closed loop, indicated
by the setpoints (straight lines). From the figure, it can be read that the response times
(i.e. the time before the setpoint is reached) is in the order of 10 seconds. If necessary,
the operator can also define recipes, a series of commands which are executed one by
one. Especially for chemical vapor deposition (CVD) or atomic layer deposition (ALD)
applications this feature may be useful.

Figure 4.6: Screenshot of VapSoft, the control software provided by
Kemstream. Image adapted from the Vapbox manual.
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4.3 Plasma generation and stabilisation

As described in section 2.2, a capacitively coupled RF-plasma is generated by applying a
voltage to the lower electrode. The chamber walls serve as the grounded electrode, leading
to an asymmetric RF-discharge. As a result of the unequal surface areas of the electrodes,
a (negative) DC self-bias potential will be built. The vacuum chamber is connected to a
pump system, consisting of a prepump and turbo pump. The prepump is used to pump the
system down from atmospheric pressure to ∼ 10 Pa. From there, the turbo pump will take
over and pump down to base pressures in the range of 10−4 Pa. Argon gas is fed into the
chamber with typical flow of 5-10 sccm. Typical operating pressures during experiments
are in the range of 10 − 20 Pa, and the plasma power is (unless stated otherwise) in the
range of 10 − 20 W.
Maintaining a constant total gas pressure is crucial for having a stable plasma during all
measurements. A VAT butterfly valve is used to control the operating pressure. In figure
4.2, the butterfly valve is drawn in a bypass line to the turbo pump. The valve consists of a
circular disk, which can be rotated into positions between fully open (100) and closed (0).
The placing of the disk determines how much gas can pass through the valve, by which
the pressure in the chamber can be controlled. After performing a ‘LEARN’-procedure
in the software, the parameters of the PID-controller of the valve will be determined for
a fixed flow and vacuum system configuration. After this, the operator can set any flow
and pressure setpoint, and the valve will find out how to control the pressure. For our
experiments, the most challenging situation is during the injection, where the particles are
injected by quite a large pressure difference (∼ 3 bar in the mixture chamber and ∼ 20 Pa
in the vacuum chamber). This will induce a pressure increase in the vacuum chamber of
several tens of Pa. The VAT valve will react to this pressure increase by opening the valve
and regulating back to the set pressure. In figure 4.7, the valve position (blue) and the
vacuum chamber pressure (red) are drawn during two injections (N = 2) with ton, gas = 2 ms
and ton, liquid = 1 ms. The pressure increase of 15 Pa is regulated within approximately 1 s.

Figure 4.7: The VAT butterfly valve maintains a stable operating
pressure. During two injections, the valve position (blue) and the
pressure in the vessel (red) are drawn.
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4.4 Optical diagnostics

Besides the injection and plasma generation, another part of the setup deals with excitation
of the quantum dots and collection and detection of the photoluminescence light. This
section is split up into three parts: (i) Quantum dot excitation, (ii) photoluminescence
collection and (iii) spectral imaging.

4.4.1 Quantum dot excitation

The first part of the optical setup serves for the excitation of the quantum dots. As
explained in section 2.5.4, quantum dots are able to absorb certain wavelengths from the
visible part of the spectrum. By this absorption, an electron-hole pair is generated and
trapped in the quantum dot material. After relaxation to the bound states of the quantum
well, recombination can happen. A photon with a lower energy (higher wavelength)
will be generated, which is the process of laser-induced photoluminescence (PL). For our
purpose, commercially available water-soluable CdSe/ZnS core-shell quantum dots with
an average PL wavelength of 540±10 nm and a FWHM of about 27 nm are purchased from
NanoOpticalMaterials (NOM). The diameter of the core and the core+shell are 2.6 nm and
3.7 nm, respectively. In figure 4.8, an absorption and emission spectrum of the purchased
quantum dots are shown. From the absorption plot (full line), there can be seen that the
absorption cross section is highest in the range of blue wavelengths. Therefore the choice
is made to excite the quantum dots with a 405 nm laser. The operating power of the laser
is 150 mW at 5 V and 138 mA in continuous wave mode.

 

 

Chemical Composition CdSe/ZnS 
Surfactant coating Thiol with carboxylic acid end group 
Solvent pH 8.3 borate buffer 
Diameter of core 2.6nm 
Diameter of core plus shell 3.7nm 
Fluorescent Emission Peak 540 nm ±10 nm 
Absorption coefficient at first exciton peak @524 nm 7.5 x 105 Liters/mole-cm 
Emission Peak Width (FWHM) 27 nm 
Molecular Weight, core, shell 7.34 x 105 Liters/mole-cm 
Shelf life ≥1 yr if stored in dark between -15 and 8˚C 
Spectra 
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Figure 4.8: Absorption (full line) and emission (dashed line) spectra
of the solution of quantum dots used in the experiments. The central
wavelength is 540± 10 nm with FWHM of approximately 25 nm. Image
retrieved from http://nomcorp.com/.
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4.4.2 Photoluminescence collection

Figure 4.8 showed photoluminescence emission of quantum dots in the range of green
wavelength when they are excited with a blue laser. Since we are interested in monitoring
the spectrum of the photoluminescence, the light emitted from the quantum dots needs
to be focused into a monochromator. This can be done using two planoconvex achromatic
lenses (with f = 200 mm). In figure 4.9, the exact placing of the lenses is illustrated.
When matching the focal planes of both lenses, similar to the configuration of a confocal
microscope, emission can be displaced from the sample volume into the monochromator.
In order to make sure that the imaged area is not magnified by the optical components
in the lens system and the monochromator, the f-number of the lenses and the circular
mirrors in the monochromator should be matched as closely as possible. The f-number is
the ratio between the focal distance and the diameter (# = f/D) of the component. For
the spherical mirrors in the monochromator, the f-number is #mono = 3.8. Using lenses
with f1,2 = 200 mm and Dlens = 2 inch = 50.8 mm yields an f-number of #lens = 3.93. In
this way, the image is deformed as little as possible.

Dlens

f1 f1 f2
f2f1 = f2

Sample 

Monochromator

Dmirror

fmirror

Figure 4.9: Lens system for the collection of the photoluminescence.
The focal planes of the lenses are matched and the f-numbers of the lenses
and mirrors inside the monochromator should be matched to prevent
magnification of the image.

Next, the monochromator is used to spectrally separate the incoming light. As shown
in figure 4.2, the light which is focussed on the entrance slit of the monochromator, will
be put onto a spherical mirror. Using the grating polychromatic light is dispersed at
different angles. By means of the exit slit at the output of the monochromator, a particular
wavelength can be selected. The operator can set the central wavelength, the width of the
entrance and exit slits and the appropriate grating. In our experiments, the grating has
to be chosen in such a way that it can image a spectrum broad enough to fit the entire
photoluminescence peak (and a possible wavelength shift due to the plasma) in one single
scan. Looking back at figure 4.8, a spectral range of approximately 80−100 nm is necessary.
Using the grating with 600 grooves per mm, this could be achieved. The grooves must
be straight, evenly spaced and of identical shape. A denser grating has a better spectral
resolution, but results in a smaller range. For a groove density of 600 g/mm, the linear
dispersion of the light at the output of the monochromator is 1.5 nm/mm.
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4.4.3 Spectral imaging

In the final step of the optical setup, the spectrally separated light will be imaged onto
an ICCD-camera (Intensified Charged Coupled Device). The CCD-chip consists of an
array of photosensitive pixels (1024x1024 pix, 13x13 µm). An Andor New iStar ICCD
is mounted on the output of the monochromator. To obtain the highest input onto the
ICCD, the exit slit of the monochromator is completely removed. The dispersed light
will enter the ICCD, as shown in figure 4.10. The light entering the ICCD is of the
spectral range λ ∈ [λcentral −∆, λcentral +∆], where the central wavelength λcentral can be
set by the operator, and the spectral range 2∆ is determined by the groove density of the
grating and the aperture at the exit of the monochromator. The entering light will hit the
photocathode, where photons will be converted into electrons. The intensifier consists of
two rings between which a DC electric field (gain) can be applied. The higher the field
strength, the easier the incoming electrons are accelerated. The electrons move through
a microchannel plate (MCP), releasing additional electrons from the MCP walls. A high
gain will therefore lead to higher signals, but it will also intensify the noise. Therefore,
general noise sources such as unwanted stray light should be reduced as much as possible.
The intensified signal will eventually hit a phosphor screen, which will convert the electron
pattern back into a visible light pattern which is imaged onto the CCD. The output of
the ICCD is a spectrum, in which the horizontal dimension reads the wavelength and the
vertical dimension is the z-position of the incoming light.
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Figure 4.10: Schematic of the processes happening in an ICCD.
Dispersed light enters the ICCD and hits the photocathode. The
produced electrons will be intensified by the microchannel plate (MCP)
and eventually hit the phosphor screen.

The ICCD is a versitile device with many changable options, in order to obtain images
with the highest signal-to-noise ratio. In the remainder of this section, the most important
operation modes of the ICCD will be discussed.
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• Readout modes:
The signal on the CCD sensor can be read out in several ways. Figure 4.11 shows an
overview of the operating modes of the CCD and their properties. In image mode,
the CCD is read as two-dimensional matrix, there the signal of each indivual pixel
of the CCD is reported. This mode is useful in the case that both spatial dimension
of the CCD-array are meaningful. To enhance the readout speed (and therefore the
temporal resolution) the operator can also choose for manually selecting only a part
of the CCD which should be read out.
The full vertical binning (FVB) mode is especially suitable in the case of spectroscopic
applications. In this mode, the sum over all columns of the CCD-array is taken. Since
all pixels in one column belong to the same wavelength, a cumulative spectrum is
obtained. Note that through this operation the vertical spatial resolution is lost.

• Single scan mode:
The single scan mode is the simplest acquisition mode, where the system performs
one scan of the CCD. The user can change the exposure time of the CCD, set a gain
for the intensifier and determine the gating interval of the intensifier by specifying the
gate width and the gate delay. Before taking the actual measurement, a background
can be recorded, which will eventually be subtracted from the measured image.

• Accumulate:
In the accumulation mode, the signal from N single scans can be added together,
obtaining an accumulated scan. In addition to the general ICCD settings, the user
can also set the accumlated cycle time (period between each scan) and the total
number of accumulations. This mode can be used to effectively improve the signal
to noise ratio.

• Kinetic series:
In a kinetic series, the user can record time-dependent phenomena by performing
consecutive acquisitions in a single run. This mode can be used in collaboration with
the accumulation mode, for the reduction of noise. The result of the kinetic mode
is a series of (accumulated) spectra, captured with a set frequency.

Produce frametexp

N
texp

Single scan

Accumulate

N

T1 T2 T4T3

T1 T2

Kinetic series

Kinetic + 
accumulate

T1

T1

Figure 4.11: Operating modes of the ICCD. texp stands for the
exposure time, N for the number of images per accumulation and Tn
for the nth frame which is taken.

