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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

6

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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Part I

Nanoscale environment

Size confinement of Si
nanocrystals in multinanolayer
structures

At the foundation of nanomaterials research lies the controlled fabrication of these
materials. For nanocrystals (NCs), NC size, crystal purity, and structural and surface
quality are crucial parameters on which much research concentrates. In this chapter,
we focus on a particular fabrication technique, high temperature annealing of sputterdeposited Si rich SiO2 (SiOx ), and explore the use of multilayer (ML) structures as an
approach to effectively control the NC size. We find that the ML technique allows more
control and show under which conditions – dictated by thermal diffusion – this can
be actively realized. Furthermore, we find that it is not only the SiOx layer thickness
that determines the size of the NCs, but actually the SiO2 buffer layer thickness, plays
a crucial role, depending on the annealing temperature. With this new insight, it is
possible to determine more accurately the effect of NC size on optical properties. The
photoluminescence quantum yield shows that there is an optimum – a particular size
– with the highest emission yield.

CH. 2

2

Chapter 2. Si NCs in multilayer structures

CH. 2

2.1

Introduction

Si NCs can be produced by a variety of experimental techniques, both top-down
and bottom-up. In particular, Si NCs of high optical quality, i.e. with bright and tunable emission, can be formed by thermal annealing of sub-stoichiometric SiOx layers,
with 1 ≤ x ≤ 2. Layer preparation methods include sputter deposition [11, 12],
ion beam implantation [13], laser ablation, plasma-enhanced chemical vapor deposition [12, 14], commercial powder [15] and hydrogen silsesquioxane annealing [16].
Unfortunately, in thermal annealing treatment of sub-stoichiometric SiOx layers, the
NC size and density are mutually entangled. The disadvantage follows inherently
from the fact that the preparation method of NCs is based on self-organization of
the supersaturated solution of Si within SiO2 , and the NC size and density are both
simultaneously influenced by the Si excess (given by the sub-stoichiometry parameter x) and the annealing process (temperature and duration). One way to alleviate
this problem is by preparation of multilayer (ML) stacks of alternating nanolayers of
sub-stoichiometric SiOx and SiO2 [12, 17–26]. The underlying idea is that, upon annealing, NC formation is restricted to the SiOx layers, thus limiting the NC growth and
predefining its diameter. In that way, the NC size and density can be independently
controlled by the SiOx layer thickness and the stoichiometry parameter x, respectively. Several investigations seem to indicate that the ML structures do deliver on
this promise. Photoluminescence (PL) spectroscopy of ML structures revealed formation of high crystalline quality Si NCs [3, 27–29], with a reduced size dispersion and
superior optical properties [28, 30].
Dedicated investigations confirmed that Si aggregation in ML structures proceeded
predominantly “two-dimensionally”, within individual SiOx layers [26, 31]. In addition, some reports claimed that the NC size could indeed be predetermined by the
thickness of the initial SiOx layer [32], suggesting that an independent control of NC
size and density was possible. As a result, it is rather accepted that the confinement
of the NCs to within the active SiOx layers is possible. Nevertheless, these results
have been contested by detailed structural characterizations of Si NCs [25, 33], indicating that the NC size confinement to within the thickness of the SiOx layer, was
not strictly obeyed. In light of these findings, the independent control of the NC size
and concentration remains elusive. In this investigation we address these inconsistent
reports. We cross-correlate structural and optical characteristics of purposefully prepared ML structures with different production parameters (SiOx layer thickness, SiO2
layer thickness, SiOx composition and annealing temperature). This multifaceted approach distinguishes the current study from the previous ones: The understanding of
the combined effect of all these production parameters simultaneously is necessary for
a thorough description of NC growth in ML structures.
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2.2

Experimental details

2.2.1

Sample Fabrication

For the production of samples of solid state Si NCs, excess Si was dispersed in an
SiO2 matrix by magnetron rf co-sputtering using high purity Si (99.99%) and SiO2
(99.99%) targets. The thin films sputtered on fused silica substrates, were annealed
for 30 minutes at different temperatures (ranging from 1100 ◦C to 1250 ◦C) in N2
ambient, resulting in phase separation of Si and SiO2 and crystallization of the Si
clusters. The layer was annealed at 1200 ◦C in N2 atmosphere for 30 minutes to form
Si NCs. Information on the stoichiometry is retrieved from the calibrated sputter rates.

2.2.2

Sample characterization

Cross-sectional transmission electron microscopy (TEM) and high-resolution TEM
(JEOL JEM-200CX) images have been taken in the group of Prof. Fujii at the University of Kobe, following the same procedure as in Ref. [11]. PL spectra have been
measured by a Fluorolog2 (HORIBA Jobin Yvon) Spectrofluorometer (coupled with
a Xenon lamp), incorporating both a photo-multiplier tube (PMT) and an InGaAs
photo-diode for detection of the visible and infra-red part of the spectrum, respectively. Photoluminescence quantum yield (PLQY) measurements were performed in
an integrating sphere in order to avoid possible influences of light scattering, reflections, and also of directionality of emission. Xenon lamp excitation, coupled to a
M130 (Solar LS) monochromator, was used to make sure that the excitation is performed in the linear absorption regime, and at an excitation wavelength of 400 nm to
exclude potential carrier multiplication and other size-dependent nonlinear processes
which could influence the PLQY. All spectra were corrected for the system response.

Error in determining NC size by PL
While NC size is best determined by TEM/HRTEM of the samples, this is difficult
and labor intensive. Furthermore, this has already been done in the past for Si NCs.
We can therefore use the pre-determined relation between NC size and PL for our
purposes. We deduce the average NC size from the peak of the PL spectra, according
to Takeoka et al. [34]. Nevertheless, both the estimation of the PL peak and the correlation of TEM to PL evidently suffer from uncertainties and contribute to the error
of the NC size determination. The first error (position of the PL peak), is estimated
as ±0.01 eV by analysis of several measurements of a specific sample. In that way,
we take care of experimental errors such as the resolution of the PL setup and errors
induced by changes in reflections, spot position, etc. The latter error (correlation between the PL peak and the NC size estimation from HRTEM images) is evaluated
by analyzing the deviation in the data presented by Takeoka et al. [34], and found to
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Figure 2.1: Error in NC size Determination of the total error of the NC size (depicted
by the orange line) is comprised of two components. 1) the error in the estimation of
the peak of the PL spectra (blue dashed curve) and 2) the uncertainty in the correlation
between the actual HRTEM determined NC size and the PL (dashed red curve).

be ±0.25 nm, through the whole size-regime. Subsequently, the total error is calculated following the variance formula, describing the addition of errors of independent
variables. In Fig. 2.1 we depict the magnitude of the error as a function of the NC
size.

2.3

Results

2.3.1

Structural and optical characterization of Si NCs:
limited NC growth?

For the purpose of this study, several series of Si NC samples with different characteristics are prepared. These include thick (500 nm) single layers (SL) of homogeneously dispersed Si NCs as well as ML structures with various SiOx , spacer layer
thicknesses and annealing temperatures. Details of the preparation procedures may be
found in section 2.2.1.
We start by addressing TEM and HRTEM images, which were taken for several Si
NC samples and have been shown in previous work [35]. Among them, two samples,
are used to investigate the structural differences between the ML structures and the
thick layers. By TEM, we confirm formation of equally-spaced 2-dimensional (2D)
sheets of single Si dispersed in SiO2, with no Si clusters appearing in the SiO2 spacer
layers. Whereas, for the single SiOx layer, a random dispersion of Si precipitates
is observed. By HRTEM, the crystallinity and the size of the Si nanoparticles can
be determined. We conclude that Si NCs of diamond structure have been created
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Figure 2.2: Structure characterization a) and b) TEM images of respectively, a
single thick SiOx layer and a multilayer sample in a cross-section view. The inset
shows a typical HRTEM image of a NC in each of the samples. (c) NC size histogram
of the two samples which are shown in (a) and (b), as taken from the HRTEM images,
with over a 100 NCs per sample. The dotted lines are log-normal distribution fits.
upon annealing. In order to investigate the structural differences between the ML and
thick layer samples, the HRTEM images were also used to determine the NC size
distribution. To obtain sufficient statistics, images of more than 100 NCs per sample
have been analyzed; the resulting histograms are reproduced in Fig. 2.2.
The following three observations can be made:
1. The mean NC size is larger in the single thick homogeneous layer than in the
ML structure [27].
2. The NC size distribution in the ML sample is narrower and more symmetric
[28], with the typical tail on the large diameter side.
3. In the ML structure, NCs with diameters both smaller as well as larger than the
initial thickness of the SiOx layer are formed [33].
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Figure 2.3: NC size characterization. a) Mean NC diameter as a function of the
amount of excess Si, for different temperatures estimated from PL measurements.
The linear-dependence of the NC size on the amount of excess Si is illustrated by the
dotted fitting-lines. b) Mean NC diameter as a function of the SiOx layer thickness
for two annealing temperatures, also fitted with a linear dependence (black dotted
lines). The orange line refers to the NC confinement model which would induce NC
sizes similar to the SiOx thickness. c) PL spectra of the Si NCs samples appearing
in a), with 30at% and 25at% of excess Si (top and bottom, respectively), for different
annealing temperatures.

The first two observations were previously considered as a direct result of NC confinement [27]; however the third observation – the absence of this effect – undermines
such an interpretation. Actually, the combination of all three observations can be understood from the perspective of Si diffusion and precipitation. Si precipitation within
the ML structures proceeds predominantly within the SiOx layer. The lower growth
rates (observation 1) can be ascribed to the lower amount of excess Si present in the
ML structures, in combination with a restriction of the Ostwald ripening process [36].
The latter is then also responsible for the symmetric size-distribution (observation 2).
Within this framework, the spacer layers function as buffers of pure SiO2 , that do not
contribute any Si for cluster aggregation. Locally, the amount of available Si for aggregation is decreased. The eventual NC size is defined by the production parameters
(excess Si, annealing temperature) in that region, and does not follow the active layer
thickness strictly (observation 3). Hence, a reduction of the NC size dispersion within
ML structures does not automatically imply that the NC growth is confined to within
this layer.
While we have concluded here that our high-temperature annealed (1250 ◦C) NCs
do not exhibit size confinement, it has been suggested that such confinement is maintained while using lower annealing temperatures [33]. We investigate this by monitoring the NC growth for a fixed ML geometry upon changing the stoichiometry and
the annealing conditions – shown in Fig. 2.3 (a). Additionally, other geometries have
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Figure 2.4: NC size characterization. Mean NC size for different sample geometries
as a Left 3 nm SiOx layer, and Right, thick SiOx layer. Both of which show similar
behavior as for the 3.5 nm SiOx layer sample in Fig. 2.3

been investigated, and the results are depicted in Fig. 2.4. The mean sizes of NCs have
been established from their PL spectra (shown in Fig. 2.3 (c)), following the empirical
dependence Eg = 1.12 + d1.86
1.39 , with Eg and d being the NCs band-gap (eV) and the
NC diameter (nm), respectively, established for Si NCs prepared in the same way as
done here [34]. By varying the Si excess and the annealing temperature, we were able
to create ensembles of NCs with a mean size ranging from 2.4 to 6.9 nm - i.e. being
both smaller and larger than the SiOx layer thickness, even for the lowest annealing
temperatures. We find a linear increase of the NC diameter with the Si excess, for all
annealing temperatures. That a particular mean NC size can be obtained for different
combinations of Si excess and annealing temperature, illustrates the overlap of the
size-tuning range of these two technological variables.
In addition, we prepared ML configurations with different SiOx layer thicknesses
for annealing temperatures of 1150 ◦C and 1250 ◦C (keeping a constant spacer layer
thickness of 5 nm) – shown in Fig. 2.3 (b). These structures allow us to monitor the
potential NC size confinement for different active layer thicknesses. We confirm that
the mean NC size changes upon variation of the SiOx layer thickness, in line with
previous reports [3, 23, 27]. Nevertheless, also in the lower-temperature regime, NC
size confinement, to within the SiOx layer thickness, is not observed. We note that
only in a single case, the average NC size seemingly matches the SiOx layer thickness,
(SiOx layer thickness of 5 nm annealed at 1150 ◦C) which seems purely coincidental.

2.3.2

Si diffusion

Our results indicate that solely by diffusion and precipitation of Si we can explain
our results, and also other observations [3, 23, 27, 32, 33], without the need for a NCsize confinement model. Therefore, it is important to explore the role of Si diffusion
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inside and across the SiO2 spacer layers. Direct insights are obtained by investigating the formation of Si NCs in ML structures with different thicknesses of the SiO2
spacer layers, where the effect of Si diffusion across the spacer can be followed. We
investigated PL characteristics of a series of samples for which the stoichiometry was
fixed and the spacer layer thickness varied. In Fig. 2.5 we show the PL peak position as a function of the spacer layer thickness at annealing temperatures of 1150 ◦C
and 1250 ◦C. The PL clearly shifts to shorter wavelengths as the spacer thickness
grows, and then stabilizes for a sufficiently large separation between the Si NC layers. Additionally, the “final” NC diameter, as well as the threshold spacer thickness,
marking the stabilization of the NC diameter, are larger for 1250 ◦C than for 1150 ◦C
annealing.
While Valenta et al. [30] point out the possibility of energy transfer across the
spacer layer, we tend to ascribe this blue-shift to an alteration of the NC formation process, in terms of Si diffusion and precipitation, being influenced by the Si atoms which
diffuse across the SiO2 spacer. An increase in the spacer layer thickness decreases the
chance for a Si atom to cross over to the neighboring SiOx layer. As a result, the
average NC size decreases when the spacer thickness grows (resulting in blue-shifted
PL spectra) with thicker spacer layers. The proposed mechanism fully accounts for
the experimental findings of this study, and specifically for the annealing-temperature
dependent threshold spacer thickness. Nevertheless, although the dipole-dipole interaction over the distance of the spacer layer thickness is found to be weak [35], it
cannot ultimately be excluded that also energy exchange between NCs, in neighboring
layers, takes place.
Hence, we propose that the possibility of Si diffusion into and across the SiO2
spacer layers is responsible for the lack of NC size confinement: NC growth within a
ML structure proceeds by clustering of excess Si atoms arriving from all directions,
also from the spacer layers. The diffusion coefficient of Si within the spacer layer
defines the threshold thickness of the spacers (as in Fig. 2.5) sufficient to prevent the
“Si exchange” between neighboring SiOx layers. In line with this reasoning, a larger
threshold thickness is observed for the higher annealing temperature, a result which
quantitatively coincides with the findings of Roussel et al. [26], shown in Fig. 2.5.
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Figure 2.5: Si diffusion length. Left, The mean NC diameter as a function of the
spacer layer thickness, for annealing temperatures of 1250 ◦C and 1150 ◦C, with the
dashed lines acting as guides to the eye. We interpret the changing NC diameter, as
an across-spacer diffusion of Si atoms during NC formation. At a certain threshold
thickness, the across-spacer diffusion appears to be diminished. Right, Estimated
threshold thickness values above which diffusion across-spacer diffusion appears in
comparison with Ref. [26].

2.4

Discussion

2.4.1

Modeling Si diffusion

In order to gain more insight into the way the diffusion takes place in the investigated ML SiOx geometries we attempt to model the diffusion of Si within the layers
into Si aggregates, and provide a more quantitative insight. Assuming a SiOx layer
with an excess of Si dispersed homogeneously within it, we can try and see how much
excess Si is within a certain spherical volume, defined by a radius we call the depletion radius. We then calculate the number of Si atoms within the volume defined by
this radius, until this volume is depleted and all Si atoms aggregated into a crystal;
knowing the number of atoms we can find out the size of the resulting crystal.
We calculate this volume for three geometries, which can be seen on the right
panel of Fig. 2.6. Region I. a spherical volume with a thick SiOx layer, this models
the case of thick layers (ie SL), or ML geometries with SiOx layers thicker than the
depletion radius. This results in a simple spherical volume. Region II. a SiOx layer
confined between two SiO2 layers; this results in a volume of a doubly truncated
sphere. Region III. the same as II, but with the buffer SiO2 layer being thin enough
to allow the across-spacer diffusion. Resulting in a more complex volume shape. All
three of these depletion volumes are represented in two-dimensions as the red areas
on the right panel of Fig. 2.6.
With this model, we can estimate the resulting NC size, as a function of depletion
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Figure 2.6: Diffusion model. Left Calculated NC radius as a function of depletion
radius, taking into account 3 geometries as indicated on the Right: Region I, depletion in thick SiOx layers, Region II, depletion in constrained SiOx layers, Region III,
depletion in a ML geometry with across-spacer diffusion.

radius, as shown on the left panel of Fig. 2.6. The three different geometries are plotted
as the dashed lines, and the resulting black line gives the result taking all three into
account. We can clearly identify the three regions as the three different geometries
dominate. Nevertheless, this result does not yet give us any physical insight, as the
depletion radius is self a defined, calculated, parameter. As a first approximation
we assume it will depend solely on the annealing temperature, but it is necessary to
verify that assumption. It is therefore interesting to test this model on real samples.
For this we take the largest set of samples for which the geometries and fabrication
parameters are known, made at different times and differing conditions. From PL
spectra we deduce the NC size, and using the sample parameters and the above model
we calculate the depletion radii. This is plotted for different sample sets including SL
as well ML, in Fig. 2.7. We can see the effect of different annealing temperature on
the depletion radius: the different values agree to within ±30%.
While this provides a rough first approximation into how to model diffusion in
complex geometries, such as multi-layer structures, it is easy to find problems with
this model, and factors which have not been accounted for. The deviation between
the depletion radii calculated may be clarified by either inaccuracies in the produced
sample parameters, fluctuations in homogeneity, or issues with the assumptions of the
model itself where the spherical volume idea, is clearly an oversimplification.
Nevertheless, this chapter explored ML structures, with the premise that NC size
confinement is facilitated by the thickness of the confining layers. Here we provide a
convincing alternative explanation, which takes into account only the geometry of the
layers and a fixed diffusion length. We believe that with more complex models that
take into account the changing diffusion rates as the composition of layer changes,
and also the effect aggregation, high quality predictions might become possible.
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Figure 2.7: Diffusion model testing The calculated depletion radii for different
batches (Limpens/Lesage) and sample geometries (SL/ML), at different annealing
temperatures.

