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Chapter 1. General introduction

1.1

An introduction to nanoscale semiconductors

In this PhD thesis, I focus on light emission from materials which are part of the
thriving field of nanomaterial semiconductors. So what are these materials exactly?
Semiconductors lie at the heart of most of the technological developments since the
middle of the last century. Without semiconductors we would not have computers to
send emails with, LEDs to light up displays, or solar cells providing us with a green
energy. We could argue that the age we currently live in, the information age, was
kick-started by Nobel prize winners William Shockley, Walter Houser Brattain and
John Bardeen, the inventors of the first transistor – the building block of all computers. The first transistor was a few centimeters big, and in the decades that followed
transistors were shrunken down, at an astonishing rate known as Moore’s law. And
now, in 2019, we reached a level where an industrially produced silicon wafer can
have 96.5 million transistors per square millimeter (Shown on the right of figure 1.1).
This incredibly high density is what allows us to have a chip that is powerful enough
for a computer, but still fits in our pocket. Yet, as small as the current transistors are,
from our point of view they are not yet nanomaterials. A nanometer is 10−9 meter,
the nanoparticles studied here are about 3 − 10 nanometers across. At this size these
materials behave differently from normal, bulk, semiconductors.
Bigger semiconductor materials have profoundly different properties than nanomaterials, and this is the result of the behavior of electrons. Electrons are the true
workhorses in materials, providing conductivity and being responsible for interactions with light. Some electrons in a semiconductor can normally float freely through
the material, this is why they conduct. But when the material is made small, on the
nanoscale, the electrons feel confined to a small space. This ”small space confinement” influences how they interact with light, and we call this quantum confinement.
This results in that the size of the nanomaterial defines what frequency of light it can
interact with. This is illustrated in figure 1.2 as the different colors of the colloidal
solutions, which results from the different size of the nanoparticles within the liquid.
Being so small it is hard to investigate a nanomaterial, and so in order to study
it, we have to interact with it. Electron excitation is when we shine light on a nanomaterial, and an electron absorbs that light, receiving the energy of the photon. Later
on, light emission will take place, the excited electron will fall back to the ground
state, losing the stored energy. In between the two events, many interesting things can
happen with the energy and the electron. From this cycle of light absorption and later
emission – called photoluminescence – we can learn a lot about how the electrons
behave in their materials. In essence, almost all experiments performed in this work
involve photoluminescence.
In this work, the main challenge we try to tackle, is how to best produce a nanomaterial with the highest photoluminescence efficiency of nanoparticles. In more detail,
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Figure 1.1: Semiconductors Semiconductors are all around us. (Left) Photovoltaic
devices made of crystalline silicon, in the Serpa solar farm in Portugal. Image by
Ceinturion [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0/)]. (Right)
Patterned silicon wafers. Image by Taiwan Semiconductor Manufacturing Co., Ltd.

Figure 1.2: Photoluminescence of nanoparticle Vials of differently sized CdSe
nanoparticles under UV excitation. The observed color is the photoluminescence from
the nanoparticles which are dispersed in the solution. Image by Prof. Michael S. Wong
[CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0)].
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nanomaterials investigated here are composed of a hosting material – a transparent
glass or liquid, in which we place nanoparticles. Several topics are explored with the
use of the nanomaterials:
• Firstly, as we already mentioned, the size of the nanoparticle determines what
frequency of light it interacts with. But if we cannot produce a nanomaterial with a consistent size, and we unintentionally make bigger and smaller
nanoparticles at the same time, then we cannot find out which size works best.
We try to tackle this by growing the nanoparticles in very thin layers, so they
cannot become larger than the layer thickness.
• Secondly, the nanoparticles are known to interact with each other; when we
excite one nanoparticle, it can transfer (a part of) its energy to another adjacent
particle. Sometimes this is a desirable effect, and so we need to decide if the
transfer process is something we want to allow or to stop. In either case, we
need to understand how it works. And therefore questions we try to answer are:
– How long does it take for the transfer to be accomplished?
– By which mechanism does it take place?
– Which particles transfer to which particles most efficiently? and so on...
• Lastly, we also manipulate the hosting material. We use a special kind of nanostructure, a metamaterial, that acts like a lens making the nanoparticles behave
as if there is more light focused on them than is actually being used. This effect
could be used to increase emission efficiency: getting more light emission,
using less nanoparticles.
All these research topics could in some way be used to improve how we use these
nanomaterials in a device. In the next section, we will discuss all these topics in more
detail.