Aside from the CCD modes shown in figure 4.11, one can independently set the width and
delay of the intensifier, if necessary. For our purpose the FVB accumulation mode is used,
in order to achieve spectra with a high signal-to-noise ratio. When desired, the kinetic +
accumlate mode is used in order to follow transient processes.
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4.5 Experimental challenges

Until now, the individual components of nanoparticle injection, optical spectroscopy and
detection parts of the setup have been explained. In the ideal case, an experiment would
consist of (i) an injection phase, in which the quantum dot suspension is introduced into
the injection head and after the vaporization box individual quantum dots are released
into the vessel. Next, (ii) the particles will be confined by the plasma if the confining
forces are strong enough to overcome the initial kinetic energy imparted to the droplet
as it is injected into the vessel. The electrostatic force and the ion drag force have the
main role for nanoparticle confinement, and therefore will determine a stable equilibrium
position in the vessel. After this, (iii) the ICCD will take a background image of the
plasma emission. Directly after this the excitation laser switches on and takes the reference
image. The output of this experiment would be (after background correction) a shifted
photoluminescence spectrum of the charged quantum dots. Although the idea sounds
relatively straightforward, there are a number of main challenges which make this ideal
experiment rather complicated:

• Injection of nanoparticles
Using the injection head, one can succesfully inject nanoparticles inside the vessel.
However, it is diffucult to track the position of the particles after injection. In an
ideal case, the ICCD will only be activated when the particles travel through the
focal volume of the collection lens. However, parameters as the initial velocity of
nanoparticles after injection and the dispersion angle of the particles when they
enter the vacuum vessel through the injection head are not known and should be
determined experimentally. The focal volume of the collection lens is approximately
Vfocal ≈ 1 mm3, while the total volume of the vessel is much larger. The combination
of the short travel time of the particles and the low local concentration of the
quantum dots in the focal volume makes their detection considerably difficult.

• Plasma fluctuations
Besides the challenges coming from the injection, the plasma also offers an additional
challenge. Plasma emission comes from de-excitation of species into a lower energetic
state. All of these processes are probabilistic and include cross-sections, and therefore
the plasma emission is not completely stable in time. Although the spectral position
of the peaks remains unchanged, the intensity of the peak will not be constant in
time. On top of that, during injection the sudden pressure increase causes additional
fluctuations in the plasma emission. Generally, the fluctuations in plasma intensity
have an important consequence: In order to reduce the fluctuations, the background
measurement of the plasma emission has to be taken as closely as possible to the
actual measurement. Furthermore the total signal coming from the quantum dots
has to be much higher than the plasma fluctuations, in order to reduce the noise of
the photoluminescence spectrum in plasma.

Instead of facing all these experimental challenges at once, we can also focus on solving
them one by one. To this aim, we slightly change the experimental configuration from
the injection of quantum dots into the vessel to the deposit them onto substrates. In this
way: (i) If the substrate is placed in the focal volume, the particles will be stationary
which facilitates their detection. Furthermore, (ii) the substrates can later be used for
SEM or TEM analysis, in order to assess the size and density distribution of the deposited
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particles at the substrate surface. Lastly, (iii) the concentration of the excited particles
can be estimated more accurately.
Furthermore, dried out drop-cast samples can also be analysed. The substrates can
be prepared in two ways (as shown in figure 4.1), (i) on an aluminium holder directly
connected to the driven electrode and (ii) connected to an electrically floating substrate
holder, at the end of a rotatable magnetically coupled feedthrough. The first configuration
will probably induce higher field strengths, while the second configuration is easier to
manipulate and offers a fixed position. Since the magnetic feedthrough is rotatable,
injection and detection can be combined to directly assess the photoluminescence spectrum
of the deposited quantum dots onto the samples via the injection head.
In order to tackle the problem of plasma fluctuations, the background measurements
should be taken directly before the actual measurement. To achieve this, the laser has to
be driven in pulsed mode, where the pulse width matches the opening time of the ICCD.
When the laser is off, a background is taken and when the laser is on the photoluminescence
measurements is taken directly after the background.

4.6 Synchronization of measurements

During experiments, different processes such as laser excitation, plasma ignition and
detection should be synchronized in time. In order to perform reproducable experiments,
it is essential that the (relative) duration of these processes is controlled. A delay generator
will indicate the start and the end of all processes. The delay generator sends out pulses
with a fixed amplitude with nanosecond temporal accuracy. It can be used in single shot
mode, where the user manually executes the begin trigger, after which a maximum of four
pulses (channel A, B, C and D) can be given at a set point in time. Besides that, there
are channels (AB and CD) which send out pulses which start at A (C) and end at B (D).

In figure 4.12, an example of the syncrhonization of a hypothetical experiment is shown.
The (pulsed) laser, the RF generator and the ICCD are all in external start trigger mode,
which means that as soon as they receive a pulse from the delay generator, the process will
start. Assume that we are interested in measuring the time-dependent photoluminescence
of a quantum dot sample, including measurements before, during and after the plasma. At
t = 0, a signal is sent to the pulsed laser (shown in green), such that the laser starts working
with a priorly set pulse width. During the on-time of the laser, the photoluminescence
spectrum is measured with N accumulations (shown in blue) using the ICCD. After these
accumulations, the image is saved in the memory and at the same moment the laser will
be switched off. Next, the ICCD pattern will repeat and now measure a background
during the laser-off time. This is repeated (for example) 20 times, yielding 10 laser-on
(reference) and 10 laser-off (background) images. After this, the RF generator (shown in
purple) receives a signal from the delay generator, such that the plasma switches on. The
measurement procedure is repeated for 100 times before the plasma switches off. After
plasma, another 20 images are taken to see what happens to the photoluminescence after
the plasma has been switched off. A total of 140 (= 20 + 100 + 20) images have been
made, half of which are background (laser off) measurements while the other ones are
the reference (laser on) measurements. After some postprocessing, which comes down
to background correction and fitting, the photoluminescence spectra can be transiently
measurent. The temporal resolution of the measurements is determined by the time that it
takes for the ICCD to measure a single spectrum. This depends on the CCD exposure time
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texp and the number of accumulations N . As an example, for N = 50 and texp = 7.66 ms, the
total time for one spectrum (kinetic cycle time) is 0.38 s. The actual temporal resolution
of the photoluminescence measurements is twice the kinetic cycle time, i.e. 0.76 s, because
of taking the background images.

After plasmaDuring plasma

T1 T2 T20 T21 T22 T120 T121 T122 T139 T140

Delay generator
A = T20, B = T120

ICCD

Laser

t = 0 t = A

t = B

on:

o�:
0

N

Plasma

Before plasma

Figure 4.12: Scheme for the synchronization of a time series
measurement. In this example, 20 images are taken before plasma, 100
images during plasma and 20 after plasma. Reference (laser on) and
background (laser off) images are taken in an alternating manner. The
pulse width of the laser matches the total CCD time. After 20 images,
the delay generator sends a pulse to the plasma, which is activated
for 100 CCD periods. Output of the experiments are background-
corrected time-resolved photoluminescence spectra before, during and
after plasma.
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4.7 Data analysis

Until now, the experimental devices have been explained and a general plan for executing
and synchronizing measurements is provided. The output of the measurements are (a
time series of) spectra, recorded on the ICCD. The Andor Solis software provides easy
conversion of these files into simple ASCII files, which can be used for further data
processing. Figure 4.13 represents a scheme for the data analysis in the case of a time
series measurement represented by figure 4.12. Note that other types of measurements
described in the results section require a similar treatment.

Raw data
ASCII �le

Determine 
timestep

Reference
data

Background
data

Background
corrected data

Fitted data Peak position 
(nm)

Peak intensity 
(counts)

FWHM (nm)

Exponentially
modi�ed Gaussian 

�t

Repeat N times

Figure 4.13: Procedure of data analysis.

• Calculate the timestep
In the case of a transient measurement, the timestep of the series is determined by
the ICCD parameters. From the acquisition information of the data, the kinetic
cycle time can be read. Doubling the kinetic cycle time yields the timestep for the
time series.

• Background correction
The next step consists of subtracting the background from the recorded reference
spectrum. As discussed above, using the pulsed laser allows for direct background
acquisition. In the scheme (figure 4.13), the odd spectra represent the laser-on
(reference) and the even spectra represent laser-off (background). The background
correction for reference spectrum n happens by taking the average of spectra n − 1
and n+1, and finally subtracting the found background from the reference spectum.

• Fitting procedure
After background correction, one can obtain the photoluminescence spectra of the
quantum dots. The expected signal would look like the dashed line in figure 4.8. The
emission spectrum looks Gaussian but has a slight asymmetry, as visible in figure
4.14. This asymmetry may be possible due to a spread in the size of the particles.
As shown in section 3.2.1, the energy levels inside the quantum dot depend on its
diameter. Therefore, a slightly larger well will emit a photon with a slightly lower
energy (higher wavelength). If the sample of quantum dots is slightly biased towards
larger sizes, the emission profile could become asymmetric. However, to verify this
hypothesis, surface analysis (SEM or TEM) must be performed, in order to obtain
a particle size distribution.
A suitable fitting function requires a Gaussian-like shape with the ability to show
asymmetry. After trial-and-error with single, skewed and double Gaussians, the
Exponentially modified Gaussian turned out to be most suitable. This lineshape has
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been used in literature to resolve asymmetric peaks in chromatography [77] [78].
The fitting function is the convolution of a Gaussian and an exponentially decaying
funtion. It can be represented in terms of an offset y0, an amplitude A, a decay
constant τ and the width and center of the Gaussian part w and xc:

y(x) = y0 +
A

τ
⋅ exp((w/τ)2 − (x − xc)/τ

2
) ⋅

erf ([(x − xc) /w −w/τ] /
√

2) + 1

2
.

After performing the fit, the peak position as well as the full width at half maximum
(FWHM) of the peak can be determined. In figure 4.14, an example of the raw data
(left) and the final fitted data (right) is shown.
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Figure 4.14: Figures supporting the data analysis. (a) Raw data - reference (blue) and
background (red). (b) Background corrected data with results from fitting.
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5 Results and discussion

Until now, the relevant theory and the constructed models have been discussed in chapters
2 and 3. The experimental methods have been shown in chapter 4. Since we now have a
clear idea about the concepts of plasma charging, quantum dot photoluminescence and the
charge-induced shift of the photoluminescence, the experimental results can be discussed.
The structure of this section is chosen to be chronologic: Since the road towards our final
goal is still uncovered, the outcomes of a certain experiment had a large influence on
determining the next step.
In section 5.1, the general properties of the quantum dots will be determined, simply
by measuring the photoluminescence signal in the quantum dot solution as a function of
concentration and laser power. Next, the functionality of the injection head will be proved
in section 5.2 by injecting water vapor into the vacuum system. The aim of the entire
project is to detect the photoluminescence shift of confined quantum dots in a plasma, and
use it as a diagnostic foor plasma charging of nanoparticles. However in the first phase
of the project, we will focus on the detection of the photoluminescence and study how
it will behave under different conditions. Therefore, the decision has been made to opt
for a more controllable configuration by looking at dropcasted quantum dots onto silicon
substrates. In this way, the quantum dots are confined in the excitation volume and show
a stable emission, which can provide a proof of principle of the technique. Figure 5.1 shows
a schematic view of the structure of the results section and the dependencies between the
sections.