2.4.2

Application potential of ML structures

The improved control of NC size, as discussed here, is pivotal for the realization
of several high-potential future applications [37], such as spectrally well-tuned LEDs
and solar cells [35, 38]. Understanding the effect of improved NC size control is
therefore vital. In Fig. 2.8 we show the external PLQY, for the ML structures shown
in Fig. 2.3. The PLQY is defined here as the ratio of the number of emitted and
absorbed photons [39, 40]. This can be taken as the “figure of merit” for the quality
of the NCs. The PLQY values strongly peak at a particular NC size, with a gradual
decrease towards bigger sizes, and a dramatic collapse for smaller sizes – similar to
what has been observed for Si NCs in solution [15] and doped Si NC systems [41].
This behavior can be explained by (i) an increased surface area, and therefore a higher
probability of surface defect occurrence, for larger NCs [42], and (ii) an increased
surface curvature for the smallest NCs which results in a higher defect density [43].
The narrow size distribution of Si NC ensembles produced in ML structures, allows
then to select the size range of the highest PLQY, limiting contributions from both
smaller and larger NCs with lower efficiency. In that way, ensembles with high PLQY
values could be achieved, albeit always around a similar median size.
As a side remark, the investigation of NC confinement through PL measurements
fails for small NCs, with diameters smaller than ∼ 3 nm, due to an abrupt drop of the
PLQY [15,41]. This has been frequently ignored in the past, and could in part explain
reports on the apparent restriction of the NC size distribution. [32]
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Figure 2.8: Ensemble emission efficiencies. PLQY as a function of the mean NC
diameter, for an excitation wavelength of 400 nm. At particular excess silicon values,
different annealing temperatures have been used (ranging from 1100 ◦C to 1250 ◦C).
Mean NC sizes were established using the PL spectra. Increasing efficiency values
are observed for decreasing NC sizes until a threshold value of a mean NC diameter
of around 3 nm. Below this size, formation of crystalline nano-structures of Si seems
to be problematic, hence the emission efficiency drops.

2.5

Conclusion

The premise of this work was the study of ML structures of Si NCs as a way to
gain more control on the size distribution within an ensemble. Based on structural and
optical characterization of ML structures prepared with different growth parameters,
we have shown that the previously reported size confinement induced by the thickness
of the sub-stoichiometric layer is not strictly valid. The past observations of NC size
confinement can be alternatively explained by the lower PLQY for small NCs (below 3 nm), which biases conclusions. The size-confinement concept can therefore be
treated as a simplified conclusion based on the observation of a smaller mean NC size
and a narrower size distribution.
Nevertheless, we demonstrate that ML structures do have a potential to improve
applicability of Si NCs. The superior optical properties of ML structures can be fully
accounted for by a combination of Si precipitation and diffusion, within SiOx and
across SiO2 spacer layers. In that respect, the spacer layer thickness, preventing the
excess Si migration between the SiOx layers, and not that of the SiOx layer itself,
becomes the most important “control” parameter of the ML structure. Furthermore,
we studied these same concepts in a more quantitative way, by modeling diffusion

26

within and across layers, and demonstrate that a model taking into account the sample
structure geometry and an annealing temperature based diffusion length, can account
for a large part of the observations. Finally, it is clear that the narrower size distribution
of Si NCs prepared in ML structures in combination with the size-dependent PLQY
values, is where the added value of ML structures lies.
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Integrating quantum-dots and
dielectric Mie resonators: A
hierarchical metamaterial
inheriting the best of both

Much research concentrates on improving the limited quantum efficiency of Si
nanocrystals (NCs) or on exploring their optical and electronic properties, in order
to be able to efficiently exploit this material in applications. But if one were to use Si
NCs as efficient down converters integrated into an existing photovoltaic device, one
would face a fundamental issue; due to lower than unity photoluminescence quantum
efficiency (PLQY), any absorption of light will have a parasitic effect, that has to be
overcome by efficiency enhancing effects such as space separated quantum cutting.
In practice, efficiency enhancing effects are possible to apply only on a small part of
the solar spectrum. In this chapter we explore the use of Mie resonances, in order
to selectively enhance the absorption in those parts of the spectrum that we wish to
utilize efficiently. This work is directly useful for Si-NCs related applications, but the
concepts shown here are generally applicable also for other similar nanomaterials.
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Introduction

A number of pioneering works have investigated the interplay between plasmonic
resonators and quantum dots, showing that an interaction can yield enhanced absorption and emission rates. [44–46] Unfortunately, plasmonic resonances come with
large parasitic losses, heating due to dissipation in the metal, and incompatibility with
CMOS fabrication technology. [47–49] This drawback is particularly detrimental for
energy-related and -sustainable applications, which require technological solutions
excluding lossy metals and expensive/toxic semiconductors.
Alternatively, high-index dielectric nanoparticles (HI-DNP) with size of hundreds
of nanometers support Mie resonances without utilizing metal components. [50, 51]
Different from plasmonic nanoparticles, whose scattering is dominated by electric
modes, HI-DNPs’ resonances are both magnetic and electric in nature, with comparable strengths. [48, 49, 52] For refractive indices > 2, available with group-IV
and group III-V semiconductors, dipolar and quadrupolar resonant modes are welldefined. [49] Moreover, they guarantee reduced optical losses with respect of their
plasmonic counterpart. [47–49] Interference effects between magnetic and electric
dipolar modes have been shown to enable directional light scattering, as well as scattering suppression. [53, 54] Building on the spectrally-selective optical properties of
the dielectric scatterers, [52, 55] dielectric metamaterials have been recently investigated for controlling the transmission/reflection ratio in the infrared, [56] for light
concentration to an absorbing substrate, [57] for nonlinear optical applications, [58]
and for flat optics, [59, 60] and are currently being studied for photovoltaic applications. [61, 62]
Here, we explore the opportunity to combine quantum dots and dielectric resonators as building blocks of a hierarchical metamaterial, which not only inherits the
intrinsic optical and electronic properties of its nanoscale constituents, but also features enhanced performance. The building block in question are silicon nanocrystals
(Si-NCs) dispersed in SiO2 films, a widely studied material which was also used in
chapters 2, 5, and 7, and is highly compatible with nano-lithography techniques necessary for this work.

3.1.1

The hierarchical metamaterial approach

In this chapter, we integrate quantum-confined luminescent Si-NCs within SiO2
nanocylinders, arranged in a 2D array as depicted in Fig. 3.1(a-c). We demonstrate
that the resulting metamaterial preserves the Si-NC radiative recombination properties, inherits the nanocylinder spectrally-selective absorption, and henceforth features
enhanced emission intensity. As a proof of concept, we tackle the spectral requirements of a light down-converter for solar cells, [63] namely: i) total absorption of
photons with energy E > 2Egap and ii) total transmission of photons with E < 2Egap ,
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Figure 3.1: Schematic of the hierarchical metamaterial: (a) quantum-confined SiNCs, (b) SiO2 nanocylinders resonating at the excitation wavelength, and (c) photoluminescent 2D planar array. (d) HRTEM of a Si-NC in a SiO2 matrix, (e) SEM of
a SiO2 nanocylinder with a height of 300 nm and diameter of 215 nm, and (f) SEM
of the 2D metamaterial. Scale bars for panels (d)-(f) are 1 nm, 100 nm, and 1 µm,
respectively.
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where Egap is the cell bandgap (with Egap ∼ 1.11 eV for Si).
We address these requirements by designing a hierarchical metamaterial optimized
on three levels:

CH. 3

• Si-NCs are quantum dots made of crystalline Si (see HRTEM in Fig. 3.1(d))
with typical diameter < 10 nm. The electron wavefunction is broadened in momentum space due to the Heisenberg uncertainty principle, increasing the rate
of radiative recombination. Therefore, the constraint of momentum conservation is relaxed (Si is an indirect semiconductor) and Si-NCs show excitonic
photoluminescence (PL) in the red/infrared spectrum. [37, 64] Notably, the occurrence of carrier multiplication in ensembles of Si-NCs, due to SSQC, [5,65]
enables the down-conversion of one high-energy photon into two photons with
half of the original energy. This has the huge potential to enable sunlight
spectral shaping and to truly improve the efficiency of solar cells by downconversion. [63, 66–68]
• The dielectric nanocylinders, shown in the SEM image of Fig. 3.1(e), are made
of a solid-state dispersion of Si-NCs in a SiO2 matrix (Si-NC:SiO2, in brief) and
defined by electron-beam lithography. The size of Si-NCs (∼ 2.5 nm) is two
orders of magnitude smaller than the wavelength of visible light and, therefore,
Si-NC:SiO2 is effectively an optically homogeneous medium. The effective
refractive index nef f is a function of the volume fraction of Si-NCs, and it is
nef f ∼ 1.9 for the samples produced in this work. The excellent scattering
properties of the nanocylinders depend on their size, shape and refractive index
nef f , enabling the onset of Mie resonances in the visible spectrum. [57, 61, 62]
• The 2D hexagonal array of scattering nanocylinders forms an optically-thin
metamaterial, as shown in Fig. 3.1(f). Superabsorption in a thin 1D dielectric
metamaterial has been recently shown to arise from the interference between
the scattered and the incident waves, which enables an optimal match of the
optical impedances. [69] This results into a maximum absorption of 50% for
freestanding dielectric metamaterials like their metal counterpart, and 100%
absorption with the support of a back-reflector.
We experimentally demonstrate that the investigated metamaterial supports extinction peaks in correspondence of the nanocylinder Mie resonances and of the
grating condition of the array, whose spectral positions are tailored by geometrical design parameters. Our numerical predictions show that the metamaterial
absorption can reach up to 50%. The optical losses in SiO2 are negligible in the
visible spectrum and, therefore, the main contribution to the absorption comes
from optical transitions in the Si-NCs. We experimentally prove that that the
increased absorption directly couples to the Si-NCs, resulting in a 3-fold av-
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The investigated metamaterial can find application as an optically-thin down-converter
of light on the front surface of commercial solar cells. It is fair to remark that this application necessarily requires PL quantum yield (QY) above 50%, while the maximum
value achieved so far for Si-NC:SiO2 is 35%. [6] A florid and growing field of research
is tackling the increase of QY to match the requirements for applications. [6, 70] Nevertheless, the fundamental goal of this work is to demonstrate that the integration of
quantum emitters into dielectric resonators enables spectrally-selective enhancement
of photon absorption, obtained without affecting the emitter radiative properties, and
resulting in an overall increase of PL intensity. Although we propose and use a specific material platform, the demonstrated principle is general and can be applied to
other semiconductor quantum-dots and emitting species, such as rare-earth ions and
organic molecules. We envision the application of this principle to applications such
as light-conversion and spectral shaping for photovoltaics, but also photocatalysis and
artificial photosynthesis.

3.2

Experimental details

3.2.1

Metamaterial fabrication process and sample list

The materials produced in this work, were fabricated by sputter-deposition SiOx
films, high temperature annealing for Si-NC formation and consequent electron-beam
lithography to form the array of pillars. Following is the detailed process:
• Substrate cleaning. The fused-silica substrate was sonicated in H2O and immersed in a Base Piranha solution for 15 minutes.
• Sputter deposition. A sub-stoichiometric film of SiO2 (with a 17 ± 4 vol%
excess Si) was deposited by magnetron RF co-sputtering system (AJA int.),
using high purity Si (99.99%) and SiO2 (99.99%) [6, 35, 71, 72]. The resulting
stoichiometry and thickness were determined from the deposition rates, which
were calibrated by a quartz crystal microbalance, and validated by Scanning
Electron Microscope (SEM) analysis of the film cross-sections.
• Thermal annealing. The sputtered film was annealed for 30min at a temperature
of 1100 − 1150 ◦C in a N2 environment. This resulted in both phase separation
of Si and SiO2, and crystallization of the Si clusters. The optical properties
of the resulting Si-NC:SiO2 films are strongly dependent on the thickness H.
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erage PL enhancement per Si-NC. Specifically, our experiments indicate that
the PL intensity from the best performing metamaterial is +30% compared to a
planar Si-NC:SiO2 film (without the nanocylinder patterning), despite that the
number of photoluminescent Si-NCs is reduced to 43%.
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Figure 3.2: Schematic of the fabrication steps: a) substrate cleaning, b) sputtering
deposition, c) thermal annealing, d) resist spin-coating, e) EBL, f) development, g)
etching, h) resist removal and Si-NC passivation.
Therefore, for each produced height, H (100 nm, 300 nm and 450 nm), the
sputter rates were tuned ad hoc in order to maintain the PL spectral position and
bandwidth approximately the same. This guarantees that the size distribution
of the Si-NCs is also similar, as determined by the empirical dependence Eg =
1.12 + 1.86/d1.39 , with Eg and d being the Si-NC band-gap (in eV) and the
NC diameter (in nm), respectively, established for Si-NCs prepared in the same
way as done here. [11, 34, 35]
• Resist spin-coating. A layer of HDMS primer, a thin film of MaN-2403 electronbeam resist and a layer of Espacer 300Z were consecutively spin-coated on the
sample.
• EBL. The resist is patterned by electron-beam lithography (Raith e-LiNE). The
complete list of metamaterial geometries is listed in Table 3.1.
• Development. The un-exposed regions of resist were removed by immersing
the samples in the ma-D 525 developer.
• Etching. The nano-pattern was transferred to the underlying Si-NC:SiO2 film
by using an Oxford PlasmaPro100 Cobra etcher with a 10 sccm flow of C4F8
and of Ar.
• Resist removal and Si-NC passivation. The remaining resist was removed by
immersing the sample in acetone and by O2 descum for 15min. As a final
step, the sample was placed in a forming gas environment (5% H2 in N2) for 60
minutes at 500 ◦C. This process is performed to passivate the interface between
the Si-NCs and the SiO2 matrix.
Slightly different sputtering and annealing parameters were used in order to produce the three thicknesses (H = 100 nm, 300 nm and 450 nm) with a Si-NCs size
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100 nm

S(nm)
230
308
388
462
543
617

158
208
260
313
368
416

300 nm

450 nm

D(nm)
168
168
219
218
272
261
322
308
374
374
425
419

Average

100 nm

300 nm

450 nm

164
215
264
314
372
420

-5
-5
-6
-5
-6
-5

∆AC (±%)
-1
-2
-3
-1
-1
-2

+4
+2
+1
+1
0
0
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H=

Table 3.1: List of the metamaterial geometrical parameters for all the fabricated metamaterial height H, array spacing S, nanocylinder diameter D, and deviation ∆AC
from the nominal area coverage AC=43%.

distribution, which was determined to be almost identical (average diameter of ∼
2.5nm). The size was established from the PL spectra (see Fig. 3.5) as done in our
past works and established in literature. [34, 35]
The nano-patterning process introduces some deviations between the nominal geometry and the fabricated ones. The nanocylinders center-to-center separation distance, S, is barely affected by fabrication imperfections, and the fabricated values are
equal to the nominal ones within a ±2 nm error, as shown in Table 3.1. On the other
hand, the cylinder shape is significantly affected. The upper and lower bases differ in
diameter and the sides are not perfectly vertical. Moreover, the nanocylinder surface
shows some roughness. The fabricated diameter, as it appear from SEM analysis, is
reported in Table 3.1. It shows significant deviation from the nominal values depending on the diameter and size. We take these deviations from the nominal parameters
into account by using the mean between the observed lower and upper bases of the
nanocylinders as the AC in Eq. 3.4.