1.2

Nanoscale materials

The nanoscale materials studied here are semiconductors. Normally, these materials are constrained in application by their bandgap energy, but on the nanoscale this
constraint is lifted. In bulk semiconductors, the bandgap energy is hardcoded into the
material by its constituent elemental composition and crystal structure, so that any
further manipulation of the bandgap relies on alloying and this can greatly degrade
crystal quality. The crystal size normally has no influence on the electronic properties, that is until the crystal is shrunk to nanoscale. When a crystal size approaches
the Bohr radius of the carriers, the carriers can no longer be described as if moving in
an infinite lattice, but more like a particle in a box. As this box is shrunken down, the
carriers feel increasingly confined and accordingly, their properties change in what is
2 2 2
π ~
known as quantum confinement. The energy state of a particle in a box, E = n2mL
2 ,
is inversely proportional to the square of the box size (L), leading to an increase in
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Figure 1.3: Solar spectrum The solar spectrum as observed on earth (AM1.5). The
green part shows the part of the solar spectrum which can be harvested using an ideal
Si PV device.

bandgap energy as the particle is confined. This remarkable property allows nanoparticles to have size-tunable bandgap energies, enabling materials to be applied in parts of
the spectrum normally unavailable to them. For example bulk silicon, with a bandgap
of ∼ 1.1 eV can have its bandgap energy increased up to approximately ∼ 1.6 eV
and more, simply by decreasing the nanocrystal size. This bandgap energy modification is extremely useful, and is not the only benefit of nanocrystals. Higher radiative
rates, efficiency enhancing interactions, and improved carrier mobilities are only a few
examples of the modified properties.
This particle in a box system, might sound abstract, but has many potential applications. Light emitting diodes (LED), displays, and lasers could all benefit from
the developments of precisely tunable semiconductor materials with highly emissive
characteristics. But also light absorbing – photovoltaic (PV) devices, and sensors
could capitalize from developments of this class of materials. This versatility of applications combined with the large variety of nanoscale materials, opened up the field
of nanomaterial research.
The majority of the thesis makes use of nanocrystal materials, namely silicon and
inorganic perovskites nanocrystals, where the intrinsic properties of the nanocrystals
are studied: exploring effects such as the absorption and excitation, transport of energy
from nanocrystal to nanocrystal, and radiative recombination mechanisms. Nanocrystals are not only used as emitters, but also are explored for their absorption properties
allowing them to function as sensitizers that can excite other emitters, namely doped
rare-earth ions. Lastly, also nano-structures that influence the environment of the emitters are studied. The emitters, nanocrystals and rare-earth ions, are not in a vacuum;
Their local environment has influence on their absorption, transfer and excitation processes, and ultimately, their emission.
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Next, the different materials used in the thesis are introduced, and within the context of the studied material, each research is motivated. Lastly, an outline of the thesis
is given.

1.2.1

Why silicon nanocrystals?