Photoluminescence of injected 
quantum dots (5.4)
- Injection onto Si substrates
- PL spectra of injected quantum dots 

Photoluminescence of dropcasted 
quantum dots (5.5)
 - General properties
 - Methods of sample presentation
 - First measurement during plasma 
 - Plasma �uctuations

Time-resolved PL measurements (5.6)
 - Improving the SNR
 - Transient measurements
 - PL relaxation
 - Plasma power variation

General PL properties in liquid (5.1)
 - Concentration scaling
 - First PL spectrum

Validation of the injection head (5.2+5.3)
 - OES of H2O vapor
 - Time-resolved OES on H2O vapor
 - OES + monochromator on argon line

Figure 5.1: Schematic of the structure of the results section. Each box
represents a section, each indicating the main topics.
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5.1 Photoluminescence of CdSe/ZnS quantum dots

As a start, the photoluminescence properties of the quantum dot solution are investigated.
The experimental setup is shown in the left of figure 5.2. The 405 nm excitation laser
is focussed into the liquid quantum dot sample using a lens system. Perpendicular to
the beam, a photomultiplier tube with a green wavelength filter (Thorlabs FB540-10,
540± 10 nm) is used for the photoluminescence detection of the green quantum dots. The
voltage on the photomultiplier can be read from the oscilloscope.

QD sample

405 nm laser

PMT

Beam dump

Lens

Oscilloscope

PMT

Monochromator

Collection lenses

Figure 5.2: Setup for the direct detection of the PL of a liquid sample
using a photomultiplier (left) and a monochromator+PMT (right).

With the photomultiplier one measures the total signal coming from all illuminated quantum
dots (in the range of 540±10 nm), but no spectral information about the photoluminescence
is known. The PMT signal has been measured as a function of quantum dot concentration
in the solution, for two different laser settings. A higher concentration means a higher
amount of illuminated quantum dots under the assumption that the quantum dots spread
homogeneously over the solution. A higher laser power would also lead to an increase of
the PMT signal, since a higher photon flux leads to a higher amount of emitted photons
(assuming that the absorption cross section remains constant). In figure 5.3, the results of
these measurements are shown. The black solid line represents the background level of the
photomultiplier, while the black squares and red dots represent the measurement points
for the lower and higher laser power respectively. We indeed see the expected trends with
respect to an increasing concentration.

Instead of using the PMT, a monochromator can be used to obtain spectral information
about the photoluminescence of the quantum dots in liquid. This is indicated by the
right part of figure 5.3. By manually changing the central wavelength of the grating in the
monochromator, one can obtain a photoluminescence spectrum. Figure 5.4 shows the very
first photoluminescence spectrum of the quantum dots, measured with the monochromator
and a photomultiplier. The spectrum is fitted with the exponentially modified Gaussian
function, as described in section 4.7. Please keep in mind that this is not the ideal way
of measuring the emission spectrum, since the wavelength sweep has been done manually.
Later, starting from section 5.5, we will show how to improve the detection sensitivity and
the wavelength resolution by using an ICCD camera instead of the PMT at the output
of the monochromator, which makes it possible to measure the entire photoluminescence
spectrum in a single image.
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Figure 5.3: PMT voltage as a function of quantum dot concentration,
for two different laser powers.
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Figure 5.4: First photoluminescence spectrum, measured by manually
changing the central wavelength of the monochromator and measuring
the voltage on the PMT.

The spectrum in figure 5.4 shows a peak in the expected range (comparing to figure 4.8),
but it is slightly broader than stated in the specifications (35.4 nm vs 27 nm). It turns out
that the entrance slit width plays a role in the extent of dispersion of the incoming light,
and in case of a too large entrance slit the light is perceived spectrally broader. If one
wants to correct for the spectral broadening of the monochromator, a spectrally narrow
light source (e.g. a laser) can be used to find the broadening function by measuring the
FWHM of the peak as a function of entrance slit width.
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5.2 Validation of the injection head system

The next section will be dedicated to verifying the working of the injection head system.
As described in section 4.2.2 the quantum dots will be injected into the vacuum in the form
of a solution, using the injector-vaporizer system. As an intermediate step, the working
of the injection head and vaporization box will be demonstrated by injecting water vapor
into the vessel. Distilled water will be put in the container (see figure 4.1), and the
injection head will be driven in open loop mode. When introducing distilled water (vapor)
into a pristine argon plasma, a number of things change: (i) The emission of the plasma
changes due to generation of new species and (ii) an sudden increase in pressure because
the injected mist has a high pressure before entering the vessel.
In this section we will first show the method for the detection of H2O-components (section
5.2.1), based on optical emission spectroscopy (OES). Next, this method will be expanded
into a transient measurement (section 5.2.2). As a preparation for the intended experiments
on quantum dots, the functionality of the monochromator is verified by a cross-check with
the OES signal on an argon line.

5.2.1 Injection of water vapor

When injecting water vapor into the vessel, various detection methods can be applied.
For instance, when the injected droplets are large enough (i.e. in the range of a few
hundred nm), laser light scattering (LLS) can be used. With LLS one couples in a laser
sheet and puts a camera perpendicular to the incoming light. When droplets or particles
move through the laser sheet, scattering will occur. The camera can then detect the
droplets and parameters such as velocity could be determined. However, for smaller
droplets, the scattering intensity reduces (since Rayleigh scattering scales as ∼ a6) and
the droplets no longer become visible. Therefore, for small nanodroplets one could also
use a different method based on the emission spectrum. When injecting water vapor while
driving an argon plasma, we could expect that the emission spectrum changes due to the
introduction of new (H2O-like) species. Besides its distinctness, another advantage of this
method is that the experimental setup resembles the setup we plan to use to detect the
photoluminescence of the quantum dots later.
As a first try, we will compare the spectra before, during and after injection of water vapor.
The experimental setup for this measurement is shown in figure 5.5. Note its similarity
to that the optical system of figure 4.2. The main differences are that we do not need
the excitation laser, that the optical emission spectrometer (OES) is installed and that
we used a photomultiplier tube (PMT) at the end of the monochromator, since the ICCD
was not available yet.
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PMT

Monochromator

Lens system
f1,2 = 200 mm

Optical system

Turbo pump

Butter�y valveOES

Argon inlet

Figure 5.5: Experimental setup for the validation of the injection head.

At first, only the OES is used to probe the optical emission of the plasma. Figure 5.6
shows the spectra of an argon plasma at p = 5 Pa (VAT-stabilized) and P = 10 W before,
during and after a water injection. The injection head was driven in open loop mode, with
opening times of 1.5 ms and 2 ms for the liquid and mixture injector, respectively. The
mixing time, i.e. the offset time between the opening of the liquid and mixture injector is
set to 4 ms. The integration time of the spectrometer was 300 ms with 10 times averaging.
Note that in this experiment, we did not have implemented the synchronization method,
so we manually ‘triggered’ the spectrometer with the injection head. In the next section,
this will be solved by using a delay generator such that the timing of the measurement
becomes more accurate.

From the spectra in figure 5.6, we can note (i) a decrease of the argon spectral lines, (ii)
an increase around regions around ∼ 310 nm and ∼ 656 nm.
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Figure 5.6: Validation of the injection head. (a) Comparison of argon spectrum before
(blue) and during (red) injection. (b) Zoom of the region around 310 nm, t2 > t1.
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• From figure 4.7 it can be seen that the injection causes a pressure rise in the vessel. To
explain the first phenomenon, we take a look at the definition of the mean free path.
The mean free path is a typical distance in which a plasma specie can travel without
being involved in a collision event. The mean free path for the collisions between
ions and neutrals is defined as: λmfp = 1/naσ with na the neutral background gas
density and σ the collision cross section. From this, the scaling with pressure can be
found from the ideal gas law: λmfp ∝ p−1. This means that with increasing pressure
the mean free path, and therefore the characteristic dimension of the plasma itself,
decreases. Since the plasma decreases in size, the spectrometer will sample from a
less dense region of the plasma during injection. This could be an explanation for
the observed decrease in emission of the argon lines during injection.

• Perhaps more interesting are the increases of the region around 300 nm and 656 nm.
Since these increases are not visible when only injecting (argon) carrier gas, it is
likely that they are related to the presence of water-like species. In Hitran, an online
spectral database, spectral features of many molecular species are tabulated. The
region around 656 nm is very narrow, and can be attributed to the Hα emission, the
type of emission that occurs when the electron from hydrogen falls from its third to
second lowest energy level. The spectral feature around 300 nm appears band-like,
which is an indication of a molecular specie. From Hitran, we learned that it can
most likely be attributed to the A2Σ+ → X2Π,∆ν = 0 transition of the OH radical
[79]. In the remainder of this section, we will use this feature to follow the dynamics
of the injection in a transient way.
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5.2.2 Time-resolved optical emission spectroscopy of the OH-spectrum

Now that the spectral region of interest for the injection of water vapor is defined, one can
focus on implementing a time-resolved measurement method. The spectrometer is able
to record spectra with a set frequency, so that a temporal evolution of the spectra can be
obtained. Since the integral of the peak can be related to the OH-density, the spectra can
be used as a qualitative measure for the amount of water in the vessel. Figure 5.7 shows
the (regular and integrated) intensity as a function of time, for the same injection and
plasma conditions as mentioned before. Here, an integration time of 200 ms is used and
200 spectra have been recorded.
In figure 5.7a, it becomes clear that the OH-feature rapidly increases after an injection has
started, and then slowly decreases back, along with the pressure decrease. In figure 5.7b,
we see the integrated intensity, which shows the same trend. It is difficult to quantitaively
determine the amount of H2O from the spectrum, mainly because the conversion channels
from H2O into OH and other species quickly become complicated.
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Figure 5.7: Time-resolved OES of the OH-peak with an injection frequency of 0.1 Hz.
(a) Regular spectrum evolved in time. (b) Integrated spectrum as a function of time.

5.3 Towards injection of quantum dots

As a next step, we would like to involve the monochromator. The grating which is currently
in the monochromator unfortunately does not support wavelengths in the range of 300 nm.
Therefore, in the next experiment we will follow the temporal evolution of an argon line
(similar in strength of the OH-peak) around 420 nm. During this experiment, we will
also synchronize the devices (injection head, OES spectrometer, PMT) using the delay
generator. All three devices are put in external start modus, and the signal from the delay
generator determines the start of each of the devices, similar to the process in figure 4.12.
At t = 0, the injection head starts injection with f = 0.1 Hz, and the OES starts temporal
recording. The oscilloscope, which is used to read the PMT voltage at the output of
the monochromator, will also receive a high signal from the delay generator, indicating
the start (and the duration) of the injection, such that the PMT also is synchronized. By
combining the OES with the monochromator+PMT setup, we can cross-check the working
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of both methods. In the end, the monochromator-setup is preferred over the OES, because
of the higher temporal resolution and since the OES is a line-of-sight method.