3.2.2

Optical characterization

The optical extinction is measured in a Zeiss Axio Observer inverted microscope.
The light source is a halogen lamp focused by a condenser with numerical aperture NA=0.35, and the transmitted light is collected through a NA=0.75 100x objective. The spectra are recorded by a Princeton Instruments Acton SpectraPro SP2300
spectrometer equipped with a PyLoN:400 (1340 x 400) cryogenically-cooled chargecoupled device (CCD). For the 0th order extinction, we use a custom system where the
light source is a fiber-coupled lamp focused by a NA=0.42 lens. The transmitted and
reflected light beams are collected by identical lenses (for the reflection we additionally use a half transparent mirror) and delivered to an OceanOptics USB2000+VisNIR Spectrometer. The PL experiments are performed in the same Zeiss Axio Ob-
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server inverted microscope. The excitation is the 488 nm line of a Spectra-Physics
Stabilite 2017 Ar laser, focused onto a fixed spot of 50 µm by a 100x objective with
NA=0.75. The excitation power is fixed at 2.5 mW. The PL signal is collected by
the same objective by using a dichroic mirror, and measured by the spectrometer and
the CCD camera. The values reported in this manuscript are the PL intensities integrated across the emission spectrum. For the PL excitation experiment, we use the
415 − 537.5 nm signal of a SOLAR LP603-I Optical Parametric Oscillator (OPO),
pumped by the third harmonic of a Nd:YAG LQ629-10 1064 nm laser with 100Hz
repetition rate and 12 ns pulse duration. The OPO signal is collimated and coupled
to the inverted microscope, exciting the samples perpendicularly to their surface. For
the PL lifetime measurements, we use the CW output at 445 nm of a Becker and
Hickl diode laser, modulated by a square wave with 1 kHz frequency, 100 µs ONstate and 3 µs fall time. [73] The detector is an ID100 Quantique silicon avalanche
photodiode with 40 ps timing resolution, connected to a DPC-230 Becker & Hickl
timing card. Absolute QY measurements are performed for the planar Si-NC:SiO2
films before nano-patterning. The samples are placed in an integrating sphere (7.5cm
in diameter, Newport) with the PL directed into a Solar LS M266 spectrometer coupled with a Hamamatsu S7031- 1108S Vis-CCD camera. For excitation, we used
a 150W Hamamatsu L2273 xenon lamp coupled to double grating Solar MSA130
monochromator. The home-built Fourier microscopy setup consists of a 100x objective with NA=0.90, a set of telescope lenses L1 and L2 with equal focal lengths
(f = 20 mm) and a Fourier lens L3 (f = 200 mm). The detector is an Andor Technology silicon CCD. The excitation is a PicoQuant LDH diode laser at 450 nm and a
pinhole is used to selectively excite one metamaterial sample per each acquisition.

3.2.3

Nanomaterial geometry considerations

In the deposited Si-NC:SiO2 films, the size of Si-NCs is 2 orders of magnitude
smaller than the wavelength of visible light and their volume fraction f is 17 ± 4%.
Therefore, Si-NC:SiO2 can be effectively approximated as a homogeneous medium,
with intermediate optical properties between Si and SiO2. Detailed studies of the refractive index of Si-NC:SiO2 films can be found in literature, [74, 75] showing that
its value approaches 1.9 for the stoichiometry of interest in our work (SiOx with
x ≈ 1.37), and that there is good agreement with the Maxwell-Garnett formula. [76]
Small deviations are due to the fact that the electronic states of Si-NCs are strongly
affected by quantum confinement, and therefore the NC refractive index is different
from bulk Si. We apply the Maxwell-Garnett homogenization formula to estimate
the effective refractive index nef f , and we find a good agreement with the measured
transmission and reflection data. The volume fraction f affects both the optical and
electronic properties of the Si-NC:SiO2 medium. Any change of f modifies the effective refractive index of the Si-NC:SiO2 medium, according to the homogenization
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models: as the concentration of Si increases, the refractive index becomes higher.
Moreover, as f increases, the average distance between the Si-NCs is reduced
and the probability of SSQC increases as well. Other work has demonstrated the
existence of an optimal distance as far as the probability of SSQC is concerned. [39]
Furthermore, the Si-NC size has a strong influence on the QY and an optimum size
exists. [6] Therefore, the interplay between f , the deposition parameters and the film
thickness determines the resulting PL spectrum, QY and SSQC efficiency. [21, 77]
We fabricate three sets of metamaterials with nominal nanocylinder height
H = 100 nm, 300 nm, and 450 nm. For each height, we produce (on the same substrate) 6 arrays with nanocylinder diameter from D = 164 nm to 420 nm. A complete
list of investigated samples is provided in Table 3.1. In order to have a fair comparison between metamaterials with the same height, we keep the number of Si-NCs
equal in all the metamaterial geometries by fixing the nanocylinder area coverage
(AC ∼ 43%). This choice also determines the array spacing. Moreover, all the samples with the same height, including the planar film used as reference, are made starting from the same deposited Si-NC:SiO2 layer, and therefore the optical and electronic
properties are the same. The fabrication process consists of a sequence of eight steps
(a-h), as illustrated in Fig. 3.2. First, we deposit a planar layer made of Si-NC:SiO2
with thickness H = 100 nm, 300 nm and 450 nm (on different substrates, steps (a-c)).
Then, a nano-lithographic method is used to pattern the metamaterial geometry into
the Si-NC:SiO2 layers (steps (d-h)). The fabrication process results in hexagonal 2D
arrays of Si-NC:SiO2 nanocylinders. The arrays have a total size of 30 µm. The resulting pillar height H is equal to the thickness of the original layer deposited in steps
(a-c).

3.2.4

Calculations

We use the transition matrix method, also known as null-field, to calculate the
scattering cross-section spectra of individual nanocylinders. [78] In this method, the
expansion coefficients for the scattered field are retrieved by combining the null-field
equation with the boundary conditions. We also use the rigorous coupled wave approach, also known as Fourier modal method, to calculate the transmission (T ), reflection (R) and absorption A = (1 − T − R) spectra of the 2D arrays of nanocylinders. [79] This method is particularly suitable for simulating light interaction with periodic layered structures which are invariant in the direction normal to the periodicity,
due to its Fourier basis representation. For perfectly planar films and periodic arrays
in the metamaterial regime (when the incident wavelength is larger than the lattice
spacing), one can write T0 + R0 + A = 1, where T0 is the 0th order transmittance,
R0 is the 0th order reflectance and A is the absorption. In transmission experiments,
the extinction is the fraction of incident light that does not reach the detector, defined
as Ext = 1 − T0 , and therefore Ext = R0 + A. For real films and metamaterials with
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surface roughness and geometrical imperfections, diffuse (i.e. non directional) scattering is also present, both transmitted towards the side of the transmission (Tds ) and
to the side of the reflection. Therefore, the actual transmittance measured in a transmission experiment is T = T0 − Tds and Ext = 1 − T = 1 − T0 − Tds . Given the
diffuse character of Tds , its contribution strongly varies with the angular aperture of
the collection optics, as observed in the experiments of Fig. 3.3.
For periodic metamaterials in the grating regime (the incident wavelength is equal
or shorter than the lattice spacing), then highly directional diffraction modes take
place both in transmission and in reflection. Our rigorous coupled wave approach
(RCWA) calculations, the total transmittance T and reflectance R take into account
all the diffraction modes of any order, including the 0th : T = T0 + T±1 + . . . + T±n
and R = R0 + R±1 + . . . + R±n , with n > 0. In these calculations, the diffuse
scattering is zero because a perfect periodic geometry (in terms of periodicity and unit
cell shape) is assumed. Therefore, we can calculate the absorption as A = 1 − T − R.

3.3

Results

3.3.1

Optical properties

The metamaterial transmission, scattering and absorption depend on the nanocylinder size and distance. We quantify this dependence by measuring the extinction spectra in the 350 − 600 nm spectral range, as showed in Fig. 3.3(a-c) for the nanocylinder
height H = 100 nm, 300 nm and 450 nm. The extinction is defined as 1 − T , with T
being the transmittance collected with an angular aperture ±49°, which comprises also
significant contributions from diffuse scattering (see Methods). The extinction spectra
of the three homogeneous Si-NC:SiO2 films are conveniently reported in black, and
are used as reference samples throughout the manuscript. For very thin metamaterials
(H = 100 nm, Fig. 3.3(a)), an extinction band appears with increasing diameter D,
and the amplitude increases from 5% to only 20% at λ ≈ 400 nm. For metamaterials with H = 300 nm (Fig. 3.3(b)), the maximum extinction amplitude is increased
up to 70%. In particular, for diameters from 215 nm to 372 nm, we can distinguish
the occurrence of broad extinction peaks in the spectra. These spectra confirm that the
nanocylinders with height of approximately 300 nm are efficient Mie scatterers, whose
modes rely on significant retardation effects along the propagation direction. Eventually, if we further increase the metamaterials height to H = 450 nm (Fig. 3.3(c)),
we observe a slight increase with respect to the previous height and a shift in the
extinction spectral features, in agreement with previous numerical studies. [57]
To shed light on the origin of the observed spectral features, we focus on the metamaterials with H=300 nm and measure the 0th order transmission by narrowing the
collection angular aperture to ±25° to reduce the contribution of diffuse scattering.
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Figure 3.3: Extinction spectra (collection aperture ±49°) of metamaterials with
nanocylinder height (a) H = 100 nm, (b) 300 nm, and (c) 450 nm, parametrized
for a diameter in the range 164 − 420 nm. The spectra of the reference planar films
are reported in black for each thickness H. The insets show representative SEMs of
the nanocylinder for each height. (d) 0th -order extinction spectra (collection aperture ±25°) of metamaterials with H = 300 nm, parametrized for a diameter from
D = 215 to 372 nm. The continuous (dashed) part of the spectra indicates that the
wavelength is longer (shorter) than the array spacing.
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The spectra, shown in Fig. 3.3(d), feature neat extinction maxima, whose spectral position spans a wide range from λ = 400 nm to 700 nm, depending on the nanocylinder
diameter. We can easily attribute them to the occurrence of dipolar Mie resonances
in the nanocylinders. In fact, according to a simple rule-of-thumb formula, electric
and magnetic dipole resonance appear close in the spectrum, approximately at the
wavelength: [49–51]
λM ie,dipolar = nef f · D,
(3.1)
as indicated by the vertical arrows in Fig. 3.3(d). In resonators with similar refractive
index, the magnetic resonance has been predicted to have slightly longer wavelength
than the electric one. [57] Moreover, the electric mode is expected to red-shift more
quickly than the magnetic one, by increasing the nanocylinder size. [56] In our measurements, we observe a pronounced peak asymmetry for all the investigated metamaterials, and even a double peak for the case D = 264 nm. In addition, we observe
extinction maxima occurring at shorter wavelengths than the Mie resonances. Their
spectral position approximately coincides with the array spacing, S, revealing the fact
that they are related to the grating condition:
λgrating = S.

(3.2)

We conclude that our 2D metamaterial design supports extinction peaks due to the
occurrence of Mie resonances of the nanocylinders and due to the grating condition.
Their spectral position can be independently tuned by the nanocylinder shape (mainly
the diameter) and the array spacing.

40

CH. 3

3.3. Results

Figure 3.4: (a) Calculated scattering cross-section spectra of isolated nanocylinders
parametrized for the diameter D = 164 nm (cyan), 215 nm (blue), 264 nm (green),
314 nm (red), 372 nm (orange), and 420 nm (magenta). (b) Calculated extinction
spectra of a 2D array of nanocylinders parametrized for the diameter D (colors as in
panel a). (c) Electric (left) and magnetic (right) field distributions for the metamaterial
with D = 264 nm excited at λExc = 440 nm (top) and 485 nm (bottom). (d) Same
as panel (b) for absorption spectra. All the calculations are relative to nanocylinders
with height H = 300 nm.
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3.3.2

Calculations of optical properties

To better interpret the difference between the measured extinction spectra of
Fig. 3.3(b) and 3.3(d), we perform rigorous full-wave electromagnetic calculations of
individual (i.e. isolated) nanocylinders and 2D arrays. The scattering spectra of individual nanocylinders with H = 300 nm are shown in Fig. 3.4(a), and are characterized by broadband features, with local maxima shifting as the nanocylinder diameter
increases. On the other hand, the calculated extinction spectra (1 − T ) for 2D arrays
of nanocylinders are shown in Fig. 3.4(b), and we can clearly distinguish sharp extinction peaks due to dipolar Mie resonances and grating modes. These calculations
indicate that the extinction measurements of Fig. 3.3(b) are dominated by diffuse scattering from the nanocylinders, while the peaks in the spectra of Fig. 3.3(d) are due to
collective resonant modes. This difference in the experimental results is simply obtained by reducing the angular aperture of the detection optics. The identification of
the resonances modes in the calculations for 2D arrays can be made by calculating
the spatial distribution of the electromagnetic field. As an example, in Fig. 3.4(c) we
show the electric and magnetic fields for the metamaterial with D = 264 nm excited
at λexc = 440 nm (top) and 485 nm (bottom). The first case corresponds to the Mie
electric dipole resonance, while the second case to the magnetic one. [56, 57] The
calculated peaks differ from the experimental ones in terms of their higher amplitude
and of the wider spectral separation between the electric and magnetic resonances.
We attribute this to two main factors. First, the scatterers in the fabricated metamaterials show significant geometrical imperfections, being not ideal cylinders. The top
and bottom bases have different diameter, the sides are not perfectly vertical and the
surface is not smooth. Second, the substrate is neglected in the calculations (i.e. the
2D array is free-standing). The effects of the substrate have been already investigated,
and they are well-known to determine a red-shift of the resonances and a change in the
resonance amplitude. [57, 69] Eventually, it is important to remark that the effective
refractive index nef f used in the calculations is just an approximation of the actual
index, since it is derived from a homogenization method.
The calculations in Fig. 3.4(b) also predict the onset of peaks due to the grating
condition at shorter wavelengths than the Mie ones. Their spectral position is in good
agreement with the experimental spectra of Fig. 3.3(d), due to the excellent definition
in terms of array spacing in the fabrication process. We calculate the contribution of
the absorption to the extinction peak and show it in Fig. 3.4(d). Both the nanocylinder
Mie resonances and the grating condition induce absorption peaks, and a maximum
absorption value of ∼ 50% is predicted. This is in agreement with a recent investigation on superabsorbing free-standing metamaterials, showing that 50% absorption
is achieved if the forward-scattered wave is exactly π-delayed with respect of the incident one. [69] The comparison between experiments and calculations conclusively

42

3.3. Results
confirms the existence of absorption peaks in the investigated 2D Si-NC:SiO2 metamaterials due to both the nanocylinder Mie resonances and the grating condition.

Photoluminescence characterization

Enhanced absorption in the Si-NCs is expected to lead to enhancement of their
photoluminescence intensity as well. Considering that for many applications photoluminescence is the output product of interest, we have therefore opted to characterize
it here and see whether the prediction agrees with reality.
At steady state excitation the PL intensity, IPL , expressed as photon flux, is:
IPL ∝ QY · NT · σ · Iexc ,

(3.3)

where NT is the number of Si-NCs and Iexc is the excitation flux. The absorption cross-section is σ ≈ 10−15 cm−2 under blue excitation, a value comparable with
direct-bandgap semiconductor quantum dots. [80, 81] We measure the PL spectra,
shown in Fig. 3.5(a), by exciting the samples with the 488 nm line of an Ar laser. To
quantify the effect of the absorption enhancement on the emission, we measure the PL
intensity of the metamaterials (for the three heights H) and compare it with that of the
planar Si-NC:SiO2 film (of thickness equal to H) used as reference, under the same
excitation conditions. We perform these measurements as function of the nanocylinder size and of the excitation wavelength. The average Si-NC concentration and QY
are the same for all the samples with the same height H (including the reference),
because they are fabricated starting from the same SiNC:SiO2 layer (see Methods section). However, the total number NT of emitting Si-NCs in the metamaterials is lower
than the reference NT ,ref/NT ,meta = AC −1 . Therefore, we define the PL enhancement
as:
IPL,meta NT,ref
IPL,meta
PLenh =
=
AC−1 .
(3.4)
IPL,ref NT,meta
IPL,ref
The PL enhancement is shown in Fig. 3.5(b) as function of the pillar parameter,
for pillar height H = 100 nm (celeste), 300 nm (olive) and 450 nm (honey). For the
metamaterial with H = 100 nm, the PL enhancement increases with the diameter and
then it stays constant at a value of ≈ 1. This simply means that the average PL
intensity per Si-NC is equal to that of the reference planar film. Remarkably, for the
sample with H = 300 nm, IPL,meta ≈ IPL,ref despite the lower amount of Si-NCs,
and the maximum PL enhancement exceeds 2 PLenh ≈ AC−1 . Eventually, for the
sample with H = 450nm, the PL enhancement slightly decreases from the previous
case, confirming again the existence of an optimum nanocylinder height.
In order to confirm the dependence of the absorption enhancement (and therefore
of the PL intensity) on the excitation wavelength, we performed photoluminescence
excitation (PLE) experiments by scanning the excitation range λexc = 415 − 530 nm.
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Figure 3.5: (a) Representative PL spectra of metamaterials with H = 100 nm
(cyan), 300 nm (olive-green), and 450 nm (tan) and with D = 215 nm excited at
λExc = 488 nm. (b) PL enhancement as a function of nanocylinder diameter of
metamaterials with H = 100 nm (cyan), 300 nm (olivegreen), and 450 nm (tan), for
λExc = 488 nm. (c) PLE enhancement for the metamaterial with D = 215 nm (blue),
264 nm (green), 314 nm (red), and 372 nm (orange). Circles are relative to the metamaterials with H = 300 nm; triangles are for H = 450 nm. (d) CCD image (false
color) of the PL intensity from the metamaterial with H = 300 nm and D = 372 nm
(left) and the reference sample (right).
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The results are shown in Fig. 3.5(c), where the circles are relative to the metamaterials with H = 300 nm, triangles are for H = 450 nm. The metamaterial with
H = 300 nm and D = 215 nm (blue line) shows an increase of PL enhancement towards short wavelengths, in proximity of the Mie extinction peak at λ ≈ 420 nm measured in Fig. 3.3(d). Analogously, the sample with D = 264 nm (green line), which
features an absorption peak at λ ≈ 500 nm, shows increased PL toward longer wavelength up to ≈ 2.6. The sample with D = 372 nm (orange line) deserves a separate
mention, because it features a grating condition in the investigated excitation range
and, interestingly, it shows the highest enhancement value: the IPL,meta /IPL,ref ratio is 130% (+30%), and the nominal AC meta is 43%, resulting in an enhancement
P Lenh = 3.02.
This excellent performance is easily explained, since the fabrication method determines a small deviation on the nanocylinders separations (±2 nm), which controls
the grating condition, while a much larger error affects their diameter (±10 nm) and
shape (bases and surface roughness), reducing the amplitude of the Mie absorption
peak. The metamaterials with H = 450 nm show analogous trends, but with lower
absolute PL enhancement, as already observed in Fig. 3.5(b). In order to increase the
enhancement factor, we could improve the quality of the nano-patterning, in terms of
the nanocylinder diameter, shape and distance, and by accurately match the optical
impedance of the substrate, as previously discussed in the text. However, while this
effort is needed for real applications, it is not strictly necessary to demonstrate the
validity of our concept.