Silicon (Si) the most applied and produced semiconductor, has many merits. Its
production and refinement is industrially perfected, it is non-toxic, and abundant. But
for some light based applications, Si has a drawback – the indirect bandgap. The low
absorption resulting from its indirect bandgap nature, means that instead of producing
a photovoltaic (PV) device with an active layer of hundreds of nanometers, which is
the case with direct bandgap materials, the solar cells on roofs have an active layer of
300 micrometers, approximately a thousand times thicker. The use of nanocrystals,
can not only significantly enhance the absorption of light due to increased absorption
compared to bulk, but also allow for efficiency enhancing mechanisms beyond the
Shockley-Queisser limit.
For PV devices, an important parameter is the conversion efficiency. The maximum conversion efficiency for single junction cells, that is cells based on one bandgap
material, is known as the Shockley-Queisser limit [1]. The limit was found to be the
highest for the bandgap of 1.3 eV. Si, with a bandgap energy of 1.12 eV has a maximum efficiency of 29%, and is therefore extremely suitable. The limited efficiency,
calculated in what is called the detailed balance limit, is attributed mainly to the inability of a single bandgap material to cater to the whole spectrum of solar emission.
Low energy photons (Eexc < Ebg ), are unable to excite electrons over the bandgap.
In figure 1.3 we observe this as the zero efficiency at longer wavelengths. On the other
hand, the high energy photons (Eexc > Ebg ), will create carriers with excess energy,
also known as “hot” carriers. The excess energy is then thermally lost within a very
short time-scale (< 10−14 s in bulk Si [2]), until the carrier has a Egap energy. At this
point it can recombine radiatively on a longer timescale (10−3 s in bulk Si). All the
excess energy the carrier had upon excitation by a high energy photon is therefore lost,
in figure 1.3 we observe this as the increasingly lower conversion efficiency at shorter
wavelengths. The effects of the low and high energy photons together mean that for a
wide spectrum of photon energies, like the solar spectrum, we can only extract carriers
with energy of the material bandgap, Egap .
To address this, several approaches are explored in what has come to be known
as third generation solar cells [3], of these, multi-junction solar cells are the most
successful. These are combinations of materials with several different bandgap energies, which make it possible to efficiently absorb a bigger part of the spectrum, with
recorded efficiency of up to 45% in a laboratory setting. [4] Unfortunately, these are
complex and costly solutions which are not (yet) suitable for mass production.
Si nanocrystals (NCs) embedded in SiO2, as studied in this thesis, can play a role as
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third generation PV material, enabling PV efficiencies beyond the Shockley-Queisser
limit. The main mechanism responsible for this efficiency enhancement is multiple
exciton generation, and the more specific case of space-separated quantum cutting.
Timmerman et al. [5] showed that through a process called space-separated quantum
cutting (SSQC), two adjacent NCs can multiply the amount of emitted photons. A high
energy photon with an energy Eph > N × EGap is split into N photons of ∼ EGap .
A process that can efficiently utilize the excess energy of the short wavelength range
of the solar spectrum.
While SSQC might be able to enhance the PV efficiency by doubling or tripling
the harvested energy in the UV, the efficiency at which Si NCs perform altogether is
still too low to make this a viable solution. We can quantify the Si NCs performance
by their quantum efficiency, a figure of merit of such materials. Unfortunately, Si NC
show a low quantum efficiency. While a single NC can have a high quantum efficiency
(often 100%), an ensemble of NCs seems to have a much lower efficiency. Defective,
dark NCs, and even the size of the NCs are all identified as the culprits. [6] And on
top of that, also the transfer of energy, from NC to NC until it crosses path with a
defective one, can magnify the negative properties.
The topics identified above, are tackled in this thesis. As explained, efficiency
enhancement in PV devices can be tackled using Si NCs, by harvesting the UV part
of the solar spectrum and multiplying the energy extracted from this part efficiently,
at the same time, no losses should be allowed in other parts of the solar spectrum.
In chapter 3, we explore the use a hierarchical metamaterial structure, that enables
selective enhancement of absorption in those parts of the spectrum that we wish to
utilize efficiently, while not influencing other parts of the spectrum. In essence the Si
NCs, are left unaltered, but their environment is modified, in order to influence their
optical properties.
Secondly, the efficiency of each NC can vary greatly, some being dark, and showing a strong dependence of efficiency of the NC size. The resulting efficiency of the
an ensemble of NCs is influenced by transfer of excitons to dark NCs. In order, to
improve efficiencies it is therefore vital to address this issues, and in chapter 2, we
study how to control the NC size better, and what influence it has. Furthermore, in
chapter 7, the properties of energy transfer and exchange between NCs in an ensemble
are explored, and we attempt to identify the receiving NCs in the transfer process.
All three of these effects can be useful for producing more effective Si NC ensembles, which brings them closer to possible applications.