The new setup offers a broad range of information about the dynamics of the discharge
during injection. Apart from the spectral information from the monochromator, we can
learn about the pressure in the vessel and the effect of injection parameters.
Figure 5.8 gives an overview of the obtained results for an injection series with N = 2
pulses, ton,liq = 1 ms, ton,mix = 2 ms, toffset,mix = 3 ms in a (VAT-stabilized) argon plasma
with a pressure of p = 5 Pa. It should be noted that all results in the figure are obtained
during the same injection, and therefore can be correlated.
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Figure 5.8: Overview of the flow, pressure and plasma emission
intensity during an injection series of 2 pulses inside a plasma operated
at a pressure of p = 5 Pa. Results of the different equipment has been
synchronized by the delay generator. Black vertical lines indicate the
beginning of each injection.
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From figure 5.8, there can be concluded that (as also shown in figure 4.7) the injection
causes a temporary pressure increase which follows the mixture injector flow. Using the
butterfly valve, this pressure increase is controlled towards the operating pressure within
two seconds. From plot I, we are reminded of the fact that the first injection only introduces
carrier gas, as explained in section 4.2.2. Looking at the emission signals (plot III and
IV), we observe similar behaviour: When the injection starts, the intensity increases and
as soon as the pressure is stabilized, the plasma emission stabilizes as well. Interestingly,
there seems to be a difference between the emission of (i) the gas-only injection and (ii) the
liquid/gas injection. We note that the increase of the emission is less, and that it decreases
further below the equilibrium value. The decrease of argon emission may be explained
by looking at the dominant reactions when introducing H2O to an argon plasma. The
emission of the plasma can be related to the relaxation of excited argon atoms Ar∗ into a
lower energetic state. Even in a relatively simple argon plasma, there are over 50 reactions
for the production and destruction of new species. One of the sources of excited argon
atoms is by means of a collision between a metastable argon atom and a regular argon
atom via [80]:

ArM +Ar→ Ar∗ +Ar∗ (R1)

With the introduction of water, another pathway for the consumption of metastables is
opened:

ArM +H2O→ Ar +OH +H (R2)

Note that reaction R2 has a much higher rate coefficient than reaction R1, kR2 = 4.5 × 10−10 cm3/s
and kR1 = 2.3 × 10−21 cm3/s, respectively. This means that in the case of the second pulse,
metastables are more likely to be consumed by water molecules, therefore prohibiting the
production of excited argon atoms. This may explain the decrease in signal in the second
half of plots III and IV in figure 5.8.

This experiment validates the synchronized working of the injection head, the optical
collection system and the monochromator. In the next experiments, the ICCD (of which
the working is described in section 4.10) became available. Instead of a single wavelength,
now a complete spectrum (with a range of ∼ 80 nm can be measured in a single image. In
the ideal case, measuring the photoluminescence of the quantum dots was ‘just’ a matter
of replacing the distilled water with the quantum dot suspension. However, as already
described in section 4.5, this introduced a few more experimental challenges. In this case,
an optimum combination of the injection parameters (for both of the injectors: number
of pulses N , injection flows, injection frequency f) and the ICCD parameters (number of
accumulations, gain, gate width and delay, exposure time) has to be found, while quantum
dots rapidly disperse through the vessel after injection. The decision has been made to
tackle these challenges one by one, and focus on the detection of the photoluminescence
first. Therefore, in the remainder of the work, samples of quantum dots are presented onto
substrates, made of either silicon or glass. In this way the quantum dots are stationary and
will always be inside the focal volume of the collection lenses. The following two sections
describe (i) the photoluminescence of quantum dots injected onto a Si substrate, using the
injection head and (ii) the photoluminescence of dried out quantum dots, dropcasted onto
a substrate.
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5.4 Photoluminescence of quantum dots injected onto a Si substrate

This section revolves around the photoluminescence from quantum dots injected onto a
silicon substrate. The experiment consisted of two phases: (i) The injection phase and (ii)
the detection phase. After the sample has been used for detection, the silicon substrates
have been placed into a scanning electron microscope (SEM) for surface analysis.

• Injection phase:
For the experiment described in this section, four silicon samples (rectangular in
shape, 0.5 × 2 cm) have been placed onto the electrode. A schematic view of the
configuration is shown in figure 5.9. During the experiment, the injection head
has been driven in closed loop, with the following injection parameters: Nmix = 90,
Nliq = 45, fmix = 3 Hz, fliq = 1.5 Hz, Qgas = 500 sccm and Qliq = 0.6 g/min. These
injection parameters have been chosen according to similar experiments in literature
[76].
After deposition, the vessel is opened and the samples are removed and stored into
closed containers.

1 2 3 4

d1

d2 d2

d1

Figure 5.9: Top view of the driven electrode. Four silicon samples are
placed onto the electrode, where samples 1 and 4 are further from the
center than sample 2 and 3.

• Detection phase:
For the detection of the photoluminescence of the deposited quantum dots, a substrate
holder is necessary. The holder makes sure that the quantum dots will stay in the
focal area of the collection lenses during the measurement. The first version of this
substrate holder consists of a piece of aluminum, bent into a right angle, as indicated
in the experimental setup of figure 4.2 (inside the white box, sample handling 1).
The silicon substrate is then glued onto the holder using conducting silver paste.
The holder with the substrate is then manually positioned onto the electrode, such
that the sample is indeed in the focal point. At this point, a measurement can be
conducted by switching on the excitation laser and measuring the emission spectrum
of the quantum dots using the ICCD. Figure 5.10 shows the spectrum of the quantum
dots deposited on sample 3 in figure 5.9. Additionally, an exponentially modified
Gaussian fit through the data is provided.
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Figure 5.10: Spectrum of deposited quantum dots on silicon sample 3.

The spectrum shows some interesting features:

– Sharp peaks around 600-625 nm:
The spectrum in figure 5.10 shows two sharp peaks around 600-625 nm. In order
to verify whether or not these peaks belong to the photoluminescence of the
quantum dots, the emission of a cleaned (with isopropanol) substrate holder is
measured. In figure 5.11, the spectra of the emission of (i) the substrate holder
with quantum dots and (ii) the cleaned substrate holder are compared. From
the fact that the narrow emission is also present without quantum dots, it can
be concluded that the emission is indeed not related to the quantum dots, but
to another process. From experiments with varying the laser power there has
been observed that the intensity of these peaks increases with increasing laser
power. From this, we conclude that the emission could be related to the laser
emission interfering with the optics in the monochromator.
Furthermore, we realized that the signal is heavily dependent on the placing
of the holder. In further experiments, it is therefore tried to optimize the
photoluminescence of the quantum dots while minimizing the narrow emission
by carefully placing the holder onto the electrode. Because of this realization,
the red data points in figure 5.10 are excluded from the exponentially modified
Gaussian fit.

– Broadening of photoluminescence spectrum:
Apart from the additional peaks, one can also note the large difference in full
witdh at half maximum (FWHM) of the photoluminescence spectrum of the
quantum dots, when compared to the spectrum in solution (comparing figure
5.10 to figures 4.8 and 4.14b). The FWHM of the peak could be attributed to
the amount of inhomogeneity in the distribution of the particles in the sample.
From our experiments it seemed that the broadening of the spectrum only
happened for low amounts of quantum dots. In the case of the deposited sample,
we expect a relatively low amount of quantum dots on the substrate due to the
dispersion into the vessel.
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Deposited sample

Figure 5.11: Comparison of a clean, empty substrate holder and a
deposited QD sample. It shows that the narrow peaks are not related
to the quantum dots.

• Sample analysis: Scanning electron microscopy (SEM):
In order to learn more about the structure of the deposition, microscopy analysis
of the silicon substrate has been performed using a scanning electron microscope
(SEM). Since the spatial resolution of the SEM is in the order of ∼ 1 − 10 nm, it
is difficult to visualize individual quantum dots using this method. However, in
this case SEM is also a method to observe the deposited particle distribution and
characterize the quality of the vaporization process: If larger (QD-containing) liquid
droplets remain after leaving the vaporization box, the SEM will be able to detect
those. In figure 5.12, typical SEM images of sample 1 and sample 2 are shown.

(a) (b)

Figure 5.12: SEM images of (a) sample 1 and (b) sample 2 of figure 5.9. For both
images, the spatial resolution is the same.
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From the SEM images, it is observed that the deposition near to the center shows
relatively large droplets (d ∼ 1−2µm) while further from the center the smaller (sub-
µm) droplets are collected with a more uniform size distribution. In literature [75],
which used the same vaporization box as in our work, similar behaviour in terms
of the deposition pattern has been observed for large flow rates. They mention
that the agglomeriation is governed by the thermodynamic conditions (pressure and
temperature) and the particle density during the vaporization process. In order to
reduce the amount and size of the microdroplets and therefore improve the quality of
the injection, quantities such as vaporization temperature and injection parameters
need to be optimized for our specific vacuum system.
Interestingly, besides the large droplets, small structures (∼ 10 nm) have been observed
in the background of the SEM images. If one wants to observe individual quantum
dots, a transmission electron microscope (TEM) can be used. The TEM has a higher
spatial resolution and is able to image single atoms and crystalline structures.
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5.5 Photoluminescence of dropcasted quantum dots

In this part of the results section, there will focused on the photoluminescence spectrum of
dropcast samples: Using a syringe we put a droplet onto the substrate and left it drying out
by ambient air. This provides a simple method to prepare a quantum dot sample without
using the injection head. In this way, the sample concentration is better determined.
In this section, we will work towards measuring the photoluminescence of quantum dots
in the presence of plasma. From the models in section 3, one expects the particles to
get stochastically charged by the plasma species, which eventually causes a shift of the
photoluminescence wavelength. The ultimate goal of the measurements is therefore to
perform transient measurements of the photoluminescence and follow the evolution of the
emission wavelength in time.
In this section we start with showing general properties of the photoluminescence spectra
of dropcasted quantum dots and how they respond to changes in sample concentration
and excitation power (5.5.1). Then we will compare the photoluminescence of dropcasted
quantum dots before and after plasma treatment (5.5.2), and discuss the influence of the
sample presentation. Next, we show the first measurements of the photoluminescence
during the plasma exposure and we will discuss fluctuations in plasma emission on PL
detection and the consequences for the quality of our measurements.

5.5.1 General properties of dropcasted quantum dots

The section starts with showing some general properties of the quantum dots which
have been used in the following series of measurements. We start with comparing the
photoluminescence spectra of the quantum dots (i) in solution to (ii) a dropcasted sample.
Figure 5.13 shows the normalized spectra for a sample with a concentration of c = 0.20 mg/mL
in solution (blue) and 20µL of the solution dropcasted onto a silicon substrate (red). We
see that the spectrum of the dropcasted quantum dots is slightly red-shifted, and especially
the right half of the spectrum has increased. As a reminder from section 5.1, there was
noted that in practice a photoluminescence spectrum of an ensemble of quantum dots is a
Gaussian-like distribution with a certain spread, coming from the size inhomogeneity.
From figure 5.13 we learn that this size inhomogeneity acts slightly differently when
comparing a solution to a dropcast. In the case of a dropcast, since the quantum dots are
deposited in a thin two-dimensional layer (instead of 3D in liquid), effects as clustering,
exciton hopping to larger dots or increased sample degradation are expected.
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Figure 5.13: Photoluminescence spectra of quantum dots in solution
(blue) versus the dropcasted quantum dots (red).