3.4

Discussion

In the following, we consider and systematically address all the possible alternative explanations for the observed increase of PL emission, namely: (i) the PL extraction efficiency and (ii) directionality, (iii) the photonic density of states (PDOS)
and (iv) the saturation of the Si-NC absorption/emission states (iv). As a matter of
fact, the metamaterial nano-pattern can modify the PL extraction efficiency and directionality by changing the effective Fresnel reflection and transmission coefficients
in the emission spectrum. Moreover, it can modify the PDOS and affect the Si-NC
radiative lifetime, due to the Purcell effect. [82, 83] Eventually, it can lead to the
saturation of the absorption/emission of the Si-NCs, resulting in unfair comparison
between samples and artefacts in the determination of the PL enhancement. We unambiguously prove that these phenomena do not significantly affect the PL intensity
of the investigated metamaterial geometries with respect to the reference planar film,
and we conclude that the increased absorption efficiency is indeed the dominant process. A modification of Fresnel coefficients is simply detectable in the reflection and
transmission spectra. Figures 3.6(a) and 3.6(b) show the variation of the reflectance
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Figure 3.6: Variation of the measured reflectance (a) and transmittance (b) of the
metamaterials with H = 300 nm and D = 215 nm (blue), 264 nm (green), 314 nm
(red), and 372 nm (orange), with respect to the reference. The PL full width at halfmaximum (fwhm) spectral width is indicated by the sea-green-shaded area. Fourier
image of the transmitted light (c) and PL (d) for the metamaterial with H = 300 nm
and D = 264 nm. (e) PL intensity time dynamics for the planar reference film (black)
and stretched-exponential fit (red). The inset shows the PL decays for the sample
metamaterial samples as in panel (a), plotted with an artificial vertical offset, for the
sake of clarity. (f) Dependence of the PL intensity on the excitation power for the
same sample as in panel (c).
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(λ)
and of the transmittance δT
T (λ) , respectively, for the metamaterial samples
with respect to the unpatterned film at normal incidence. For all samples, the Mie
resonances and the grating conditions are far from the emission spectrum, indicated
δT (λ)
by the sea-green shaded area. The maximum values of δR(λ)
R(λ) and T (λ) are 8%
at λ = 758 nm and 22% at λ = 832 nm, respectively, while the average across the
emission spectrum is < 2% for both. For each wavelength, we quantify the variation of PL intensity due to changes of R and T by using a first-order approximation:
δIPL,s (λ)
δIPL,s (λ)
δR(λ)
δT (λ)
IPL,s (λ) R = R(λ) R and IPL,s (λ) T = T (λ) . By considering that the integrated PL
intensity is IPL = IPL,s (λ)dλ, we find that the overall change in PL intensity is
δIPL (λ)
PL (λ)
only δI
IPL (λ) R < 2% and IPL (λ) T < 3%. Therefore, the PL extraction efficiency
is approximately the same for the metamaterial and the reference samples.

To directly exclude any change in the PL directionality, we perform Fourier (kspace) microscopy of the PL intensity. This technique is based on capturing the
Fourier plane image formed in the back focal plane of a high NA objective, which contains the k-space information of the radiative field. For all the samples, including the
reference, the Fourier image is homogeneous, which indicates an isotropic PL emission. Here we focus on one representative metamaterial sample with H = 300 nm and
D = 264 nm, and we first report in Fig. 3.6(c) the Fourier image of the transmitted
light. It only shows the 0th order central spot, which simply confirms that the metamaterial is sub-wavelength at the excitation wavelength. The Fourier image of PL is
displayed in Fig. 3.6(d), and it shows isotropic emission. Therefore, we can exclude
any effect of the PL angular dependence on the observed PL enhancement.
Ultimately, a change in the PDOS in the metamaterial samples would significantly
affect the PL spectrum and lifetime. On the contrary, our measurements indicate
that they do not change with the nanocylinder diameter, and most importantly, they
are equal to those of the reference sample. Specifically, the average PL lifetime is
τ ≈ 45 ± 2 µs, as obtained by fitting the decay with a stretched-exponential function.
In Fig. 3.6(e), we show the PL time-dynamics of the reference sample (black) and of
the metamaterials with the highest PL enhancement (H = 300 nm and D = 215 nm,
264 nm and 372 nm). Therefore, we can exclude any effect of the PDOS on the observed PL enhancement. Eventually, Figure 3.6(f) shows the dependence of the PL
intensity on the excitation power for the representative sample with H = 300 nm and
D = 264 nm, which clearly indicates that all the samples were characterized in the linear absorption regime, far from the saturation of the Si-NCs. We can safely attribute
the increased PL in the metamaterial samples exclusively to the enhancement of the
absorption at the excitation wavelength. This result was remarkably achieved without
affecting the transmission/reflection properties in the emission part of the spectrum.
Moreover, the emission properties in terms of angular pattern, lifetime and spectral
shape are approximately the same as the planar sample without nanocylinders.
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While it would be most accurate to also measure the PLQY of each metamaterial
in an integrating sphere, this is not possible in our case. The samples are microscopic,
which does not allow the integrating sphere measurements. Furthermore, the metamaterial, is not expected to affect the PLQY, as the absorption is enhanced, while the PL
properties are not influenced dramatically. Nevertheless, the PLQY was determined
directly for the reference sample, as that sample is not microscopic. The measured
PLQY is ∼2%, while the maximum value achieved so far in literature is 35% [6]. For
applications this would require a time-consuming optimization of the material deposition process (the absolute value of QY is not relevant for the concept demonstrated
in this work).
Lastly, any potential application as envisioned in the introduction would have to
benefit from high PLQY Si-NCs combined with efficiency enhancing effects such as
SSQC, and now, as we have shown, an optimized metamaterial geometry. The first
two optimizations in the underlying SiNC films, would lead to modifications in the
refractive index, and the resulting metamaterial effects. One could wonder whether
these optimized SiNC films would also benefit from the metamaterial effects shown
here. Nevertheless, the scope of this work encompassing over 50 metamaterial geometries, has shown that it is possible to optimize the structure and obtain selective
enhancements in extinction the whole UV/Vis region. Therefore, using the two separate knobs, namely pillar shape and array spacing, it is possible to obtain the desired
results also for well optimized Si-NC films.

3.5

Conclusion

In conclusion, we have successfully integrated quantum-confined Si-NCs into
SiO2 nanocylinders, arranged into a 2D metamaterial. This hierarchical metamaterial
inherits the optical and electronic properties of its building blocks and shows performance enhanced compared than the individual components. We have experimentally
detected the occurrence of extinction peaks related to dipolar Mie resonances in the
nanocylinders and to the grating condition, which can be tailored throughout the visible spectrum. Both of them induce spectrally-selective enhancement of the absorption,
as predicted by our rigorous calculations. The Si-NCs experience increased excitation
and, as a consequence, exhibit a more intense light emission. Remarkably, our experiments show that our best-performing metamaterial shows higher light emission than a
planar film without nano-patterning, despite the reduced absolute amount of Si-NCs.
The metamaterial design principles described in this work are applicable to any QD
semiconductor and to other emitters, such as rare-earth ions and organic molecules.
The specific implementation investigated in this work is completely based on Si, it is
fully compatible with CMOS technology and it can be integrated with Si solar cells
for spectral shaping purposes. We envision the application of this approach to photo-
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voltaics, photocatalysis and photosynthesis.
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Enhanced light extraction of
Eu-related emission from a
nano-patterned GaN layer
grown by MOCVD.

Eu-doped GaN (GaN:Eu) is a promising material for the active layer in red light
emitting diodes. Although the output power of LEDs based on GaN:Eu has been
increasing by a combination of structural and growth optimizations, there is still a
significant limitation resulting from poor light extraction efficiency, typical for high
refractive index materials. Here we studied nano-structuring the top of the optical
active layer using nano-cuboids for enhancement of the light extraction efficiency,
and its effect on the optical emission characteristics. By etching nano-cuboids into the
active layer, we observed an increase in directional light output power of Eu3+ ions
of up to 60%, as well as a grating effect. Simultaneously, the absorption of excitation
light into the optical active layer was improved, leading to a 12.8 times increase of
directional output power per available Eu3+ ion.
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4.1

Introduction

GaN-based efficient red light emitters are a key development to complement the already available blue and green colors, and realize monolithically produced full-color
displays. The recently introduced Rec. 2020 standard defines a wide color gamut
for ultra-high definition televisions (UHDTV). The RGB primaries used by the Rec.
2020 standard should be monochromatic light sources. Although monochromatic laser
sources can be used for the realization hereof, they are too expensive and have the
speckle problem [84]. InGaN multi-quantum well structures are being used for the
active component of commercially available LEDs. [85–87] However, it is difficult to
achieve narrow emission linewidth from InGaN, because of the band-to-band nature
of the optical transition responsible for light emission in these materials. Yet additional broadening results from the compositional fluctuation of group III elements in
InGaN caused by segregation. [88, 89] Rare earth doped GaN offers an alternative solution, and in particular Eu-doped GaN (GaN:Eu) is a promising material to resolve
the above mentioned limitations for red emitters. Eu3+ ions have been widely used
as phosphors, for their strong red luminescence. This arises due to relatively efficient,
well defined, and temperature stable transitions of the intra-4f shell, in the wavelength
range around 620 nm.
The red emission from organometallic vapor phase epitaxy (OMVPE) grown GaN:Eu LEDs was first demonstrated, [90] and with further optimization of growth conditions, layer configuration and device structure have resulted in a steady increase of
the light output of red emitting GaN:Eu devices over the last few years [91, 92]. One
important limitation of GaN-based LEDs is the light extraction efficiency (LEE), due
to the large difference of the refractive index of the GaN structure with the surrounding medium. Different approaches have been attempted to counter this deficiency,
like nano-structuring of the surface [93], using nanotubes [94], or localized surface
plasmons [95].
In this work, we study the influence of surface patterning the optically active
GaN:Eu layer on the emission characteristics. We prepared three different samples,
where one has a plain surface, serving as a reference, and the other two have different
patterning geometries. The pattern consists of cuboids organized in a square lattice
and was formed by a nano-imprint lithography process. We have studied the directional emission of these structures and observed an increase of the light extraction
efficiency of 60% for the structured samples as compared to the reference. From additional total luminescence experiments and time-resolved photoluminescence studies at
different temperatures, we deduced that the internal quantum efficiency (IQE), defined
by the ratio between the integrated area under an PL decay graph and that of a singleexponential decay with the time constant determined at low temperature (which we
assume to be purely radiative), of the layers goes down at room temperature (RT), but
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Experimental details

4.2.1

Sample preparation

Samples are produced with the following procedure: Europium and oxygen codoped GaN (GaN:Eu,O) was grown on double-side polished (0001) sapphire substrates by OMVPE at 100 kPa. The sample structure consisted of a 1.7 µm-thick
undoped GaN layer and a 200 nm-thick GaN:Eu,O layer. Trimethylgallium, and ammonia were used as starting sources. Eu was doped using
bis(n-propyl-tetramethylcyclopentadienyl)-europium [(EuCppm2)]. Doping concentration of Eu3+ ions was 4 · 101 9cm−3 . Ar-diluted O2 was also used for oxygen
co-doping, to enhance Eu emission intensity [96]. After the growth of the GaN:Eu,O
structure, resist patterns were fabricated on the samples by a standard nanoimprint
lithography process. Subsequently, the samples were etched with Cl2 in an induced
coupled plasma (ICP) etcher using the nanoimprint lithography pattern as a mask.
Two samples were produced with different etching times, which are designated P100
and P200, featuring the depth of etching of 100 and 200 nm, respectively. In the final
step, the resist was removed by toluene. The unpatterned layer which has been used
as a reference is designated P0. A second unpatterned reference sample has also been
exposed to the etching treatment in order to explore the effects of etching itself on
emission characteristics, without the effect of the nano-structure. The pattern consists
of cuboids organized in a square lattice. The cuboid sides are 200 nm, with a height of
100 nm, and the edge-to-edge distance between neighboring cuboids is 200 nm. Figure 4.1 depicts schematics of the 3 different sample designs, and a scanning electron
micrograph (SEM) and atomic force microscope (AFM) image of sample P100.

4.2.2

Optical characterization

An angle-resolved PL setup was purposely built to investigate directionality of
emission. The system allowed both spectral, as well as time resolved measurements.
A xenon lamp (L2273 Hamamatsu) coupled to a Solar MSA130 double grating monochromator, was used as excitation source for the spectral measurements. For timeresolved measurements an optical parametric oscillator (OPO) pumped by the third
harmonic of a 100 Hz Nd:YAG laser, with a pulse duration of 5 ns was used. Emission was dispersed by an M266 (Solar LS) monochromator coupled to either a silicon charge-coupled device (CCD, Horiba scientific) or a photo multiplier tube (PMT,
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is restored at lower temperature. The non-radiative recombination channels are thermally activated, with 22 meV. Finally, an expected nano-resonator effect that could
enhance the radiative transitions in the Eu3+ ions, was not observed. This is most
likely a result of the non-optimized structure of the surface patterning.
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Figure 4.1: Nano-patterned GaN:Eu Schematics and structural characterization of
the three samples. a Schematic cross-sections of the sample structures. b SEM and c
AFM images of sample P100 (Note that the wall-structures between the cuboids are a
scanning artifact).

Horiba scientific) for photon detection. The sample was placed perpendicular to the
rotation plane, such that the normal to the surface has the zero degree detection angle. The excitation was fixed to the sample at an angle of 20 degrees above the plane.
To investigate emission independent of directionality an integrating sphere was used
(Newport, 7.5cm diameter). Excitation proceeds using a xenon lamp (L2273 Hamamatsu) coupled to a double grating monochromator (Solar MSA130).

4.3

Results

The angular emission distribution of Eu-related luminescence for the samples was
characterized in the angle-resolved PL setup under excitation of 355 nm. The angle is
defined relative to the normal of the surface, results hereof are depicted in Fig. 4.2. The
emission intensity distribution for P0 follows a flat profile, with an intensity dropping
with increasing angle, thus featuring the typical escape cone for light from this sample.
For the patterned samples P100 and P200, the angular distribution looks very different,
with peaks and dips of intensity as a function of angle. The peaks are most likely a
result of the grating-like structure of the nano-pattern, giving rise to diffracted wave
guide modes, and leading to an interference effect that can be observed in the farfield [97]. In addition, it can be observed that the integrated light output for both
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Figure 4.2: Room temperature PL. Left, The RT PL spectrum showing the Eu
emission lines: 5 D0 to 7 F2 (≈ 621 nm) and the 5 D0 to 7 F3 (≈ 665 nm). Right,
Angular dependence of the PL intensity at a detection wavelength of 621 nm.