1.2.2

The new kid on the block: inorganic perovskites

Perovskites, is the collective name for a family of semiconductor materials with a
perovskite crystal structure. Technically, these materials have the ABX3 composition,
with a variety of combinations. The cation – A, can be either an inorganic element,
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such as cesium, or a small organic molecule, such as methylammonium. B – the big
cation, is in most cases lead, but other non-toxic alternatives are explored as well. X3
– the anion, is in most cases one of the three: iodide, chloride, or bromide. With
such a landscape of possibilities it is no wonder that much research concentrates on
perovskites.
While the silicon industry has perfected the fabrication of pure, and low defect
density, single crystals, with the goal of improved electronic and optical properties,
perovskites, with an extremely complex composition and low temperature fabrication
are, surprisingly, optically superior to Si. With high absorption coefficients, narrow
emission, high carrier mobilities, and easy fabrication, perovskite based PV devices
have reached 24.6% conversion efficiency in a matter of 6 years of development.
Within the perovskites family, inorganic cesium lead halide perovskite nanocrystals (CsPbX3 with X = Cl, Br, and I; IP-NCs), were developed only in 2015, [7] but
owing to their facile synthesis and improved stability in nanocrystal form, they have
garnered considerable attention. Moreover, in NC form, they could provide the same
interesting effects and properties as other NC materials (for example Si NCs), such as
NC-to-NC transfer, efficiency enhancing effects, and sensitization of other emitters.
While bringing many benefits, perovskites suffer from low stability and contain toxic
materials, and therefore much research concentrates on addressing these two points.
For the moment, the optical properties while well studied, are still a mystery. It is
therefore of importance to understand what underlies the surprisingly excellent optical
properties of perovskites. With this motivation in mind, in chapter 8, the recombination processes in perovskite NCs are explored. Different radiative and non-radiative
mechanisms are considered as possible interpretations for the observed emission properties at room temperature, but also at low temperature, where photo-physics and thermal effects are separated. This leads us to speculate on the existence of different
crystal phases, and pseudo-particles to explain the observed emission properties. In
chapter 6, we exploit the defect tolerance of the perovskite crystals, so that these can
function as the host material for other nanoemitters. Having a material with strong
wavelength tunable absorption, and combined with a crystal structure that can accommodate dopants without losing its optical properties, is very useful.