Figure 5.14a shows the dropcasted quantum dot photoluminescence as a function of their
concentration in the solution. For these images, the laser power is P = 54 mW, and
the ICCD parameters are N = 600 accumulations, gain = 2000 and texp = 2 ms. As
expected from figure 5.3, the intensity increases with increasing concentration, while the
peak position remains unchanged.
In figure 5.14b, where the same ICCD parameters were used and a sample concentration
of c = 0.08 mg/mL, we show the influence of varying laser power. On the power supply, one
can set a voltage and the current is adjusted to a certain value when activating the laser.
The product of current and voltage provides the input power to the laser circuit, which
can be related to the used laser power. In general, an increase of the photoluminescence
signal with increasing laser power is observed, along with a redshift of the peak maximum
(approximately 1.5 nm).
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Figure 5.14: Photoluminescence spectra for dropcasted quantum dots (a) as a function
of sample concentration and (b) as a function of laser input power.
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Another property of the quantum dots degradation of the sample. After a certain amount
of time, agglomeration of the sample can happen, which will change the shape of the
photoluminescence spectrum. In figure 5.15, we compare the photoluminescence of a
‘freshly-made’ sample with one which is several months old and was suspected to show
degradation. Figure 5.15b shows the spectrum of the older sample, with a clear increase in
the high-wavelength region of the degraded sample. This indicates the presence of larger
particles, following from the relation between photoluminescence wavelength and particle
size. It turns out that degraded samples show agglomeration of particles. Figure 5.16
shows TEM images of (a) a quantum dot dropcast from a freshly made (non-degraded)
sample and (b) a dropcast from the degraded sample. The TEM images support the
finding of larger particles for the degraded sample.

510 520 530 540 550 560 570 580

Wavelength (nm)

0

2

4

6

8

10

12

In
te

n
s
it
y
 -

 b
g

 c
o

rr
e

c
te

d
 (

c
o

u
n

ts
)

104

Measured data

Fit: Peak: 544.1 nm 

FWHM: 26.6 nm

(a)

510 520 530 540 550 560 570 580

Wavelength (nm)

0

0.5

1

1.5

2

2.5

3

3.5

4

In
te

n
s
it
y
 -

 b
g
 c

o
rr

e
c
te

d
 (

c
o
u
n
ts

)

105

Measured data

Fit: Peak: 548.4 nm

FWHM: 48.4 nm

(b)

Figure 5.15: Comparison of the photoluminescence spectra of (a) a freshly made sample
and (b) an older sample, both with concentration c = 0.03 mg/mL.

(a) (b)

Figure 5.16: Transmission Electron Microscopy (TEM) images of (a) a non-degraded
sample with c = 0.08 mg/mL and (b) a degraded sample with c = 0.03 mg/mL.
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5.5.2 The influence of plasma treatment on the photoluminescence of dropcasted
quantum dots

Dropcast samples have been prepared by a drying out a droplet of 20µL onto a silicon
substrate from a quantum dot suspension with a concentration of 0.10 mg/mL. Assuming a
homogeneous dispersion of the quantum dots in the solution, this comes down to 1.6×1012

quantum dots in the dropcast sample, using the molar mass of the quantum dots (from the
datasheet) MMQD = 7.5 × 105 g/mol. This section is broken down into three experiments:

1. Comparing the photoluminescence before and after plasma treatment

2. Measuring the photoluminescence during plasma treatment

3. Investigating plasma emission flucatuations and improving the signal to noise ratio

One by one, these experiments will be discussed:

• Comparing the photoluminescence before and after plasma treatment:
The goal of the first experiment is to look at the change of the photoluminescence
after treating a sample with plasma. In this case, the 20µL 0.10 mg/mL dropcast
is made onto a silicon substrate, and the photoluminescence spectrum is measured
using N = 300 accumulations, gain = 1000 and a intensitfier opening time of t = 1 ms.
In this experiment, we measured the photoluminescence spectrum after 5 times 1
minute of plasma treatment. The pressure of the plasma is p = 17 Pa and the power
is approximately P = 10 W. In figure 5.17a, the average of 20 measured spectra are
shown, including an errorbar indicating the standard deviation from the mean. From
the figure, a clear decrease in photoluminescence signal with increasing exposure time
is observed. In figure 5.17b, the peak intensity is shown as a function of cumulative
plasma treatment time. In terms of peak position, for all five measurements the
peak position is measured between λ = 546.2 nm and 546.3 nm.
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Figure 5.17: Quantum dot photoluminescence for different plasma exposure times. (a)
Decrease of photoluminescence signal for increasing exposure time. (b) Integrated intensity
as a function of exposure time.
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The decrease of the photoluminescence intensity in figure 5.17 may be attributed to
(a combination of) several effects:

– Quantum dots are released from the substrate:
The decrease of the photoluminescence signal could for instance be asigned to
the particles leaving the substrate. The (instantaneous) electric fields from the
plasma may lead to particle lofting, which eventually leads to less particles
in the focal volume. The fact that the signal is monotoneously decreasing
may support this claim. However, as a matter of verification one can perform
microscopy measurements (TEM) of a sample before and after plasma exposure.
If the particles have actually left the substrate, it would become visible in the
microscopy images by a decrease of the overall particle density.

– Temperature effects:
Another effect, especially relevant since we are using plasmas, is the temperature
sensitivity of the quantum dot photoluminescence. Temperature-dependent
photoluminescence spectroscopy measurements indicate that the wavelength
shows a redshift for increasing temperatures [81]. As described in section 3.2.2,
an increasing temperature allows for a higher probability of non-radiative decay
processes. As a result, part of the quantum dots will show less photoluminescence
signal.

– Photo-oxidation of quantum dots:
Another process is photo-oxidation by relatively long exposure to UV photons
coming from the plasma. The effect of a decay of the photoluminescence due
to UV radiation is observed in literature [82] [83]. They attributed the drop
in intensity to the formation of an oxidized layer around the quantum dot,
which hampers the absorption and emission of photons [82]. However in our
experiments this effect does not seem to be dominant, since the quantum dots
have been covered with protecting ligands.

• Measuring the photoluminescence during plasma treatment
Besides comparing the photoluminescence before and after plasma, we are also
interested in what happens during the plasma exposure. Instead of taking a dark
background measurement (as in the previous measurements), now the background
situation is the one where the plasma is on and the laser is off. The reference
spectrum is taken afterwards, after the laser has been switched on. Figure 5.18 shows
three photoluminescence spectra in plasma, showed in chronological order. Figure
5.18a represents the quantum dot photoluminescence spectrum before switching on
the plasma, and the spectra in figure 5.18b and 5.18c are taken during plasma
exposure. Immediately we see one of the difficulties of measuring in plasma: Especially
short after switching on the plasma, the plasma emission is unstable, and the
background image underestimates the plasma emission at the time of measurement.
As shown by the spectrum in figure 5.18b, it could even be the case that the
plasma emission fluctuations completely dominate the photoluminescence, and that
therefore only the argon plasma peaks are measured. In most cases, the plasma
emission stabilizes after ∼ 20 s. In this case the background images give a better
representation of the plasma emission at the time of measurement, and the PL peak
can be resolved, as shown by the spectrum in figure 5.18c.
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Figure 5.18: Measurements of the photoluminescence in plasma. a)
Before plasma. b) Shortly after plasma is switched on. c) When plasma
reached steady-state. In this measurement, a redshift of ∼ 2 nm has been
observed.

The spectrum during plasma indicates a redshift of the PL of approximately 2 nm
with respect to the top spectrum. Similar to figure 4.6, we note the decrease of the
photoluminescence signal. It should be noted that the third spectrum is relatively
noisy. Especially since we expect small shifts of the photoluminescence, in the order
of a few nm, noise on our spectra can really influence the peak position. One
should therefore be careful with interpreting the spectra and not fully rely on the
obtained fits without taking the noise into consideration. The source of the noise
are fluctuations in plasma emission, which are intensified by the ICCD. Therefore,
in order to achieve more reliable measurements, one should think of ways to improve
the signal-to-noise ratio (SNR).

• Investigating plasma emission flucatuations and improving the signal to
noise ratio
There are several methods to achieve a lower SNR, for example (i) taking reference
and background images temporally close to each other, (ii) increasing the (initial)
quantum dot concentration or (iii) reducing the plasma intenisty. In the next
experiments we quantified the plasma fluctuations and designed a robust method
for time-resolved measurements of the photoluminescence, eventually suitable for
measurements before, during and after plasma.

As a first test, we investigated the plasma emission in the spectral region of the
photoluminescence of the quantum dots, using the ICCD. Figure 5.19 shows the
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results of the plasma emission measurement, for N = 50 accumulations, gain = 1000
and an opening time of 1 ms. After switching on the plasma at t = 0, the plasma
emission gradually increases until it stabilizes after 15−20 s. Even though the plasma
is in equilibrium, one still observes fluctuations of the plasma emission, due to the
stochastic nature of the relaxation of excited argon species. In figure 5.19b, the
timetrace of one of the peaks (indicated in red in figure 5.19a) is shown over time.
For the stable region, the mean and the standard deviation is calculated. The shaded
region in the image represents the region between [µ − 3σ,µ + 3σ], where in this case
µ = 9.23 × 105 counts is the mean of the intensity and σ = 3974 counts is the standard
deviation.

(a) (b)

Figure 5.19: Plasma emission measurements in the photoluminescence region of the
quantum dots. (a) Full spectrum (b) Timetrace of the red peak, with the mean and
standard deviation in the shaded region.

The outcomes of this experiment lead to two realizations:

– In the beginning, the plasma is not in equilibrium. As a consequence the
background image will have a different intensity compared to the reference
image which is taken afterwards.

– Even in the stable region, fluctuations of the plasma emission still exist and
will perturb the measured photoluminescence spectra. For the set of ICCD
parameters, the magnitude of the fluctuations are in the order of 10000 counts.
This means that the intensity of the photoluminescence of the quantum dots
needs to be higher in order to overcome the plasma emission fluctuations.

With these considerations in mind, an improved measurement plan has been constructed:

• Instead of a continuous laser, the excitation laser will now be pulsed. In this way,
the ICCD can be used to subsequently take background (laser off) and reference
(laser on) images, as described in section 4.6. In the data analysis, the background
is calculated and subtracted from the reference image. In this way, we can perfrom
transient measurements of the photoluminescence of the quantum dots.