Figure 4.3: Angle-dependent PL Normalized angle-dependent spectral intensities
for the three samples.

nano-patterned samples is larger than that of the unpatterned one. The enhancement
in directional output power is 50% for P100 and 60% for P200 (see table 4.1). The
angle-dependence of the complete emission spectrum for all three samples is shown
in Fig. 4.3.
Next to the angle-dependent emission, also the total emission of the samples has
been determined. The samples were placed in an integrating sphere, ensuring that
also the light outside of the “light cone” direction is captured. While an integrating
sphere normally also allows to determine absorption, which in turn allows estimation
of PLQY, here we have a complication. While we can determine the absorption of
the whole sample we cannot determine the absorption of the GaN:Eu layer itself. The
thick GaN layer, ensures all light that is not reflected nor absorbed by the GaN:Eu layer
will be absorbed by the GaN layer. Therefore, we can only determine an upper limit
of absorption and ergo a lower limit of PLQY. This in turn means that comparison
of PLQY values of the different samples is meaningless. The total emitted power
for all three samples decreased for increased etching times, especially remarkable
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Sample

IQE at
RT [%]

Rel. total output
power

Rel.
output
power in light
cone

Rel. volume of
optically active
layer

Rel.
output
normalized to
# of Eu3+ ions

P0
P100
P200

34
36
27

1
0.66
0.61

1
1.5
1.6

1
0.612
0.125

1
2.45
12.8

Table 4.1: PL properties. Room-temperature quantum efficiency, relative optical
output in the emission cone normal to the surface, relative volume of the optical active layer, and the output increase normalized to optical active layer volume. For all
relative parameters the un-etched sample was set to 1.

considering the increase in intensity perpendicular to the surface. The results hereof
are shown in table 4.1.
For completeness, we also investigated the emission at shorter wavelengths, in
the range of the commonly appearing defect-related “yellow band” of GaN, since we
observed that the intensity of this band was increased in the patterned samples. The
reference layer, which received the same ICP etching treatment as P100, had a similar
intensity of the “yellow band” as the said sample. Lastly, in order to get more information about the optical activity of the Eu3+ ions and its possible enhancement due
to nano-photonic effects, we performed a series of time-resolved PL measurements at
different temperatures. The results hereof are depicted in Fig. 4.4. At room temperature, the PL, for all the samples, decays with a stretched exponential character. This
is a clear sign that non-radiative channels are active. Upon temperature decrease, the
dynamics for all three samples transforms towards a single exponential decay, which
is reached at 10 K. This demonstrates that there is no change of the radiative rate due
to the nano-patterning, but also that the IQE is likely close to unity. Furthermore, it
shows that the non-radiative channels are thermally activated. We have determined
the activation energy of this non-radiative channel to be approximately 22 meV.
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Figure 4.4: TRPL and temperature dependence Normalized TRPL curves at RT (a)
and 6 K (c). (b) Temperature dependence of the IQE as determined from the TRPL
curves. (d) Representative PL spectrum of sample P200 at RT and 6 K.

4.4

Discussion

An apparent discrepancy appears when comparing the results of the two PL setups; the angular dependent and independent PL spectra. In the angular dependent
measurements the patterned samples show enhanced emission for the entire range of
angles studied which are within a cone perpendicular to the surface, the angular integration of PL (at 621 nm) returns higher yields for the entire range (0 − 50°) studied.
While in the integrating sphere the angular integration happens optically, and yields
stronger PL values for the unpatterned sample. We can resolve this discrepancy, and
conclude that a part of the emission that is not within the measured forward emission cone, is measured in the integrating sphere, and has a strong contribution in the
unpatterned sample, and this is most likely emission that is coupled in-plane to the
sample/substrate.
The total emitted power in the forward direction at RT increases for longer etching
times, even though the number of Eu3+ ions and the IQE varies considerably between
patterned and unpatterned samples. The temperature dependence of the IQE for all
samples is depicted in Fig. 4.4, and the values at RT are shown in Table 4.1. The
lower IQE value for the patterned samples could result from the ICP treatment, which
introduces defects that might act as non-radiative recombination. Since a considerable
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amount of the optically active layer is removed by the etching process of the nanopattern, we also have to take that into account to get an estimate of the amount of
Eu3+ ions contribution to the emission in the excited volume. From Ref. [98] it can
be found that the penetration depth for GaN at a wavelength of 355 nm, is ∼ 100 nm.
The geometrical volume of the Eu-doped layer from Fig. 4.1, can be estimated from
the layer thickness, and the knowledge that 75% percent of the surface area is etched
down. The relative volumes of the optical active layer are depicted in Table 4.1. Purely
from the geometrical point of view of where the light can be absorbed, there is a large
discrepancy with the total output power, showing an increase per Eu3+ ion of up to
12.8 times for P200 (Table 4.1).
There are three important effects here that have not been taken into account that enhance the directional optical output of the etched samples. Firstly, the nano-patterning
is on the scale of the incoming excitation light wavelength and can induce efficient
scattering of the normal incident light into the layer. In this way, the effective path
length of the light into the optical layer is increased, leading to absorption enhancement. Secondly, the nano-pattern can also induce scattering of the emission light
which is coupled in-plane, ie. within the layer/substrate, as discussed above. A third
contributing factor is the energy transfer from GaN to the Eu3+ ions. The light is
absorbed in GaN and, subsequently, generated carriers can excite the Eu3+ ions. The
effectiveness of this excitation mechanism is strongly dependent on the local crystal
environment of the Eu3+ ions, and is influenced by defects and strain [99, 100].
We found that both total output power as well as the IQE are lowered with increased etching. While the total output is most probably influenced by the decreased
number of Eu3+ ions in the layer, the IQE should not. Furthermore, while the decrease of the IQE could be linked to a decrease of the transfer efficiency from the GaN
to the ions, it will not readily agree with an increase in transfer efficiency.
We therefore conclude in favor of the first two effects as the most likely explanations for the high directional PL output in the etched samples, having a much smaller
effective concentration of Eu3+ ions. It is thus the enhanced scattering of the excitation light, preferentially into the optically active layer, and successive enhanced
scattering, out of plane, of the emitted light that are most probable. Even further
enhancement of this effect could be achieved in the future by optimization of the
nano-patterning structures, both in shape and in size.

4.4.1

Grating effect

Besides the overall enhancement in directional emission, clear peaks and dips as
a function of detection angle are observed in the emission. Especially in Fig. 4.3 this
behavior is evident and shows strong similarity to the behavior of an optical diffraction
grating. Here we evaluate the validity of this assumption in relation to the observed
results. The grating equation, d sin θ = mλ, is defined by geometrical interference
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considerations, where d is the pattern pitch distance (400 nm), m the diffraction order
(1, 2, 3...), and λ the wavelength of light (620 nm). When filling in these values,
and consider the refractive index of the material, n = 2.4, it is apparent that we are
actually outside of the classic grating regime. The nano-structure pitch is too small
for a pure grating effect. Alternatively, a diffraction could occur due to higher orders
of the nano-pattern symmetry, and we can find feasible solutions for 4× the pitch at
1600 nm. Ref. [97] gives an alternative explanation, using an undoped GaN-based
ultrathin microcavity array, similar to the one used here, which gives rise to diffracted
wave guide modes and leads to an interference effect that can be observed in the farfield. But the crucial difference is that in our work, the emission comes from the Eu
ions embedded within the GaN, which also emit at different wavelength. It is quite
likely we are observing similar effects here as in Ref. [97], or higher order diffraction
grating effects, or a combination. In either case, this would require calculation such
as the rigorous coupled wave approach employed in chapter 3, but those were outside
the scope of this work.

4.5

Conclusion

We have fabricated GaN:Eu layers, which were nano-patterned with a square
lattice array of cuboids, and studied the properties of the Eu emission by PL spectroscopy. In the light emission cone perpendicular to the surface of the optical layers,
we observed an increase in intensity of 50% and 60% for both patterned samples. Additionally, the periodic structure of the nano-patterning gave rise to peaks and dips in
the angle-dependent PL intensity. Although the amount of Eu3+ ions in the optical
excitation volume of the patterned samples was considerably lower, and there was no
enhancement of the radiative rate of the Eu3+ ions, we observed only a minor decrease
in the total output power of Eu-related emission. The increase in directional emission
during PL measurements is attributed to two effects: firstly, increased scattering at
the nano-patterned surface, of the incoming excitation light into the GaN:Eu layer,
effectively increasing the path-length that excitation light travels within the GaN:Eu
layer. Secondly, the same nano-patterned surface, now scatters emission light out
of the GaN:Eu layer, a highly desired effect in a material with high refractive index
such as GaN, in which light is often trapped. Especially the latter could be optimized
further with an eye at direct applications in GaN:Eu light emitting devices.
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Part II

Carrier driven processes

Hot-carrier-mediated impact
excitation of Er3+ ions in SiO2
sensitized by Si nanocrystals

Past research has shown that indirect excitation of Er3+ ions in SiO2 solid-state
matrix with Si nanocrystals can be achieved by different pathways. Here, we investigate the impact excitation mechanisms in detail by means of time-resolved photoluminescence spectroscopy. We explicitly demonstrate that the free carrier impact
excitation mechanism is activated as soon as the carriers obtain sufficient excess energy. The “hot” carriers with the above-threshold energy can be created upon optical
pumping in two ways: either upon absorption of (i) a single photon with an energy exceeding a certain threshold hν > Eth or (ii) following absorption of multiple photons
of lower energy in a single nanocrystal, hν < Eth , followed by an Auger recombination of the generated multiple e-h pairs. In addition, we show that the impact
excitation dynamics by hot carriers are similar, regardless of the mode in which they
have been created.

CH. 5

5

Chapter 5. Impact excitation of Er3+ by Si-NCs

CH. 5

5.1

Introduction

Featuring 1.5 µm emission coincident with the absorption minimum of optical
fibers, Er-doped materials are broadly explored for, and applied in, telecommunication networks. The emission arises from radiative transitions between J states of the
incomplete 4f electron shell of trivalent erbium ions (Er3+ ). [101] Due to the effective screening of the 4f shell by the complete outer 5s and 5p orbitals, the host has
only a very limited influence on the energy structure of the Er3+ ions; consequently
a narrow emission band with a temperature invariant wavelength can be observed up
to room temperature. However, transitions between the individual J states are only
weakly allowed, yielding very long radiative lifetimes (≈ ms) and very small optical absorption cross-sections for resonant excitation [102]. Consequently, excitation of Er-doped insulating materials can only be achieved by resonant pumping with
high-power tunable lasers, which is cumbersome and energy-inefficient. Past research
revealed that the excitation cross-section of Er3+ ions in SiO2 can be increased by
up to three orders of magnitude by co-doping with Si nanocrystals (NCs). In contrast to Er, Si NCs feature a larger absorption cross section over a wide energy range.
Moreover, when in direct neighborhood of each other, a strong coupling appears between the Si NC and the Er3+ ions, leading to an effective sensitization of Er3+
emission. [9, 103–105] In this case, the Si NC absorbs a photon and due to the relatively long excited state life time, it can transfer its energy non-radiatively to an Er3+
ion, promoting it to one of its excited states. The sensitization effect of the 1.5 µm Errelated emission, [104,106–108] opened perspectives for Er-doped SiO2 with possible
application for broad-band flash lamp pumped amplifiers and lasers for telecommunication networks, but also a wide range of other applications, such as laboratory-on-achip, optoelectronics, all Si lasers [109] and also future photovoltaics. [37, 110]
The sensitization process has been extensively investigated and modeled, [111–
113] but a full understanding hereof, and thus optimization, remains challenging. It
has been shown that only Er3+ ions in the vicinity of a Si NC can be indirectly excited via Si NCs, and those constitute a minor fraction of the total Er concentration
embedded in the material. By dedicated experiments, it was revealed that in optimized materials only approximately 1% of the overall concentration of Er3+ could be
indirectly excited via Si NCs. While later attempts increased that percentage somewhat, [114] it remained low, thus precluding realization of population inversion, and
optical gain [115].
The energy transfer between Si NC and Er3+ ions is a complex, multichannel
process. [9, 10] Using a series of time-resolved PL experiments, PL excitation spectroscopy and PL quantum yield determination, it has been shown that the non-resonant
Er excitation processes proceed by two different energy transfer mechanisms. A
“slow” one, involves the afore-mentioned non-radiative recombination of an e-h pair
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in a Si NC accompanied by energy transfer to a nearby Er3+ ion, and is relatively well
understood. A second, “fast” mechanism takes place within 1 µs after a pulsed excitation and has been related either to an intraband relaxation of a hot carrier in a Si NC,
analogous to impact excitation by hot carriers in bulk semiconductors, [110, 116, 117]
or energy transfer via luminescence centers [118]. While the luminescence center mediated transfer can always occur, the impact ionization path requires enough excess
energy of the generated e-h pairs. Since the efficiency of the “fast” process can potentially be much higher than that of the “slow” one, it has an interesting application
potential.
Here, we examined the dynamics of Er emission sensitized by Si NCs under different excitation conditions. Two excitation photon energies were used, one below the
threshold Eth , defined by the sum of the Si NC bandgap energy and that of the first
excited state of Er3+ , and a second one larger than Eth . For both excitation photon
energies a wide range of pump fluences was employed. For the lowest pump fluence
the average number of photons absorbed per NC during a pulse was much smaller
than 1, to ensure there are no multiple photon absorption events in a single NC during
a pulse. [119]

5.2

Experimental details

5.2.1

Sample fabrication

The samples used in this work feature thin-films of Er-doped SiO2 with Si-NCs
prepared by sputter deposition. A sub-stoichiometric film of SiO2 (with a 17 ± 4 vol%
excess Si) was deposited by magnetron RF co-sputtering system, using high purity
Si (99.99%) and SiO2 (99.99%) targets. Moreover, Er is also doped in; for this we
place pellets of Er2O3 on the sputter targets, and adjust the stoichiometric ratio of Si to
SiO2 according to the added oxygen content due to the Er2O3 pellets. After deposition
of a 2 µm thick SiO2 layer enriched with Si and Er on a quartz substrate, the layer
was annealed at 1200 ◦C in N2 atmosphere for 30 minutes to form Si NCs. The Er
concentration is ≈ 2.7 1019 cm−3 . The concentration of Si NCs was determined to
be 2.1 1018 cm−3 with an average diameter of 3 nm. More details on the fabrication
process and material characterization can be found in Ref. [107].

5.2.2

Optical characterization

For the time resolved PL excitation experiment, we use the 410 − 710 nm signal
of a SOLAR LP603-I Optical Parametric Oscillator (OPO), pumped by the third harmonic of a Nd:YAG LQ629-10 1064 nm laser, with 100 Hz repetition rate and ≈ 12 ns
pulse duration. The excitation flux was adjusted by use of double Glan-Thompson
polarizers. The photoluminescence was collected by an optical fiber and directed
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Figure 5.1: Visualization of excitation threshold energy. Top An approximate
bandgap energy, Eg , and threshold energy, Eth , distributions, are shown with the chosen excitation energies, EL (Dashed green line) and EH (Dashed blue line). Bottom
The top energy distribution is shown in relation to the observed photoluminescence
spectrum.
through an optical filter in order to select the Er3+ emission, and eventually towards a
NIR photomultiplier tube (PMT, Hamamatsu R5509-73), ultimately the PMT signal is
read out in multichannel scaler mode by a data-acquisition card (Fast Comtec P7887).
The photoluminescence spectra of both the Si NCs as well as the Er3+ were measured
by Horiba Fluorolog-3 spectrometer, with a Xenon lamp as an excitation source, and
both a Si CCD and an InGaAs detectors.

5.2.3

Threshold energy, Eth

The excitation photon energies below and above the threshold were chosen carefully based on the specific sample studied. Following is the analysis of the choice.
We consider the case of a Si NC with bandgap energy, Eg , facilitating excitation of an
Er3+ ion into its 1st excited state, with the energy EEr . As discussed, the excitation
of the Er3+ ion by the Si NC, can proceed in two ways. [i] A “slow” excitation, coinciding with the band to band non-radiative recombination of an e-h pair, requiring
Eg > EEr . [ii] A “fast” excitation, which we argue happens though the transition of
a carrier from a highly excited state with energy EH to a lower energy state EL still
inside the conduction band. In other words [ii] requires EH − EL = EEr .
In our material, an ensemble of Si NCs with a size dispersion, condition [i] will
always be valid, but condition [ii] depends on excitation details. The size distribution
of the crystals, Eg varies from crystal to crystal. Therefore, EL (Dashed green line
in fig 5.1) should be larger than that of the most energetic crystal in the distribution
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in its ground state, and at the same time smaller than the sum (Eth ) of least energetic
crystal in the distribution and first excited state of Er3+ . The same kind of reasoning
applies for EH (Dashed blue line in fig 5.1), Eth follows the same distribution as Eg ,
only increased by energy EEr . When exciting above Eth , it is necessary to excite with
EH sufficient for the most energetic crystal in the ensemble. Ultimately, this has led
to the choice of excitation energies EL = 2.0 eV and EH = 2.8 eV.

Temporal decay analysis

In order to observe the PL time dynamics both on the nanosecond, through the
microseconds and up until the Er3+ has recombined after several milliseconds, it
is necessary to measure with high temporal resolution (bin time varying between
2 ns − 32 ns) as well as long enough detection windows (≈ 10 ms). The temporal
resolution was chosen to optimize signal-to-noise ratio, total integration time, and the
ability to resolve the shortest features we are interested in. The resulting data-sets
are therefore unmanageable in size, containing up to 5 107 data-points. The ns-to-ms
measured data-set has been averaged in such a way to optimize signal-to-noise ratio
as much as possible in all time regimes, but mainly to contain less data points, without
losing details in all the observed temporal ranges. Therefore an averaging algorithm
has been applied, where the time bins are equidistant on the log time-scale instead of
the linear time-scale, spanning over increasingly more datapoints as the measurement
advances. This in turn increases the signal-to-noise ratio at later times compared to
earlier times.