1.2.3

Rare-earth doping

The last form of emitters being investigated in this thesis, are the rare-earth ions
(RE). This group of elements, notably the lanthanides, are commonly explored for the
optical properties. Their unique electron shell configuration, with a partially filled 4f
shell screened by the complete outer 5s and 5p orbitals, results in the host material
having limited influence on the energy structure of the 4f shell. In practice this means
that the intra-4f transitions of RE ions are narrow, temperature stable, host independent, and reproducible. Moreover, many of the transitions are coincidently found in
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the UV-Vis-IR part of the spectrum, enabling their application in optically active materials. However, transitions between the individual J states are only allowed to a
small extent, and have limited number of possible states, yielding very long radiative
lifetimes (≈ ms) and very small optical absorption cross-sections. So, while there is
focus on the optical excitation of these transitions for applications such as lasing, here
we explore the use of the semiconductor host as an absorber that can excite a RE ion
– a so-called indirect excitation or sensitization effect. Sensitization proceeds through
energy transfer from the host carriers to the ion, promoting an excitation of the ion. In
order for this to take place, clear requirements on both the energy states of the host, as
well as the localization of the carrier in the vicinity of the ion are needed. [8] This is
more easily accomplished by exploiting defect states. Introduction of RE ions in close
proximity to the excitation and a defect concurrently, is easiest achieved by inserting,
or doping the crystal lattice with RE ions, which might introduce the necessary defects. Even better is having doped nanocrystals, with higher absorption cross-sections
and where the excitation – the exciton – is already localized in the NC volume, enabling easier coupling to the RE ions.
RE ions in combination with nanomaterials are explored in three different combinations: erbium in Si NCs (Er:SiNCs) in chapter 5, ytterbium in perovskite NCs
(Yb:IP-NCs) in chapter 6, and europium in bulk gallium nitride (Eu:GaN) in chapter 4. Different concepts are explored in each case; The energy transfer between Si
NC and Er3+ ions is a complex, multichannel process. [9, 10] It has been shown that
the non-resonant Er3+ excitation processes proceed by two different energy transfer
mechanisms, a fast and efficient one and a slow one. Here we resolve a long-standing
issue regarding the fast excitation mechanism, and show that it is mediated by impact
excitation. Sensitization of optically active ytterbium in perovskite NCs (chapter 6)
has proven to be challenging, but was ultimately resolved when the correct perovskite
compositions were developed. Here we explore why the composition plays an important role, and how to employ more effective sensitization mechanisms to increase
RE quantum efficiency further. Lastly, GaN, is the semiconductor of choice for blue
and green emitting diodes, but it lacks possible implementation as a red emitter, to
enable the three colors necessary for displays, on a single material platform. The use
of europium doping in GaN (chapter 4) can produce sharp, and temperature stable red
emission, but still lacks in emission efficiency. Thus, we explore the use of a metamaterial superstructure implemented into the doped GaN layer, as a way to control and
enhance the red Eu emission.
Three different material systems are explored with a variety of research questions.
What all the studied materials have in common is the use of nanoscale emitters, and
the method of study – optical spectroscopy.
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1.3

Outline of this thesis

Having introduced the main actors, the nanoscale materials that are studied in
this thesis, I will now give an outline of the remaining parts. Next, we can divide
and group the research topics into two parts. In the first part we address different
aspects of control and PL enhancement from nanoemitters using their surrounding
structure, i.e. not by manipulating the NCs or the carriers themselves. In chapter 2,
multi-nanolayer structures, are used to better understand and control the growth of Si
NCs, and the resulting insight is used to better understand Si NCs emission efficiency.
Next, in chapter 3, we make use of nano-pillars with embedded Si NCs, to control the
optical absorption characteristics and selectively enhance absorption in the desired
parts of the spectrum. Moreover, in chapter 4 similar methodology is employed, using
GaN nanocubes with embedded Eu3+ emitters. Except, instead of manipulation of
the optical absorption properties, the emission properties are manipulated by way of
enhanced directional emission.
In the second part, we do not manipulate the surrounding environment and material structure, but instead attempt to manipulate the carriers in the nanoemitters, in
order to better understand and control their optical properties. In chapter 5, the impact
excitation mechanism between Si NC and Er3+ ions is explored, and its’ importance
in the sensitization of Er3+ ions is demonstrated. Similarly, in chapter 6, the sensitization of Er3+ ions by perovskite NCs is explored. Here it is shown that providing the
correct host energy can enable and enhance sensitization considerably. Lastly, we explore the radiative and non-radiative properties of perovskite and Si NCs, respectively,
in chapters 8 and 7. The former, focuses on the radiative mechanisms, starting with
the simpler low temperature emission properties and extending the understanding towards the thermally convoluted room temperature processes. In the latter chapter, the
transfer of energy between Si NCs is probed in more detail than ever before, leading
to direct inspection of the constituting NC acceptors in the transfer process.
Each of the chapters contains an introduction, motivation, and a detailed specification of the experimental setups, before proceeding to the experiments and discussion
of the results.
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