• To make sure that the plasma fluctuations are not playing a significant role, we
make sure that the concentration of the quantum dots also is high enough. For
the measurements in the next section, the concentration therefore is chosen to be
0.20 mg/mL.
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5.6 Time-resolved photoluminescence of dropcasted quantum dots

In the previous sections we have investigated the photoluminescence properties of quantum
dots in solution, after injection and in dropcasted samples. We have observed a shift
of the photoluminescence wavelength and a decrease of the photoluminescence intensity.
Furthermore, we showed the first measurements during plasma exposure, and noticed the
importance of the plasma fluctuations. This final section will show the results of the time-
resolved measurements using a pulsed laser. The new measurement method provides more
control about the timing and a higher time resolution compared to previous measurements.
Output of these measurements are timetraces of photoluminescence spectrum from which
we can determine the peak wavelength and intensity as a function of time. In section 5.6.1
the results of a transient measurement will be shown and discussed. Section 5.6.2 shows
the effect of sample configuration, and section 5.6.3 will show the effect of varying the input
power of the plasma, to see the dependence of the photoluminescence peak wavelength
and intensity.

5.6.1 Transient measurement of the photoluminescence

For the following experiments, we use an argon plasma with a pressure of p = 8 Pa and an
input power of P = 25 W, unless stated otherwise. The pressure in the vessel is controlled
by the butterfly valve, and the laser is driven in pulsed mode, where the pulse width
is matched with the kinetic cycle time of the ICCD. Furthermore, we dropcasted 20µL
with a quantum dot concentration of c = 0.20 mg/mL onto a silicon substrate and glued
it to the substrate holder using silver paste (configuration 1). The first time-resolved
measurement consists of a series of multiple before-during-after plasma sequences. Each
sequence consists of 40 images (20 spectra) before the plasma, 100 images (50 spectra)
during the plasma and 20 images (10 spectra) after the plasma. Each background-corrected
spectrum is fitted using the exponentially modified Gaussian function, from which the peak
position and peak intensity is determined.
As a start, in figure 5.20 we show the photoluminescence spectra (a) before and (b) during
plasma. Especially when comparing figure 5.20(b) to those of figure 5.18(b) and 5.18(c),
we see that the quality of the spectra during plasma is improved and the SNR is decreased.
From figure 5.20, we observe a redshift of ∼ 4 nm of the photoluminescence wavelength as
well as a decrease of the intensity.
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Figure 5.20: Comparison of the photoluminescence (a) before and (b)
during (red) the plasma exposure. For each of the measurements, the
peak position and the FWHM is mentioned.

Next, in figure 5.21, the actual temporal evolution of the peak position (figure 5.21a) and
the peak intensity (figure 5.21b) are plotted. The following features can be noted:

• We observed a monotoneously increasing wavelength during plasma treatment. Before
and after the plasma the photoluminescence wavelength remains approximately
constant.

• Furthermore we observed a monotoneous decrease of the photoluminescence intensity.
We expect two effects to simultaneously play a role here: (i) The increase of temperature
(because of the presence of the plasma) would increase the non-radiative decay rate
of the quantum dots. Instead of recombination by sending out a photon which we
observe a photoluminescence, the quatum dot can relax by means of phonons, i.e.
lattice vibrations. Non-radiative decay tends to increase with increasing temperature.
(ii) Quantum dots could leave the surface due to the plasma, and will disappear from
the focal volume after the plasma has been switched off.
Furthermore, it is interesting that the photoluminescence intenisty in figure 5.21b
seems to decay in two different dependencies: via a fast non-linear decay followed
by a slower linear decay process.

90



Section 5: Results and discussion

0 20 40 60 80 100

Time (s)

548

548.1

548.2

548.3

548.4

548.5

P
e
a
k
 p

o
s
it
io

n
 (

n
m

)
Before plasma

During plasma

After plasma

(a)

0 20 40 60 80 100

Time (s)

1.2

1.25

1.3

1.35

1.4

1.45

P
e

a
k
 i
n

te
n

s
it
y
 (

c
o

u
n

ts
)

106

Before plasma

During plasma

After plasma

(b)

Figure 5.21: Time-resolved measurement of the photoluminescence peak position (a)
and the peak intensity (b), measured before, during and after plasma. It is interesting to
note that the decay of the intensity seems to happen via a fast and a slower process.

Next, these type of measurements are repeated under the same plasma conditions, to
see the behaviour of the quantum dots after multiple plasma exposures. Figure 5.22
shows the results of this measurement, where a total of twelve series have been measured
subsequently. Figure 5.22a, which shows the peak position over the course of the series,
indicates a continuous increase of the peak position during the plasma exposure. In general
it shows that the peak position of the after -spectra of series n connect well to the before-
spectra of series n + 1, indicating that between the measurements the photoluminescence
of the quantum dots does hardly change.
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Figure 5.22: Series of time-resolved measurements of the photoluminescence peak
position (a) and the peak intensity (b), measured before, during and after plasma.
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We could speculate about possible reasons behind the shifting of the photoluminescence
peak:

• Heating of the substrate holder causes thermal expansion of the quantum
dots:
As mentioned above, heating of the substrate can cause thermal expansion of the
atoms in the quantum dot lattice. Furthermore, as described in section 3.2.2, an
additional effect redshifting the photoluminescence is that of the increase of phonon-
relaxating processes. In literature, a redshift of the photoluminescence energy with
increasing temperature has also been observed [81]. In a similar experiment, they
dropcasted CdSe/Cd0.5Zn0.5S and measured the photoluminescence spectra as a
function of temperature. Increasing the temperature from room temperature T =
298 K to T = 320 K corresponded to a redshift of approximately 3 nm. Note that
because of the sample holder being directly attached to the electrode, we expect the
holder (and therefore the quantum dots) to heat up. The plasma itself will heat the
particles negligibly, since they will not feel the RF field because of their relatively
low mobility (i.e. high mass).

• Particles are lofting from the surface:
If particles are removed from the surface due to plasma exposure, the particle size
distribution (and therefore the lineshape of the spectrum) will change. Particle
lofting, the process of levitation of particles due to exposure to the plasma, is an
extremely complicated topic which is still not fully understood. In a simple view, the
particles can leave the surface is the adhesion force is overcome by a force coming
from the plasma [31]. We do know that the adhesion force decreases drastically
with decreasing particle size. Smaller particles are therefore expected to be removed
more easily compared to larger particles. However, because the spread in particle
sizes is only a few nm, we would expect that the difference in adhesion force is not
extremely large, but it could in principle introduce a change in the shape of the
particle distribution function.

• The quantum-confined Stark effect:
Besides temperature effects or the change in particle size distribution due to lofting,
the spectral shift can also be attributed to the quantum-confined Stark effect. As
explained in section 3.2.3, surface charges or local electric fields in the neighbourhood
of the quantum dots can change their emission wavelength and intensity. In the
presence of an external electric field, the bound state energies of the electron and
hole will shift. Therefore, the recombination energy of electron-hole pair changes
and PL emission shifts. Moreover, the external electric field pushes the electron and
hole to the opposite site of the quantum well and reduce the overlap integral between
their wavefunctions, which in turn reduce their recombination efficiency. The actual
magnitude of the shift as a function of electric field strength can be calucated using
the quantum-perturbative model, of which a first version has been constructed in
section 3.2.3.
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Taking all these considerations together, most probably we see a combination of (i) heating
of the quantum dots and (ii) an additional redshift due to the Stark effect. Especially if
we take a closer look to the general shape of the timetraces of the peak position, best seen
in figure 5.21a, a ‘jump’ is observed as soon as the plasma switches on or off. From the
model in section 3.1 we learned that (de)charging happens in the order of milliseconds.
It is therefore suggested that the jump in the beginning of the plasma is attributed to
the plasma charging, while the linear increase (conform equation 3.3) is attributed to
temperature effects. To gain more confidence in this statement, a number of experiments
can be conducted:

• Investigating how the photoluminescence relaxes back after plasma exposure. We
expect the temperature to gradually decrease while the contribution of the Stark
effect should be terminated as soon as the RF-field is switched off.

• Varying the plasma power, to observe the effect of changing the electric field surrounding
the quantum dots. The expectation of a higher plasma power is a higher electric
field strength, due to larger potential gradients, especially in the (pre-)sheath region
of the plasma.

• We can use a thermocouple or a temperature-dependent resistor (e.g. a PT100) to
accurately follow the temperature in time.

• Investigating the behaivour for the second sample configuration, which is not (physically)
connected to the driven electrode.

In the next section, the first steps of these ideas have been carried out already.

5.6.2 Sample configuration

First, we investigate the effect of the method of sample configuration on the PL. Two
dropcast samples with c = 0.08 mg/mL have been made onto silicon substrates. We
distinguish two methods of sample presentation, also indicated in figure 4.2: (i) Glued
onto a metallic substrate holder with silver paste, electrically connected to the driven
electrode. (ii) Attached to a magnetically rotatable feedthrough, electrically floating from
the driven electrode. The expectation is that effects such as substrate heating and the
presence of electic fields are more dominant in configuration 1 than in configuration 2. In
figure 5.23, we have measured the photoluminescence before and after plasma treatment
for configuration 1 (5.23a) and configuration 2 (5.23b).

Interestingly, a small redshift (> 1 nm) is observed for the case of the first configuration
while there is no obvious shift in the case of the second configuration. This may lead to the
realization that the shift is then indeed dependent on the increasing temperature and/or
the presence of local electric fields, but we are still not able to separate the two with the
current configurations. In the next experiments, we will look at the relaxation and plasma
power dependency of the first configuration, to further investigate the observed shift.
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Figure 5.23: Comparison of the photoluminescence spectra before and after plasma
treatment, for dropcasts onto a silicon substrate for (a) configuration 1 and (b)
configuration 2.

5.6.3 Photoluminescence relaxation

First, we will take a look to the relaxation of the photoluminescence after an experiment.
Therefore, in figure 5.24 the photoluminesence before (blue) and after (red) are compared
in a measurement set consisiting of twelve plasma exposures of ∼ 1.5 minutes each. After
this, we waited one hour (yellow) respectively one day (purple) without any more plasma
exposures. We see that the wavelength is maximum (redshift) at the end of the experiment,
and relaxes back (blueshift) to the original value with increasing time. We also observe
the decrease of intensity during the plasma exposure, but interestingly a partial recovery
during the ‘after’-time. This could indicate the role of the temperature, since an increase
of the temperature leads to more nonradiative recombination. When relaxing back to the
initial temperature, part of the signal recovers.
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Figure 5.24: Comparison of the photoluminescence spectra at the
beginning (blue) and the end (red) of the experiment, and 1 hour
(yellow) and 1 day (purple) later. The redshift and blueshift are
indicated by the arrows.
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5.6.4 Effect of plasma power on the photoluminescence

As a final experiment, the input power of the plasma will be varied, in order to see how the
photoluminescence shift responds to a certain plasma power. A higher input power would
lead to a higher heat load, making the electrodes (and thus the sample) heat faster.. The
measurements were similar to those shown in figure 5.22. Several time series of ∼ 1.5 min of
plasma exposure each have been taken. The only difference is that for each measurement
the plasma power had been changed. In figure 5.25, the top figure shows the peak position
as a function of time, while the lower figure shows the peak intensity. The shaded regions
show the plasma power, where a darker region indicates a stronger plasma power.
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Figure 5.25: Timetraces of the peak position (top) and peak intensity (bottom) of the
quantum dots during plasma exposure. The shaded regions indicate the plasma exposure,
where a darker region represents a higher input power.
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From the figures we observed that the shift of the peak position as well as the decay of the
photoluminescence intensity seem dependent on the plasma power. A higher plasma power
leads to an increasing peak shifting rate as well as a faster decay of the peak intensity.
There could indeed be expected that the increase of the plasma power also introduces
an increase in substrate temperature. Again, to become more confident, the substrate
temperature could be externally measured during the plasma processing.