5.3

Results

Fig. 5.2 shows the different time regimes in the decay dynamics of 1.5 µm emission sensitized by Si NCs, observed in time resolved PL over 5 orders of magnitude,
from ns to ms. In the first region (α) a fast decay can be observed and has a typical
time constant of a few tens of ns. It has been suggested to be due to a combination of defect-related emission and a fast direct excitation of Er3+ ions competing
with efficient non-radiative processes of energy back transfer from Er3+ to the NC
core. [5, 118, 120] The second region (β) shows a slower rise, indicating the energy
transfer from Si NCs to Er by non-radiative recombination of the e-h pair. The time
constant of this rise is determined by the combination of the energy transfer time and
the relaxation time from the higher excited states to the 1st excited state of Er3+ . The
most important contribution to the latter process is that of the 4 I11/2 to 4 I13/2 excited
state transition, with a time constant of ∼ 2.4 µs [118]. Using this value and fitting the
rise with rate equations describing the transfer, we find a value of ∼ 10 µs for the energy transfer time. The last region (γ) depicts the radiative decay of Er3+ ions and has
a time constant of ∼ 4 ms. As there are no energy transfer processes taking place after
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Figure 5.2: Log-log plot of the typical PL dynamics measured at 1535 nm. There
are 3 distinct stages: (α) an initial fast decay with a time constant of a few tens of
ns. This is followed by (β) a slower rise and finally (γ) a slow decay with a time
constant of 4 ms. The emission intensity is normalized at T2 , when the maximum
concentration of excited Er3+ ions is observed. The intensity at the minimum, IT1 ,
indicates the excited Er3+ concentration obtained by fast processes which survive the
initial fast (nonradiative) decay and contribute to the PL signal, slowly decaying in
stage (γ). The inset depicts the normalized emission spectra of the sample with the Si
NC emission spectra around 920 nm (blue) and Er3+ emission around 1535 nm (red).
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all the NCs have transferred their energy, for the remainder of the manuscript we focus
on the first ∼ 35 µs after the pump pulse. In order to make quantitative comparisons
between the different decay kinetics, we set the maximum of the emission intensity
around t = 30 µs (IT2 ) to 1, and determine the value of the lowest part of the emission intensity at t = 1 s to be IT1 , indicative for the Er concentration that is excited
by processes faster than that of the “slow” energy transfer, due to the non-radiative
recombination of e-h pairs.
We have probed the PL dynamics by two excitation photon energies. The first one
being Ehν = EL = 2.0 eV, below the threshold value, Eth , as discussed in section
5.2.3. The second one above the threshold with a photon energy of Ehν = EH = 2.8 eV.
In both cases the excitation power was varied to probe the decay kinetics for different
excited NCs concentration after the pulse. In Fig. 5.3a the values of IT1 are shown
as function of average number of absorbed photons per NC, determined following
the procedure described in Ref. [5]. We note that IT1 is proportional to the population of Er3+ ions that are excited via fast processes. We observe that for the case of
Ehν = 2.8 eV, there is no change of IT1 for different excitation powers. The contribution of Er3+ ions excited by the fast process is about 70% of the total population of
excited Er3+ ions, over the whole range, from very low excitation flux up to very high.
In contrast, for the photon energy of Ehν = 2.0 eV, the contribution of the ”fast” excitation process to the total population of excited Er3+ ions goes down for small fluxes,
and even completely disappears for the smallest excitation density. We note that the
decay kinetics still show a fast ns component, but this does not give rise to any excited
Er3+ ions which could be observed for longer times, and thus can be completely designated as originating from “defect-related” emission. At larger values of the pump
fluence at Ehν = 2.0 eV, the value of IT1 stabilizes at approximately 45% of the total
excited Er3+ population.
From the results obtained with time resolved PL we can draw the following conclusions: For a low photon fluence at Ehν = 2.0 eV there is only one excitation mechanism taking place, which is the ”slow” non-radiative recombination of excitons in
Si NCs exciting Er3+ ions into a higher state, which is then followed by subsequent
relaxation to the first excited state. This is distinctively different for the cases where
either a high fluence, or a larger photon energy Ehν = 2.8 eV are applied. Under
both of these pumping conditions, the Er-related PL dynamics are similar, and considerably different to that recorded while pumping at Ehν = 2.0 eV at low flux. In
the case of the large photon energy there is, next to the ”slow” excitation pathway,
also the additionally active, ”fast” excitation mechanism. This takes place on a short
timescale, and its observation in the PL dynamics is obscured by the convolution of
Er3+ emission with a fast defect-related band at the same detection wavelength. The
population of Er3+ ions excited by the ”fast” process can be distinguished by IT1 , as
the defect related emission does not contribute to the total PL signal after 1 µs, and the
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Figure 5.3: (a) Values of IT1 as a function of pump fluence for the two excitation
photon energies used in this study. The dashed lines serve as guide to the eye. (b)
Time-resolved PL intensity for 3 different values of the pump fluence for the first
35 µs for an excitation photon energy of 2.0 eV.

excited Er3+ ions have not decayed yet. For a larger pump fluence at Ehν = 2.0 eV,
a different process can occur giving rise to a similar behavior. This is likely a result
of multiple photon absorption in a single NC, followed by an Auger process, in which
one e-h pair recombines and transfers its energy to one of the other carriers, effectively
creating a “hot” carrier with excess energy, similar as obtained by large energy photon absorption. A schematic of the different excitation conditions and energy transfer
processes is depicted in Fig. 5.4.
When we compare our results with that of Refs. [118] and [120], we can see that
for the conditions illustrated in Figs 5.4b and 5.4c, we can draw similar conclusions
about the relative contribution of the fast and slow process to the excitation of Er3+ .
However, while in those cases the fast excitation was determined to be mediated by
defects / luminescence centers, we explicitly show that this process does not occur in
high temperature annealed samples. In this case it is the excess carrier energy, either
created by large energy of the absorbed photon, or large number of photons absorbed
in the same NC, followed by an Auger process, that is the physical mechanism behind
the fast excitation process. We believe that the high temperature annealing creates
high quality Si nanocrystals, and removes the defects which can provide an alternative
fast excitation channel for Er3+ ions in matrices of lesser crystalline quality. Also,
because of the longer carrier lifetimes which accompany the good crystallinity, the
Auger process becomes possible and gives rise to the hot carrier mediated Er3+ excitation process. Although it is difficult to pinpoint the exact reason of the difference in
the value of IT1 for both photon energies at high flux, there are some comments we can
make with might be related to this. Firstly, there might be a difference in the subset of
excited NCs due to difference in absorption cross-section at the two photon energies.
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Figure 5.4: Schematics of the different excitation conditions and energy transfer processes from Si NCs to Er3+ ions. (a) At low pump fluence and small-energy, a single
low-energy e-h pair is created in a Si NC. (b) Absorption of a high-energy photon
leads to generation of high-energy e-h pair. (c) Absorption of multiple small-energy
photons, at large pump flux, leads to generation of multiple e-h pairs in a single NC.
Subsequent recombination of one e-h pair transfers its energy in an Auger process (indicated by the dotted lines), leaving behind a single high-energy e-h pair. (d) Energy
transfer to Si NCs to Er ions. The slow process takes place upon recombination of a
low-energy e-h pair, with a transfer time of 10 µs, exciting Er3+ ions to a higher excited state. A second “fast” process can only occur for the conditions indicated in (b)
and (c). Excess energy of a “hot” carrier is transferred by means of impact ionization,
exciting Er3+ ions directly into the 4 I13/2 state.
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Secondly, in case of 2.0 eV excitation, we might not have reached the saturation yet,
so a subset of Si NCs is still only singly excited and not contributing to IT1 , leading
to its smaller value. This effect will be additionally enhanced by the inhomogeneity
of the laser excitation spot.

CH. 5

5.4

Conclusion

We have used time-resolved PL to probe the energy transfer dynamics of Si NCs
to Er3+ ions in Er-doped Si rich SiO2 films. By using two excitation energies, one
below the threshold value determined by the sum of the Si NC bandgap and 1st excited
state of Er3+ , and the other one above, we demonstrated that at low pump fluence the
fast (sub µs) excitation process does not take place below the threshold pump photon
energy. This explicitly demonstrates that there is no “defect” mediated direct excitation process active in our materials. Furthermore, we demonstrate that an additional
excitation pathway by hot-carrier-mediated impact becomes activated as soon as there
are carriers available with sufficiently large excess energy. These can be created by
absorption of above energy threshold photons, or by the absorption of multiple subthreshold photons in a single NC followed by an Auger process. In both cases the
kinetics are nearly identical and the contribution to the total excited Er3+ population
is for the largest part a result of the hot carrier mediated pathway, which is responsible
for 45 ∼ 70% of the total population of excited Er3+ ions. These results show the importance of choosing the right excitation conditions for this system, and offer a viable
pathway for reaching population inversion, and possibly lasing, in SiO2:Er sensitized
with Si-NCs.
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Lead halide perovskite nanocrystals have been widely studied in recent years due
to their huge application potential as a cost-effective UV-VIS semiconductor. In this
work we prepare and study Yb3+ -doped all-inorganic perovskite nanocrystals. Introduction of rare earth (RE) ions is a popular way to modify photonic properties of
materials, due to their sharp, temperature stable, and host-independent, electronic
transitions in VIS-NIR. Yet, owing to their small absorption cross-sections, for practical applications of RE-doped materials, there is an urgent need for efficient sensitization; that is a host-mediated energy transfer process that effectively enhances the
excitation cross-section of the RE ions. Perovskites are a natural candidate to host
RE dopants, providing strong absorption and high tolerance to crystal defects. Here
we explore Yb3+ -doped CsPbX3 perovskite NCs, characterizing them by their optical
properties. In particular, we explore the NIR photoluminescence, and discuss the excitation mechanism of Yb3+ ions, their photoluminescence quantum yield and its limits.
Lastly, the importance of the perovskite composition is explored, in which chloride in
the host perovskite, plays an important role. Keeping in mind applications such as
down-conversion layers for solar cells, the potential for device development of these
Yb3+ doped perovskites looks very promising.
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Featuring 980 nm emission, Yb3+ -doped materials are applied in short-wave infrared lasers and in combination with other rare earth (RE) ions to form up- and downconverting pairs. Specifically, they are applied in solid state lasers, and double clad
fiber lasers, as the emitter in the active gain material. The emission arises from a single
transition between J states of the incomplete 4f electron shell of trivalent ytterbium
ion (Yb3+ ). More specifically, the transition from the excited 2 F5/2 to the ground state,
2
F7/2 . [121, 122] Due to the effective screening of the 4f shell by the complete outer
5s and 5p orbitals, the host has only a very limited influence on the energy structure
of the Yb3+ ions; consequently a narrow emission band with a temperature invariant
wavelength can be observed up to room temperature. [123] However, transitions between the individual J states are only weakly allowed, yielding very long radiative
lifetimes (≈ ms) and very small optical absorption cross-sections.
While the host materials do not influence the emission wavelength, they are of
importance as they can act as sensitizers for the excitation of the Yb3+ ions. Sensitization proceeds through energy transfer from the host carriers to the ion, promoting
an excitation of the Yb3+ ion. In order to take place, this places clear requirements on
both the energy states of the host, as well as the localization of the carrier in the vicinity of the ion. [8] This is more easily accomplished by exploiting defect states, and is
observed in the sensitization process of other REs systems as well, such as Eu:GaN
shown in chapter 4 and Er:SiNCs shown in chapter 5.
The host materials explored here is cesium lead halide (CsPbX3 ) perovskite nanocrystals (NCs), a novel semiconductor material with strongly tunable bandgap energy.
The easy and relatively low temperature synthesis, combined with the complex crystal
structure typically results in a high defect density in most other semiconductors. But in
the case of lead halide perovskites, the optical properties as well as carrier mobilities
seem to be unaffected; ergo perovskites are highly defect tolerant. Moreover, the
perovskite crystal structure is very tolerant to lattice distortions, in that way facilitating
doping.
Evidence to the acceptance of dopants into the perovskite lattice are several works,
including lanthanides, [124, 125] manganese, [126, 127] and several metals. [128]
Strong Yb3+ emission has been shown to occur from Yb3+ doped CsPbCl3 perovskites, [125] as well as CsPbBr3 Cl3−x . [124] With efficient quantum cutting properties, a photoluminescence quantum yield (PLQY) of Yb3+ emission of up to 190%
has been shown, [129] therefore this material is highly interesting, with possible PV
applications, such as solar concentrators [130], or spectral shapers [124].
Here, we make use of the procedures shown in Pan et al., [125] to successfully
synthesize Yb3+ doped CsPbCl3 perovskite NCs. The excitation mechanism of Yb3+
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and the importance of the perovskite composition are explored. While at first it seems
that the composition plays an important role only for the compatibility of Yb3+ in the
perovskite lattice, we also explore the implications the composition has on the energy
structure of the Yb:CsPbX3 system.

6.1.1

Experimental details

Sample preparation
Yb:CsPbCl3 nanocrystals in colloidal dispersion were synthesized via a modified
version of the hot-injection protocol described by Pan et al. [125], and the full synthesis details were published elsewhere. [131] After synthesis the samples were purified
according to the protocol and eventually stored in 3.5 mL quartz cuvettes. For halideexchange three different salts were used: PbBr2 (Sigma-Aldrich, PbCl2 98%), PbBr2
(Sigma-Aldrich, PbCl2 98%), and YbBr3 (Sigma-Aldrich, PbCl2 99.99% anhydrous).

For time-resolved measurements an optical parametric oscillator (OPO) pumped
by the third harmonic of a 100 Hz Nd:YAG laser, with a pulse duration of 5 ns was
used. Emission was dispersed by an M266 (Solar LS) monochromator coupled to a
NIR photo multiplier tube (Hamamatsu) for photon detection. For spectral measurements such as PL and PLE spectra, a Fluorolog-3 (HORIBA Jobin Yvon) spectrometer was used, employing a Xenon lamp coupled to a monochromator as an excitation
source, coupled to detection monochromator with Si CCD(Synapse). To investigate
PLQY an integrating sphere was used (Newport, 7.5 cm diameter), with excitation
source a xenon lamp (L2273 Hamamatsu) coupled to a double grating monochromator
(Solar MSA130). Due to the wide detection range necessary with excitation and emission in the UV and NIR (280 nm to 1050 nm), respectively, the spectral response was
calibrated using a Newport tungsten-halogen and deuterium-arc calibration lamp.

6.2

Results

Several different mechanisms were explored for the incorporation of Yb3+ inside
CsPbX3 perovskite crystals. And while the linear absorption signal of Yb3+ could
be observed in some of the synthesized materials, the sensitization of Yb3+ emission remained elusive. [131] The material studied here is developed the synthesis as
described in 6.1.1, following the work of [124, 125]. Notably, while in much of the
perovskite studies, bromide based LHP, show the brightest and most stable PL, the
chloride based LHP (in contrast to bromide) seem to be the most successful Yb3+
host for Yb3+ doping. In this study we focus only on those samples in which Yb3+
was successfully sensitized by CsPbX3 and was optically active, while other samples
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Figure 6.1: Photoluminescence Left, PL spectrum of an Yb3+ doped CsPbCl3 sample, showing two emission peaks. Right, time resolved PL transient, of the Yb3+
emission (detection at λ = 980 nm), can be fitted with a 2.0 ms exponential decay.

Figure 6.2: Crystal characterization Left, XRD pattern of doped and undoped
CsPbCl3 perovskites. The crystallographic patterns are unaltered by doping, extra
peaks appear due to organic synthesis byproducts. Right, EDS spectrum of a selection of doped NCs as shown in the inset. No Yb3+ lines are visible.

were discussed in depth in [131].
In Fig. 6.1 the PL spectrum of a studied sample is shown. Two emission peaks
can be observed: the perovskite excitonic emission peak at, ∼ 415 nm, and the IR
peak originating from the 2 F5/2 → 2 F7/2 transition of the Yb3+ , peaking at ∼ 988 nm.
While the Yb3+ peak, originates from a single atomic transition, it has considerable
broadening. This is not uncommon for RE-doped materials, and is attributed to local
crystal-field fluctuation. [121] The TRPL transient shown in Fig. 6.1, can be fitted
with an exponential decay. The perovskite emission (not shown) has a short lifetimes
of approx. ∼ 5 ns, while the Yb3+ emission has a very long lifetime of 1.96±0.01 ms.
The uniquely long Yb3+ lifetime is another confirmation that the ∼ 988 nm peak is in
fact due to the forbidden 2 F5/2 → 2 F7/2 transition.
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In Fig. 6.2 the TEM and XRD spectra of the studied sample are shown. The observed NCs were confirmed by XRD to have a crystalline perovskite structure. The
peak positions and width could indicate whether modification of the crystal lattice has
taken place in order to accommodate the dopant within the structure. From our observation, the lattice appears unperturbed compared to the undoped CsPbCl3 samples.
This is in contrast to Ref. [125] where a clear lattice modification is observed, depending on the used lanthanide. Extra peaks in the XRD spectrum are visible as well,
which appear to result from residues of the synthesis process. The HRTEM, shows
clusters which are different than the cubic perovskites. Elemental analysis (EDS) reveals that these are most probably YbO3 inclusions. From both, the XRD, and EDS
we cannot observe any signal from the incorporation of Yb into the perovskite crystals, and can only observe the signature of YbO3 clusters separated from the NCs. We
therefore conclude on two possibilities:

2. The CsPbX3 perovskites NCs are doped with Yb3+ , but below the detection
limit of the two techniques.
Possibly #1 implies that we have efficient transfer to the cluster, which contain emissive Yb3+ ions. YbO3 is considered an insulator with a bandgap energy of 4.6 eV,
and if taking place then quantum confinement will make the bandgap grow, and not
decrease in nanoform. [132] Considering we are not exciting with enough energy to
excite the oxide phase, and the strong emission intensity of Yb3+ , we can already
speculate that the second option is the likelier conclusion, but this will be revisited
later on.