5.7 Summary of the experimental results

In the final part of the results section, the most important findings are indicated. We
started with investigating the photoluminescence spectrum of CdSe/ZnS core-shell quantum
dots in a solution, using a photomultiplier and later a monochromator. Next, we verified
the working of the nanoparticle injection head by injecting water vapor into an argon
plasma. We also designed a time-resolved measurement method for the detection of
the photoluminescence spectrum. Furthermore, we realized that the combination of the
injection head challenges and detection challenges offered a large range of variables and
parameters, so we decided to focus on the detection of the photoluminescence of quantum
dots on silicon substrates. In this way, the particles are stationary and always in the focal
volume of the detection line.

Dropcasting the quantum dots provided a more convenient way of sample preparation,
in the sense that the quantum dots are deposited more locally and the sample volume is
known. We have shown how the photoluminescence changes with quantum dot concentration
and laser power, and looked at the effect of plasma treatment. We observed a decreasing
trend in the PL intensity with increasing plasma treatment time.

The next challenge was measuring the photoluminescence during plasma treatment. The
first trial showed potential, but the spectra were heavily disturbed by plasma emissions.
An improved measurement scheme, consisting of a pulsed laser of which the pulse width
was matched with the kinetic cycle time of the ICCD, yielded better results when using a
higher quantum dot concentration. As a proof of principle, the first measurements during
plasma treatment showed a redshift of the photoluminescence wavelength. This redshift
happened in two timescales: A faster timescale immediately after switching on the plasma
(possibly related to local electric fields and charging) and a slower timescale (possibly
related to heating of the quantum dots). Furthermore, a decrease of the PL intensity
during plasma treatment has been observed.
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6 Conclusions and outlook

In this thesis we have worked towards time-resolved measurement of the photoluminescence
of semiconductor quantum dots. For the first time, the influence of plasma on the
photoluminescence of quatum dots has been investigated. Since the road into unravelling
nanoparticle charging behaviour is relatively uncovered, each of the intermediate conclusions
served as a setup for the next step. The main conclusions are presented in section 6.1 and
future research ideas are presented in section 6.2.

6.1 Conclusions

The conclusions have been divided into two parts: (i) Conclusions from the models and
(ii) the experimental conclusions.

• Modelling approach:

– Stochastic particle charging model:
A discrete stochastic dust particle charging model has been developed based on
charging currents. The model uses OML-based collection currents to simulate
timetraces of a dust particle immersed in a plasma. The model agrees with
established theoretical relations, which gives more confidence to investigate
nanoparticle behaviour in our range of interest. For such small particles, the
electron tunneling current also needs to be taken into account. The updated
model provides information about the equilibrium charge, the fluctuations,
the charging time and the time in between two subsequent charging events.
Consequently, the model predicts the amount of charge and dynamical behaviour
of quantum dot-sized nanoparticles in the bulk of a plasma.

– Perturbative model for a charged quantum dot:
Besides the expected amount of charges around the quantum dot and the
expected fluctuations, we also need to know about how these excess charges
influence the photoluminescence of the particles. To do that, a quantum-
perturbative model has been developed. In this model, an excess charge is
placed at a certain distance from the surface of the quantum dot. This excess
charge serves as a perturbation and induces a (second-order) Stark shift on
the bound states in the quantum well. This (charge-)induced shift is the main
interest of this work. The first steps in this model have already been made;
the Stark correction for a single electron perturbing the electron well of the
quantum dot can be calculated. Doing the same for the hole state is slightly
more involving, since the hole states are degenerate (heavy and light holes) and
therefore require a more complicated perturbation potential.

Although both models have proven their potential, the real strength of the models
lies in the combination of the two: If the perturbation model would be further
optimized, we could in principle simulate photoluminescence spectra in plasma. The
charge time series from the first model will then be fed into the second to calculate
the PL shift. Note that for this model the initial particle size distribution should
also be known, in order to match the simulated with the experimental spectra.
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• Experimental approach:

– Quantum dot photoluminescence:
We started with meassuring photolumnescence spectra of quantum dots in
solution. An increasing PL signal with increasing concentration and laser power
has been observed. These measurements resulted in narrow (FWHM ∼ 25 −
30 nm) spectra, peaked around 540 − 550 nm, as supported by the specification
sheet of the quantum dots. A small assymmetry in the spectra has been
observed, due to the size distribution of the particles.

– Quantum dot injection:
As a next step, we investigated the possibility of quantum dot injection into
the vacuum vessel. After some tests with direct liquid injection, we opted for
an indirect liquid injection method using a vaporizer and atomization spray.
The vaporization system has been tested by the injection of distilled water,
which also served as a calibration test for the optical setup. Unfortunately,
when replacing the distilled water with quantum dot solution, we observed no
clear detection of injected quantum dots in the vessel. The main cause for this
is the fast movement (large pressure gradient) of a low amount (dispersion) of
quantum dots through the small focal volume of the collection setup. By means
of SEM analysis we observed relatively large droplets of quantum dot solution,
which indicated that the vaporizer did not fully evaporate the droplets and
released the individual quantum dots. Instead of taking on these challenges
altogether, the focus shifted to using dropcasted quantum dots onto silicon
substrates. In this way, the quantum dots have a higher concentration and
remained stationary and in the focal volume during the entire measurement.

– Photoluminescence of dropcasted quantum dots:
Similar to the quantum dots in solution, the general PL properties of dropcasted
quantum dots have been investigated. We observed an increase of the PL signal
with increasing concentration and laser power. Next, we have performed the
first plasma treatments of the quantum dots. In this stage, we could only
compare the photoluminescence before and after plasma (not yet during the
plasma). We noticed a decrease of the intensity with increasing plasma exposure
time.

– Influence of plasma fluctuations:
When trying to measure (small spectral shifts of) the photoluminescence during
the plasma exposure, the importance of surmounting the plasma emission becomes
clear. If the photoluminescence intensity is in the same order of magnitude as
the plasma emission fluctuations, the spectra will become noisy.

– Synchronized measurement scheme:
From the plasma fluctuations, we realized that the timing in the experiment
is important. A synchronized measurement scheme has been developed, in
which the excitation laser is pulsed, and its pulse width matches the cycle
time of the ICCD. In this way, the background images (laser off) can be taken
directly before and after the reference image (laser on). With an increased
sample concentration, the photoluminescence spectra during plasma exposure
also became visible.
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– Effect of plasma on photoluminescence of quantum dots:
During plasma, we observed a monotoneously increasing peak position shift and
a decreasing intensity. Interestingly, with switching on and off the plasma, small
jumps in the peak position have been observed, possibly related to local electric
fields near the quantum dots. The (linear) increase of the peak position during
the plasma may be attributed to heating of the substrate and the quantum dots,
which induces a temperature-dependent decrease in the band gap energy and
lattice expansion. We have shown that the redshift of the photoluminescence is
reversible, and that the intensity partly recovers after letting the sample cool
back down to room temperature. Finally, we have shown that the tendencies
are dependent on the plasma power. With increasing plasma power (higher
heat load), the peak position shifts steeper.

6.2 Future research ideas

This last section provides future research ideas, in order to facilitate further work. The
outlook section has been split into two parts: (i) Short-term (section 6.2.1) and (ii)
longer-term proposals (section 6.2.2). For the short-term ideas, minimal changes to the
experimental setup are necessary. The plans in the second section require more time or
thought.

6.2.1 Short-term outlook

• Temperature control:
The first thing that comes to mind for reinforcing our statements in previous sections
is applying temperature control. We observed that even a small change in temperature
can significantly alter the photoluminescence wavelength. If we are able to measure
the sample temperature during the plasma treatment, for example by using an
infrared thermocouple. As a next step one should make a calibration curve (based
on equation 3.2.2) of the quantum dot emission as a function of sample temperature
(without plasma). In this way, one can apply a temperature-dependent correction
for the wavelength and artificially remove the heating effect.

• Longer plasma exposures:
As an addition to the temperature control, we can also repeat the time-resolved
measurements for longer plasma exposures. In this way we see if the temperature of
the particles tends to a certain limiting value, and see how the photoluminescence
shift responds to that. If such a limit exists, this would be another method to
stabilize the heating effect and only look at the remaining processes.

• Improve temporal resolution:
Another interesting idea is that of increasing the temporal resolution. If the quantum
dot concentration is high enough, we no longer need 100 accumulations in one
spectrum. This can drastically reduce the kinetic cycle time, which improves the
temporal resolution of the measurement. In this way, we may obtain a better
understanding of the initial charging of the particles if our resolution is much lower
than the particle charging time. In order to resolve individual charge fluctuations,
a nanosecond pulsed laser can be used.
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• Separate the proposed two shifting mechanisms:
Furthermore, we could think of ways to separate the heating and the charging effects.
One example of this had already been given: Simply by heating the quantum dot
solution without a plasma (for example by using a Constant Temperature Bath).
The other way around, we could also try to only perform charging and remove the
temperature effects. One way to do this would be by electrospray charging [68] or
by charging the substrate externally. In this last proposal, one could think of a way
to charge a metallic target using (for example) an atmospheric pressure plasma jet,
and put the quantum dot sample relatively far away from the location where the
jet meets the target. In this way, the heat load of the plasma is minimized (since
the quantum dot sample is placed in the spatial afterglow), but charging may still
occur. Another way of separating the mechanisms would be by lowering the plasma
exposure time. By pulsing the plasma, the heat load will be less and the temperature
effects will be (partly) surpressed.

6.2.2 Longer-term outlook

• Controlled vaporization and quantum dot injection:
After the behaviour of dropcasted quantum dots has been better understood, a next
step would be enhancing the vaporization and injection process. After the first tests,
we have seen that the injection system generally works; the quantum dot solution
enters the vacuum vessel. However, we do not have full control (yet) over the optimal
injection parameters for the evaporation of droplets into individual quantum dots.
The main challenges are the dispersion of quantum dots through the vessel and the
large pressure gradient between the liquid inlet (p = 4 bar) and the vacuum system
(p ≈ 5 Pa = 0.05 mbar). The experiments have shown that there is still room for
improvement when looking at the evaporation quality of the droplets. From the
SEM images we have observed micron-sized droplets, indicating that the droplets
have not been fully evaporated yet. A higher evaporation quality is obtained by
finding the right set of injection parameters. Especially the injection opening times
and frequencies will play a role. Besides this, differential pumping can also be helpful
in increasing the residence time in the vaporizer. If we place an additional (small)
vacuum chamber between the vaporizer output and the main plasma chamber, the
pressure gradient happens more gradually. Longer residence times and enhanced
evaporation will be the result.

• Confinement of quantum dots in the plasma:
If the injection works properly, the next step would be confinement of the quantum
dots in the plasma. Confinement of nanoparticles is (approximately) governed by the
relative magnitude of the electrostatic force and the ion drag force. The point where
the forces balance out would determine the equilibrium position of the particle. In
a symmetric capacitively coupled RF discharge, the electrostatic force would pull
the particles towards the center of the discharge, while the ion drag force tends to
pull them outwards. Due to the more complex geometry of our assymmetric setup,
where the chambers of the vessel act as the grounded electrode, it is more difficult to
predict if and where such an (stable) equilibrium point exists. We can facilitiate the
confinement by milling a small dip (circular or ring-shaped) in the driven electrode,
which serves as a potential well in which the particles may be trapped more easily.

100



Section 6: Conclusions and outlook

• Towards crosscheck of experiments and modelling:
Aside from the experimental proposals, there is also room for improvement in the
models. For the charging model, we can work on implementing other charging
processes (secondary electron emission, thermionic emission or field emission). Of
those, secondary electron emission is most relevant, as it is known to be an efficient
method of charge removal, especially for smaller nanoparticles. In some extreme
cases it can even lead to particles with a small positive charge. Furthermore, the
charging model now has a global character: no spatial information about temperatures
and densities is known. It would also be good if this model can be coupled with a
(RF-CCP) plasma model, which provides (one-dimensional) electric field strengths
and temperatures of the species. In this way we could also let the model predict
an equilibrium position based on the magnitudes of the forces acting on the dust
particle.
On the other hand, the perturbative quantum dot model also needs some more
work. First, the hole state Stark shift should be solved, using the modified higher-
order perturbation potential. After this, the total shift can be calculated and the
influence of different excess electron configurations can be investigated. It would be
especially nice if the particle size distribution of the quantum dot solution is known
(for example by TEM), since then we could try to match the experimental outcomes
with the models. For a given particle size distribution, we can calculate the expected
amount of charge using the charging model. Then we can feed the amount of charge
to the perturbative model to calculate the expected shift. One should take into
account that (also expected in the experimental situation) that randomness (of the
charge timetraces but also of the distribution of the charges around the quantum dot)
should be included in both models. This could eventually produce ‘sample curves’ of
the expected charge-induced photoluminescence shift, which could be qualitatively
compared to the experimentally obtained data.

• Absolute charge calibration using laser-induced photodetachment:
As already mentioned in the introduction, the output of the experiments is a shifted
photoluminescence spectrum after switching on the plasma. A calibration method is
necessary in order to relate the shift to the amount of charge around a particle. This
can be done by removing electrons from the particle with laser-induced photodetachment
until it is ‘empty’. One of the main challenges is again heating of the particle. It
would be realistic to think that such an intense laser pulse can heat up the particles,
which will also shift the photoluminescence. In this case, the temperature-induced
shift (probably) has a shorter timescale than the charging, since the pulse width of
the laser is in the order of picoseconds. This will add yet another timescale to the
situation, but it also offers a method for the absolute calibration of the amount of
charge surrounding a dust particle. After shooting off the charge and observe the
time-resolved photoluminescence spectra, we know the uncharged photoluminescence
position and the associated shift.

• Utilization of QD-coated microparticles:
A last idea would be to use quantum dot-coated microparticles. These (commercially
available) microparticles have chemically bound quantum dots on their surface.
These particles are particularly interesting in the sense that we overcome both the
injection and localization problems, since the introuction of microparticles has been
well understood and is experimentally straightforward. The microparticles will find
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their position in the sheath, where the gravity and the ion drag force balance out the
electrostatic force. These microparticles can (for example) be visualized by means
of laser light scattering and the photoluminescence properties of the quantum dots
on the surface may reveal charging effects, local fields or temperature effects. If this
technique works out well, it may even show how the charge is distributed along the
surface of the microparticle.
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[78] A. Felinger, T. Pap, and J. Inczédy, “Curve fitting to asymmetrical chromatograms
by the extended kalman filter in frequency domain,” Talanta, vol. 41, no. 7, pp. 1119–
1126, 1994.

[79] A. Sarani, A. Y. Nikiforov, and C. Leys, “Atmospheric pressure plasma jet in ar and
ar/h 2 o mixtures: Optical emission spectroscopy and temperature measurements,”
Physics of Plasmas, vol. 17, no. 6, p. 063504, 2010.

[80] S. Collette, T. Dufour, and F. Reniers, “Reactivity of water vapor in an atmospheric
argon flowing post-discharge plasma torch,” Plasma Sources Science and Technology,
vol. 25, no. 2, p. 025014, 2016.

[81] J. Brar, V. Veilleux, P. Krug, K. Hinzer, C. N. Allen, and H. Schriemer,
“Photoluminescence of strain-engineered cdse/cd0. 5zn0. 5s core/shell colloidal
quantum dots,” in Integrated Photonics Research, Silicon and Nanophotonics,
p. IWB4, Optical Society of America, 2011.

[82] T. Zhang, H. Zhao, D. Riabinina, M. Chaker, and D. Ma, “Concentration-
dependent photoinduced photoluminescence enhancement in colloidal pbs quantum
dot solution,” The Journal of Physical Chemistry C, vol. 114, no. 22, pp. 10153–10159,
2010.

[83] W. G. Van Sark, P. L. Frederix, D. J. Van den Heuvel, H. C. Gerritsen, A. A.
Bol, J. N. Van Lingen, C. de Mello Donega, and A. Meijerink, “Photooxidation
and photobleaching of single cdse/zns quantum dots probed by room-temperature
time-resolved spectroscopy,” The Journal of Physical Chemistry B, vol. 105, no. 35,
pp. 8281–8284, 2001.

109



Section A: Overview of the experimental equipment

A Overview of the experimental equipment

Equipment Brand and type

Butterfly valve VAT Series 613
Collimation lens TSI 610026
Delay generator Stanford DG535
Excitation laser Thorlabs L405P150
Flowmeter - Argon inlet Brooks GF040
Flowmeter - MFM carrier gas Brooks GF040
Flowmeter - LFM pressurization Bronkhorst mini coriflow
Function generator Agilent 33220A
ICCD Andor New iStar ICCD
Injetion control unit Kemstream ICU
Injector - Temperature control unit Kemstream TCU
Lenses Thorlabs AC508-200-A
Magnetically coupled feedthrough Pfeiffer vacuum 420 MDM040-0500
Matching system MFJ Deluxe Versa Tuner 969
Mirror Thorlabs BB05-E02
Monochromator Acton SpectraPro 275
Oscilloscope Agilent InifiniiVision D30-X-2024A
Power supply laser Velleman PS3005D
Prepump Edwards nXDS10i
Pressure display Pfeiffer vacuum MaxiGauge
Pressure gauge Pfeiffer vacuum compact full range
Pressure gauge VAT MKS 22AAX-00001DBT
RF Amplifier Amplifier research 75AD250
Turbopump Pfeiffer vacuum HiPace 300
Vacuum vessel In-house
Valves Balzers EVA 040/025 H, NC 11211-0235R
Vaporization box Kemstream VapBox 300
Wavelength filter 3C10 from USSR filter set
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B Direct liquid injection: Droplet evaporation model

In section 4.2.1, we have shown results of a model for assessing the possibility for direct
liquid injection of the quantum dot suspension. The general idea was to find the total
time in which a droplet with a given initial radius rd evaporates inside a plasma. The
model of Ogawa et al. [71] has been the foundation for this. In this section, the basics of
this model will be provided.

We are looking at a spherical liquid droplet in a plasma bulk environment. Figure B.1
shows a schematic the important processes happening at the droplet surface, which are
necessary to understad the dynamics of the droplet and droplet-plasma interaction. The
relevant phenomena are evaporation (1), condensation of liquid molecules (2), gas heating
(3), radiation (4), vapor heating (5) and recombination heating (6). The difference between
gas heating and vapor heating is that in the former case the background gas of the plasma
(in our case argon) is heating the droplet, while in the latter case the vaporized liquid
molecules (water) are heating the droplet. Table ?? shows the values of relevant parameters
(evaporation temperature Tevap, bulk vapor pressure P0, heat of vaporization Hvap, density
ρ, heat capacity Cp and surface tension σ) of water.

Figure B.1: Relevant processes for the surface evaporation of a droplet
suspended in a plasma. Image taken from Ogawa et al. [71]

Table 4: Relevant parameters for the evaporation model for a droplet of water.

T
(K)

P0

(Pa)
Hvap

(kJ/mol)
ρ
(g/L)

Cp
(J/gK)

σ
(nN/m)

< 273 3.45 × 1012 51 997 4.2 71
> 273 1.45 × 1011 43.8

The dynamics of the droplet is governed by two coupled differential equations: One for
the droplet temperature Td and another for the droplet volume V (i.e. radius r). We will
treat the two equations separately:

• Droplet temperature:
The temperature of the droplet can be expressed in the total heat flux S by the
following equation:

dTd
dt

= 1

mcp
S. (B.1)
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In this equation, m is the (current) droplet mass and The total heat flux is the sum
of the individual heat fluxes coming from each of the phenomena mentioned above.
This total heat flux can be expressed as:

S = Sheat,g + Sheat,vap + Scond + Srad + Srecom + Sevap

= 1

4
ngv̄g (2kB) (Tw − Td) +

1

4
ngl v̄l (1 − αc) (2kB) (Tw − Td)

+ 1

4
ngl v̄l (αc) (2kBTw +L0) − β (T 4

d − T 4
w)

+ ns
√

kBTi
2πmi

{1 + eVf

kBTi
}(eVf + 2kBTe +Ei) −

αcP√
2πMkBTd

L0.

(B.2)

In this equation, apart from the material constants from table ??, we need the density
of gas molecules ng and their mean speed v̄g, the density of liquid molecules in the
vapor phase n̄gl and their thermal speed vl. Tw, Td, Ti and Te are the temperatures
of the vessel walls, the droplet, the ions and electrons in the plasma. L0 is the heat
of vaporization per molecule, i.e. Hvap/NA, with NA the number of Avogadro. β
is the emissivity of the droplet multiplied by the Stefan-Boltzmann constant. M is
the mass of a water molecule and mi is the mass of an argon ion. Vf is the floating
potential of the droplet and Ei is the ionization potential of the plasma ions.

• Droplet size:
Solving equation B.1 allows us to subsequently solve for the change in droplet volume
as follows:

dV

dt
= 4πr2dr

dt
= 4πr2 (M

ρ
)[− αcP√

2πMkBTd
L0 +

1

4
ngl v̄lαc] . (B.3)

The coupling of the two differential equations now also becomes clear: The r-dependence
also shows up in equation B.1 in the droplet mass m and the T -dependence in equation
B.2 shows up explicitly in the first term within square brackets (which represents the
evaporating heat flux). This implies that the equations should be solved iteratively, which
has been carried out numerically in Matlab. Output of the model can be timetraces for
the temperature and the droplet radius, for example with varying the plasma density
and/or temperature. The model then provides informatin about the evaporation time of
the droplet, and the equilibrium temperature of the droplet. Results of the model have
been shown in the main text of the thesis.
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