6.3

Discussion

6.3.1

Excitation mechanism of ytterbium

Possibly the most important question pertinent to the investigated material is the
role of perovskite NCs in sensitization of Yb3+ emission. With so many elements
involved, and the inherent instability of the perovskites, perhaps some specific compound clusters could have formed which excite the Yb3+ ion. For this we explore
the PL excitation (PLE) spectrum of the Yb3+ as well as of perovskite in Fig. 6.3.
The PLE gives the intensity of emission at a certain chosen detection wavelength, as a
function of excitation wavelength. The PLE demonstrates that the excitation of Yb3+
coincides with excitation of the perovskite: they both start emitting at excitation energies larger than the perovskite bandgap energy, and within the available experimental
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1. The CsPbX3 perovskites NCs are undoped, and Yb3+ emission originates from
the oxide clusters.
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Figure 6.3: PLE and PLQY. Left, PLE spectra of the Yb3+ peak and the perovskite
peak. Both show similar features but vary in absolute value, the difference is ascribed
to reabsorption and scattering of the PL. Right, Yb3+ PLQY of a toluene dispersed
sample, and dropcast sample on a quartz substrate. The top axis, shows the reduced
energy scale, in which above 1.0, there should be sufficient energy for impact excitation of another Yb3+ ion.

resolution show the same spectral shape. This tells us that excitation of the Yb3+ does
proceed via optical excitation of the perovskite NCs.
Having shown that Yb3+ excitation proceeds through the perovskite NCs, we now
consider the energy balance. The bandgap energy of the CsPbCl3 perovskite NCs used
is 2.95 eV, while the single possible transition of Yb3+ has an energy of 1.26 eV. At
every Yb3+ excitation event, the excess of energy, 2.95 − 1.26 = 1.69 eV, has to be
dissipated. This gives two possibilities: either there is a non-radiative state, most probably in the perovskite NC which absorbs this excess energy, or an observed emitter,
a second Yb3+ ion, is excited. From an application perspective, the latter is the most
interesting option, and in the vast studies performed on LHP NCs, no indication of
the first option has been found. In order to affirm one of the two statements we study
the PLQY of the Yb3+ ions. If two Yb3+ ions need to be excited simultaneously, it
would mean that for every absorbed photon by a perovskite NC, two photons from the
Yb3+ ion are emitted. This implies that the PLQY of Yb3+ emission is double that
of the undoped perovskite PL, and furthermore implies a PLQY that could go above
unity. Though, it should be noted, a real world PLQY below unity, does not invalidate
this possibility of two excited Yb3+ ions per perovskite, as not every perovskite is
necessarily coupled to two Yb3+ ions.
The PLQY measurements shown in Fig. 6.3 give an maximum PLQY of ≤ 1% and
∼ 75% for the perovskite NCs and Yb3+ ions emission, respectively. An above unity
PLQY would have proven beyond a doubt that sensitization proceeds using, and even
requires, two Yb3+ ions. Considering we still observe perovskite emission, we can
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argue that not all perovskites have been doped successfully. Furthermore, considering
the more strict requirement of at least two ions per NC, it is clear that heavy doping
is needed. Moreover, even in undoped LHP NCs, the PLQY is not unity, as sample
stability and impurities can quench emission, and this might play a role in our samples.
Nevertheless, in literature Yb3+ ion PLQYs of up to 190% are observed [125,129], we
can therefore conclude that with sufficient sample optimization and sufficient doping
concentration, above unity Yb3+ PLQYs is possible, and that two Yb3+ ions can
indeed be excited per NC.
In our own attempts [131] at Yb doping of CsPbBr3 , no optical activity was observed. From the presented reasoning, we can already recognize at least one reason
for that, which is the higher doping concentration necessary (≥ 2 Yb3+ ions per NC).
However, another reason can also be recognized: that is the choice of halide in the
perovskite NC. In most past attempts the focus was put on CsPbBr3 , having the highest stability and brightest emission of the LHP NCs. It is evident though that CsPbBr3
NCs with their smaller bandgap, do not have sufficient energy to excite two Yb3+ ions,
and at least a mixed composition of CsPbBrx Cl3−x is needed. In the case of CsPbBr3
there is only sufficient energy to excite a single ion, with a large excess energy which
needs to be compensated for (by defects or phonons) which considerably lowers the
probability of the whole process.
The greater than unity PLQY observed in literature is a remarkable development,
showing that these materials might be extremely interesting for down-conversion applications. Furthermore, we can conclude that the excitation mechanism plays a pivotal role in both the choice of doping concentration as well as in the choice of perovskite NC composition.

6.3.2

Efficient Yb3+ sensitization

Having established that the excitation mechanism should allow excitation of two
Yb ions per NC, we can now speculate further; can we excite more than two Yb3+
ions per NC. If we excite a NC above the bandgap the exciton will eventually relax
(electron/hole to the edge of CB/VB, respectively), and excess energy is converted
into heat. But before (or during) the exciton relaxation process, the exciton might have
sufficient energy to excite an Yb3+ ion (or more), and afterwards proceed to normal
excitation of two Yb3+ ions as discussed before. Here, this concept is explored further
by use of excitation energy dependent PLQY measurements. If more than two Yb3+
ions can be excited, then above a specific excitation energy, we can expect an increase
in Yb3+ PLQY, theoretically up to 300% for three Yb3+ ions. But considering the
samples studied here do not display PLQY> 100% we can assume that over > 200%
will not be observed either. Nevertheless, any increase in PLQY at excitation energies
above the threshold energy, will be a very strong indicator of this effect, and will
establish a second excitation path of Yb3+ – that of impact excitation.
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We perform PLQY measurements, and the PLQY is measured at the excitation
range 3.2 eV to 4.43 eV. We assume that a relaxed band edge carrier excites two Yb3+
ions at a time, and therefore the excess energy for a third ion, has to be taken from the
band edge energy. With a transition energy of EYb3+ = 1.26 eV, we might observe
the increase in PLQY, only when the excitation energy is above the perovskite PL
bandgap energy, Ebg , with the additional Yb3+ transition energy, EYb3+ . This allows
E −E
us to define a reduced energy scale, Ered = Eexc 3+bg , with Eexc the excitation photon
Yb
energy. We see that for CsPbCl3 with band gap energy, Ebg = 2.95 eV, we need to
excite above the threshold energy of 4.22 eV, which is problematic for the dispersion
solvent used. In Fig. 6.3 we can observe an increase at higher energies, and can
dismiss it as a result of the parasitic absorption from the solvent. To overcome this,
the solvent is evaporated, and samples are prepared on a substrate, the PLQY of these
is shown in Fig. 6.3. Here we observe no increase in PLQY as the excitation energy is
increased beyond the impact-excitation threshold energy of 4.22 eV. Perhaps, 0.2 eV
above the threshold energy, is not sufficient for excitation via this route, and a better
alternative is changing sample composition and bandgap to lower Ebg , and thus the
threshold energy.
It seems then, that in our measurements, we cannot observe a third Yb3+ ion,
excited by the excess energy of highly excited perovskite NCs. A deeper look at
literature might shed some light on why this is. Milstein et al. [133] show that transfer
from perovskite to Yb3+ ion happens at extremely high rates, and is faster than their
experimental resolution (150 fs). While the firstly discovered excitation mechanism
of the two ions has not been established with certainty. According to their findings a
shallow defect state is formed by the doped Yb3+ ions, and this state coincides with
the excitation of two Yb3+ ions. If such a defect state can accommodate an excitation
of a third ion, is unknown but presumably improbable. Alternatively, impact excitation
could make use of the excess energy of the hot exciton to excite an additional ion, as
studied in chapter 5 for Si NCs. After, the hot exciton impact-excites an Yb3+ ion,
the NC is still excited at the band edges, and will have sufficient energy to excite
two Yb3+ ions as usual. As of yet though, the excitation of the third ion, by either
mechanism is not observed.
Lastly, we could speculate further and say that perhaps two of these defect states
might accommodate four Yb3+ ions through the normal defect mediated transfer, so
that excess energy might be utilized that way. Unfortunately, this requires excitation
energies which are in the deep UV ( 250 nm) and is highly impractical.

6.3.3

Halide exchange

As we have discussed, the incorporation of chloride in the perovskite is of importance. The inclusion of chloride increases the bandgap energy, energetically facilitating the excitation of two Yb3+ ions per NC. In order to explore this more directly we
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Figure 6.4: Halide Exchange. Emission spectra of Yb3+ doped CsPbCl3 perovskites, modified by halide exchange. Top: Halide exchange reveals excitonic redshift with PbBr2 (purple to red), and subsequent blue-shift after halide exchange with
PbCl2 (dashed), but regardless of NC excitonic bandgap, maintains strongly quenched
Yb3+ emission compared to reference (black). Bottom: YbBr3 exchange reveals both
a constant red-shift of perovskite peak as well as gradual quench in Yb3+ emission.

modified the perovskite NCs post-synthesis, by halide exchange. [134] Starting with
Yb3+ doped CsPbCl3 , and gradually introducing bromide, we decrease the bandgap,
while following the effect it has on Yb3+ sensitization.
In Fig. 6.4 the spectrum of Yb3+ PL is shown for different perovskite compositions. The perovskite compositions were changed post-synthesis by halide exchange,
and their current composition has not been determined, although we could try and estimate it by the excitonic peak position. We see that as the perovskite bandgap energy
is reduced slowly, the Yb3+ emission intensity decreases rather abruptly. While this is
roughly in line with Ref. [135], the interpretation could be different in our results, as
there are some key differences. The choice of exchange agent in the halide exchange
process plays an important role, and in this work we used PbBr2. While the resulting
perovskite will have partial to full replacement of the Cl by Br, another unexpected
effect is possible; the inclusion of Pb as an exchange agent, is also incorporated into
the perovskite. According to literature, the Yb3+ ions replace the Pb, within the perovskite lattice, so possibly when PbBr2 is introduced, the perovskite can self purify
and the Yb is replaced by Pb.
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To elucidate which of the two mechanisms quenches Yb3+ emission, we continue
to manipulate the perovskite NCs. When the Cl is reintroduced in by use of PbCl2, in
order to increase the bandgap energy, the Yb3+ emission does not recover. Therefore
we state that in our case Yb is removed, and not just the bandgap change induces Yb3+
emission quench. This experiment is fundamentally different than the one shown in
Ref. [135], as they use a Pb-less halide exchange process, and in that way, only influence the bandgap energy. When exploring a Pb-less halide exchange, using YbBr3, the
Yb3+ emission is retained up to the smallest perovskite bandgap that was measured in
our work. While the latter finding might be surprising, as Yb3+ emission is observed
with a bandgap smaller than 2 × NYb , we think this results from the sample inhomogeneity. The NC ensemble contains a size distribution, and composition distribution,
therefore, those NCs with largest bandgap within the ensemble still have sufficient
energy to excite two Yb3+ ions (marked by the dashed vertical line in Fig. 6.4).
To conclude, the results show that the inclusion of Pb in the halide exchange of
Yb3+ doped CsPbCl3 , will not only change the perovskite bandgap, but also replace
the Yb3+ by Pb. We observe an immediate decrease in Yb3+ PL intensity as the
bandgap is decreased, indicating that the ejection of Yb3+ ions is the dominant mechanism in Yb3+ emission quenching in Pb-contained halide exchange process. This
stands in stark contrast to the Pb-free halide exchange process, using YbBr3, in which
emission is observed for all perovskite bandgaps measured. while the details of the
excitation mechanism remain illusive.

6.4

Conclusion

This work explored the preparation procedures and PL properties of Yb3+ ions
doped into CsPbCl3 /Br3 NCs. Yb3+ -doped CsPbCl3 /Br3 NCs show great promise
with extremely efficient sensitization of the Yb3+ ions. Assisted by quantum cutting,
NIR Yb3+ PLQY of up to 190% have already been reported. [129] Here a maximum
Yb3+ PLQY of 75% was observed, and the excitation of Yb3+ was found to proceed
through the perovskite NCs as the sensitizers.
Furthermore, the possibility of a third Yb3+ step was explored, in which three
3+
Yb ions are excited per NC, by excess energy provided by high energy excitation.
Yet, no evidence was found for this impact-excitation process and it might require a
lower bandgap perovskite with different composition.
Lastly, by use of halide exchange of Cl to Br performed on Yb3+ -doped CsPbCl3
NCs, the Yb3+ emission was effectively quenched. This result indicates we can eject
the Yb3+ ions from the perovskites by use of Pb based salts, which then indirectly
shows that the optically active Yb3+ ions take substitutional lattice positions, replacing Pb atoms. Accordingly, Yb3+ -doping of perovskite NCs should be promoted by
Pb-lean synthesis protocols.
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Solid state dispersions of Si nanocrystals (NCs) embedded in SiO2 have been studied for many years, with one of the goals, improving their photoluminescence (PL)
quantum yield (QY) towards application worthy levels. While intrinsically they might
show poor PL properties, energy transfer (ET) from NCs to defective NCs, can be seen
as an additional reason of their poor PL properties. The nature of ET in between Si
NCs in ensembles is not well understood, and the premise is that ET proceeds from
small NCs to large NCs, i.e. has a transfer ”direction”. Large NCs, with a large
surface area, have a high probability of being defective, and therefore this directionality would not be beneficial for the ensemble PLQY. Past studies concentrated on
the properties of the entire ensemble of NCs and inferred on ET probability and rates
from those properties without differentiation between different sizes of the NCs. In
this chapter we differentiate between different parts of the NC ensemble by spectrally
resolving the optical properties, and probe whether we can observe the signature of
transfer, quenching of PL due to saturation of the acceptors, in both large as well
as small NCs. Moreover, by performing experiments at cryogenic temperatures, the
absorption of phonons is diminished which might enhance the small-to-large NC directionality effect. In spite of the low temperatures, we cannot detect the effect of
directionality in ET, and observe quenching of acceptors on both sides of the NC size
distribution. Furthermore, we observe the strongest transfer induced quenching in the
smallest NCs, implying that they have an important role as acceptors and also that the
quenching promotes additional non-radiative recombinations.
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7.1

Introduction

The important effects of energy transfer on the optical properties in close packed
ensembles of Si nanocrystals (NCs) have been shown repeatedly. [35, 136] The main
limitation of Si NCs inhibiting applications remains their low photoluminescence
quantum yield (PLQY). A substantial part of the energy loss can be ascribed to the
intrinsic properties of each individual NC, such as limited and size dependent PLQY
[6, 15, 71], the existence of dark NCs, [42] limited surface passivation, and difficulties
in control of NC size (See chapter 2). Nevertheless, it seems that besides the intrinsic
losses, energy transfer between individual NCs within the ensemble can enhance the
negative outcome of the intrinsic properties. If energy is continuously shuffled around,
it is bound to cross paths with defective NCs. Moreover, carrier or energy transport
in semiconductors, is of great importance for devices, playing a crucial role in PV
efficiency limits. Lastly, the mechanism of energy transfer (ET) is usually described
as governed by transfer of excitons by the Förster mechanism, [137] but also tunneling of carriers or Dexter transfer are in the realm of possibilities. [138–140] For these
reasons we would like to better understand the nature of ET in solid state dispersions
of Si NCs, embedded in SiO2.
While there are many ways to produce Si NCs, the fabrication technique used here
– cosputtering of Si rich SiO2 films, followed by high temperature annealing – is common and has been used abundantly in the past. [11] Moreover, the use of SiO2 as the
matrix material makes it compatible with common Si technologies, and provides a natural oxide as passivation layer to NCs. [34, 141] While it is compatible with industrial
techniques, the fabrication technique – annealing of Si-rich SiO2 layers – also comes
with its drawbacks, notably, NC size, size poly-dispersity, and interparticle distance
are all interlinked, and are dependent of a handful of control parameters available during fabrication. In past works [27] and our own (chapter 2) different strategies are
explored to overcome the limitations owing to the NC development technique. But
even when employing the best techniques, passivation treatments, and optimizations,
we are limited to relatively low PLQYs.
The importance of ET as an enhancer of the negative effects named above, has
been studied in the past [136], but the indisputable proof for the existence of ET between Si NCs, has not been demonstrated before Limpens et al. [35]. In contrast to Si
NCs, in direct bandgap colloidal NCs, ET has been demonstrated, [142] by mixing two
distinct NC ensembles, with different NC sizes, and then forming a densely packed
solid. In the mixed solid, the optical properties were altered, most evidently the PL
lifetime of the small/large NCs was shortened/lengthened and was accompanied by
corresponding PL quench/enhancement – interpreted as ET from small to large NCs.
This method is unavailable for solid state dispersions of Si NC as used here; while NCs
of different size can be grown, they cannot be easily freed from their matrix, mixed
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and re-embedded without modifications to the surface and fabrication technique that
would completely alter their electronic and optical properties, for example by use of
P/B-doped Si NCs. [143]
In the past, experimental efforts on solid state dispersions of Si NCs inferred the
existence of ET between Si NCs, but these findings relied on inconclusive evidence.
Among these, the stretched exponential character of PL decay transients [10, 144,
145], the red-shift of the PL spectrum with time, [10,136,145] and the size-dependent
quantum efficiencies, [42, 77] have been interpreted as manifestation of ET. Limpens
et al. [35] employed lifetime quenching as a way to probe the effect of ET, but for a
selection of NC sizes. This technique makes no differentiation in the detected signal of
donors or acceptors, like it was done in the case of direct bandgap colloidal NCs [142].
In contrast to the previous work, here we explore the spectral properties, allowing us
to differentiate between different NC sizes in the ensemble; in essence we attempt to
probe whether the we can observe the ”directional” transfer from higher energy small
NCs to lower energy larger NCs.
Lastly, a comment on the sample studied. In chapter 2 the use of multilayer structures was employed to gain more control on NC size and poly-dispersity. This has beneficial effect for the study of ET, as it allows more precise control over inter-particle
separation. Exactly this level of control was employed in [35] to demonstrate the
higher ET rates in more dense ensembles of NCs at room temperature (RT). In this
work, we only use a single thick layered sample, and study the occurrence of ET at
cryogenic temperatures (CT) using PL quenching induced by transfer to NCs in the
excited state. We employ the same methodology as used by Limpens et al. [35] but
expand on it, using different excitation powers to manipulate the initial population of
the system, such that different behaviors of the acceptors emerge.

7.1.1

Transfer driven lifetime quenching

In the work of Limpens et al. [35], we presented the use of excitation power dependence to drive the system into a different state; we rely on the same concept here.
At low excitation powers – PLow – the excitation, can transfer from NC to NC. With
the transfer probability depending on the distance between NCs, and their bandgap
energies. The transfer process will only stop when no suitable neighbors are found,
or upon recombination, whether radiative or non-radiative. This means that transfer
will alter the observed PL spectrum, by shifting the emission contribution towards the
acceptors, as they will play a bigger role in the later emissive state of the ensemble.
On the other hand, high excitation power – PHigh – signifies the other limit, where
all NCs are excited after the excitation pulse. At such conditions, each transfer event
will take place to an already excited NC. Two excitons in a single NC result in Auger
recombination (AR) and a subsequent loss of the second exciton to heat. Effectively,
the high excitation power introduces a non-radiative recombination channel that short-
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ens the effective PL lifetime. The quenching of lifetime will only be observed in the
acceptors, and the premise is that the quenching does not affect the donor NCs. The
transfer probability does not depend on the actual excitation state of the acceptor NC,
therefore whether we saturate the sample or not should have no effect on the donors.
An observation of quenching therefore allows us to identify the acceptors within the
NC ensemble.
ET leads to a red-shift with time, which can be easily understood if we consider
the lifetime of differently sized NCs. We know that different NC sizes have different
emission energies, i.e., a smaller NC has a bigger bandgap. This is due to the quantum
confinement effect. Another effect resulting from the smaller NC size is the bigger
spread in momentum space, often termed as k-conservation easing [34]. The result
of this is that the radiative transition in smaller Si NCs is becoming more probable,
and thus radiative decay time is shorter. An ensemble of differently sized NCs will
therefore have a variation of radiative lifetimes, with the largest NCs showing the
longest lifetimes, and the smallest NCs the shortest.
An expected implication of ET could be a cascade effect, in which small NCs
with large bandgap energies, transfer primarily to lower bandgap energy, large NCs.
[42, 136] This directional transfer is what we would like to probe, and it should be
observed in two ways. Firstly, transfer induced PL quenching is a signature of the
acceptors, and should in such a case mostly influence the large NCs in the ensemble,
quenching their lifetimes. Secondly, this would have spectral signature, in the form of
the spectral shift after excitation. A spectral red-shift is first and foremost the result
of the different lifetimes of the differently sized NCs in the ensemble, the small NCs
emit first, and the large later. Directional energy transfer should enhance the red-shift,
delaying the acceptors emission. [10, 136, 145] Upon quenching of the acceptors, we
still expect a red-shift but of a decreased magnitude.

7.1.2

Temperature effects and phonon contributions

Considering that theoretical calculations [146] predicted the lack of ET when employing the phonon-less tight binding approach, we can assume that phonons play a
crucial role in ET. The indirect transitions in Si imply that the transfer from NC to NC
requires either a phonon emission (Stokes) or absorption (anti-Stokes). This implies
that any ET transition will either have an energy loss (Stokes phonon-assisted ET), or
energy gain (anti-Stokes phonon-assisted ET) with the latter being less probable.
The inclusion of thermally excited phonons (room temperature) will have an effect
on phonon-assisted transitions, [147] and therefore, we opt for exclusion of thermal
excitation, by working at CT. This might have several effects. Firstly, it is possible
that ET rate will be quenched due to lack of thermally excited phonons. Secondly, due
to lack of thermally excited phonons at CT, the anti-Stokes transitions will be strongly
quenched, and thus giving ET a more pronounced energy ”direction”, from small to
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large NCs. Thirdly, CT will slow down other (non-radiative) recombination pathways
the NCs might have, in that way enabling ET. Lastly, the longer effective lifetimes, and
quenching of non-radiative recombination, could also mean that it is simply easier to
observe ET. The two signatures, lifetime quenching and spectral shift are the focus of
this chapter, in order to pinpoint the effect of acceptors in ET.

7.2

Experimental details

7.2.1

Sample fabrication

Thin film Si NC samples were produced by a magnetron radio-frequency sputtering method using high purity Si (99.99%) and SiO2 (99.99%) targets. A 1000 nm
single layer of SiOx was deposited, with 17.5 at% of excess Si. The sputtered films
were annealed for 30 min at 1200 °C in nitrogen atmosphere for crystal formation,
followed by 120 min at 500 °C in hydrogen-rich atmosphere for passivation.

Optical characterization

PL spectrum and time-resolved measurements are executed by excitation with
a 5 ns, 100 Hz pulsed Nd:YAG laser system (Solar LS) using the third harmonic
(355 nm), and detection by a TRIAX-1000 monochromator (HORIBA Jobin Yvon)
coupled to a Hamamatsu photo-multiplier tube (PMT). All spectra were corrected for
the system response. The sample was cooled in two different cryostats, for the PL
spectra measured down to ≈ 4.2 K an OptistatCF (Oxford Inst.) with continuous-flow
of helium is used. The sample is placed on a cold finger in a static exchange gas to
ensure that the temperature setting is obtained. For the higher excitation power experiments, the CCC1104 (Oxford Inst.) was used in combination with a closed-cycle
helium compressor (Cryomech). The latter does not reach liquid helium temperature
at the sample, and we estimate the lowest obtainable temperature to be ≈ 40 K.

Time dependent PL spectra: calibration
PL measurements of NC ensembles normally rely on CW or pulsed excitation
sources coupled with wavelength dispersive spectrometers, with CCD arrays for detection. Unfortunately these arrays require exposure times of the order of milliseconds,
or the use of more advanced streak cameras. Here we measure the time dependent
spectral behavior of PL after a ns excitation pulse. To do this, we make use of a high
temporal resolution PMT, and measure each emission wavelength separately, and ultimately combine the different measurements to construct time-dependent spectra. By
measuring the same PL spectrum with a calibrated CCD, under the same excitation
conditions, we can calibrate the spectral response of the PMT.
The PL transients are measured between 800 − 1100 nm at 25 nm intervals. A
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temporal resolution of 256 ns is used, during the transient measurements. For the
spectral shift characterizations, which are deduced from several PL transients, the
transients are further averaged out to a temporal resolution of 12 µs in favor of beter
signal/noise ratio. This temporal resolution is sufficient, since typical decay times of Si
NCs at CT are of the order of several hundreds microseconds, as shown in supporting
figure 7.8.

Time dependent PL spectra: analysis

CH. 7

In order to quantify the behavior of the measured spectra, we can extract spectral
properties. Normally, the PL peak position, extracted from the measured PL spectrum
or fitted by distribution is taken as a measure of spectral position. The former cannot
be reliably extracted here due to the low spectral resolution. Fitting the spectra by a
distribution is problematic, as the distributions are highly asymmetric, and the limited
detection window does not cover the entire emission spectrum, resulting in a biased fit
of the distribution. While this could be overcome and probably requires manual fits,
the used mean emission wavelength is highly reproducible. We define the weighted
mean spectral position, λwm as:
Pλmax
λIλ
min
λwm = Pλ=λ
λmax
λ=λmin Iλ
where λmin and λmax define the range of detection wavelengths used, and Iλ the intensity at that wavelength, λ. This method is less sensitive to noise and an incomplete
emission window, which might bias the peak position, but it also implies that the absolute value of λwm does not have to be the peak position value, and λwm is used only
to quantify the spectral shifts.

Time dependent PL: analysis
t β

The TRPL transients in Si NCs are fit using a stretched exponential decay, ce−( τ ) ,
with the stretching exponent dispersion factor set to β = 0.8. To retrieve the average
lifetime (τavg ) corresponding to the specific emission energy examined, it is calculated
following [148], and is given by:
1 1
τavg = τ Γ( )
β β
with Γ the Gamma function.

Power dependence
This study relies on power dependent behavior of PL. For excitation, we make use
of the 355 nm line of an Nd:YAG laser. The strong absorption of NCs in the UV means
that the transition from linear absorption to saturated absorption is readily obtained.
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[119] To identify the regime of excitation, we explore the integrated PL intensity as a
function of the excitation power, measured using a thermal sensor (Ophir). The result
is shown in Fig. 7.1.
For argumentation we make use of the parameter Nabs , as defined in Limpens et al.,
[35] which is the number of absorbed photons per NC. Determination of this parameter
is unfortunately extremely challenging, requiring the knowledge of the density of NCs,
their size, absorption cross-sections and excitation power with its non-homogeneous
distribution. While it could improve the accuracy of the experiment immensely, it is
sufficient to show that we have two different excitation regimes for the lowest and the
highest excitation powers, in order to demonstrate the trends and behaviors clearly.
It would be ideal to have the low excitation power in the linear absorption regime
(Nabs  1), and the high excitation power at the sub-linear absorption regime (Nabs >
1). Such conditions are in the experimental practice very challenging to obtain, and
were not fully realized here. In fact, here the situation is that the excitation power is
varied by an order of magnitude between PLow and PHigh , but both are in a sub-linear
absorption regime. What this means is that due to laser spot inhomogeneity, there is
always a mixture of the two power regimes. [147] A part of the excited sample area
will be saturated and a part not. Then, upon power increase, a bigger part of the sample
area becomes saturated. This means that we can only qualitatively explore the effects
of the two power regimes, but cannot quantify them individually, and cannot assign
an Nabs . Calculations of Nabs also confirm this notion, as the values we estimate are
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Figure 7.1: Power dependence of PL intensity. PL intensity dependence on excitation power, showing sub-linear behavior for lowest powers, and the onset of saturation
for the highest powers.
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Nabs > 10, even though we observe intensity increase. Future work might be able to
address this issue, and perform the experiments at different excitation conditions, but
for the purpose of qualitative study of ET, a mixture of areas is sufficient.
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7.3

Results & discussion

The Si NC are studied by their PL properties, in a way similar to Limpens et
al. [35], relying on transfer induced PL quenching, but with an added dimension.
Here we not only explore the time dependent behavior of the NCs but also look at the
spectral signature of ET.
The measured PL spectrum under pulsed excitation and PL transients for different
detection energies are shown in Fig. 7.2. The intensity at each detection wavelength,
at a certain point in time, allows us to reconstruct the time dependent spectra, as
discussed in section 7.2.2. Ultimately, we determine for each excitation power: the
lifetime at each detection wavelength (shown in Fig. 7.2), and the spectral mean at
different times after the pulse (shown in Fig. 7.3).
Fig. 7.3 shows the weighted mean spectral position, λwm , as a function of detection time, as measured at T ≈ 40 K for two excitation power settings. In the observed
spectral shift, several observations can be made.
• A spectral red-shift is observed for both excitation powers.
• The initial (t = 0) spectral position is blue shifted for higher power.
• The red-shift magnitude is bigger for PHigh than PLow .
The first two points can be understood without invoking any ET effects. The third
point shows a behavior which goes exactly against our expectations from directional
ET from small to large NCs. In the next sections a detailed analysis of the initial
spectral position is given, and afterwards the underlying TRPL transients are explored
in order to interpret why no signature from directional spectral shift is observed.

7.3.1

Initial emission

Before we start to explore effects happening on a long time-scale (> 1 µs) we have
to consider the initial emission. We can discuss the transients’ amplitude (I(t0 )(λ))
and spectral position (λwm (t0 )) right after the excitation pulse, with the latter being a
product of the former; the initial spectral position is the result of distribution of excited
NCs, and their radiative recombination rates. While a series of complex physical
processes take place before the initial spectrum is measured, we can actually disregard
those. The focus in this section therefore lies on the first emission observed after the
fast processes of light absorption, electron-hole excitation and relaxation to the band
edge states, have taken place. From an experimental perspective, we could say that it
regards the second bin of a PL transient (> µs regime), with the first one, containing
the laser pulse, rise and subsequent fast decay processes, being discarded.
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Figure 7.2: PL transients and spectra. Left & center, PL transients for small and
large NCs, at lowest and highest excitation powers, with the times (t0 − t3 ) marked,
and the corresponding spectra, shown on the right.

Spectral weighted mean [nm]

Figure 7.3: PL spectrum mean shift. PL mean values as a function of time, for two
different excitation powers.
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The number and distribution of excited NCs can be estimated to some degree, and,
while not exact, we can estimate the general trends. The distribution of excited NCs
can be described as follows,
Z dmax
Nexc (λexc ) =
Nsd (d)σ(d, λexc )dd
(7.1)
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0

The NC size distribution, Nsd (d), is fixed and can be measured, but the size dependence of the absorption cross section (ACS, σ(d, λexc )) is not known exactly. Nevertheless, we know roughly how the ACS behaves: σ(d) grows with NC size. [149]
This equation only applies in the linear absorption regime, which derives its name
from the fact that an increase in excitation flux results in a proportional increase of the
number of excited NCs, and thus emission. But Eq. 7.1 will change once we increase
excitation power beyond this regime; When a single NC absorbs more than one photon
in a pulse, which is shorter than the excited state lifetime, fast and efficient AR, will
convert the second excitation into heat. [150] In this study we observe the slow time
dynamics, and AR, with a sub-nanosecond time constant, will all have taken place
faster than the setup resolution, and thus we are probing the system in which a NC
is either singly excited or not excited, and multiple excitations have been quenched.
Under the most extreme case we could therefore find that 7.1 turns into Nexc = Nsd ,
for a fully saturated sample. The intermediate case is that the distribution is partially
saturated, with those NCs, with largest ACS saturating first. Considering that the ACS
increases with NC size, we can therefore conclude that within the linear excitation
regime, the larger NCs will have a relatively larger representation in the distribution
of excited NCs, Nexc (d). But once we get (partial-) saturation, we will observe increasingly more contribution from the small crystals. So essentially, as we go into
saturation, the emission should blue-shift due to the smaller NCs contribution.
The above argument is calculated and shown explicitly in Fig. 7.4, for a simulated
system. We take a normal size distribution (by arbitrary choice, distributed normally
in emission wavelength, Fig. 7.4-top), and take the two extreme cases of excitation
– linear and fully saturated absorption regimes (Blue/red respectively, Fig. 7.4-mid).
The ACS is taken from Kovalev et al. [149] for the linear regime, and is kept constant for the saturated regime. The resulting calculated PL, is shown in the bottom of
Fig. 7.4: a clear blue-shift is observed due to the saturation effect.

7.3.2

Time resolved photoluminescence

One of the main findings from the temporal spectral analysis, is that the spectral
red-shift magnitude is bigger for PHigh than PLow . This result contradicts the expectation of directional ET, from small to large NCs. The spectral position is a parameter
relying on the PL behavior at different wavelengths. Therefore, the TRPL transients
are explored here to interpret the observed spectral shift behavior.
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Figure 7.4: Initial PL spectrum. Top, an ideal NC ensemble used in combination
with different absorption cross section spectra (middle), to calculate the resulting initial (t0 ) PL spectrum (bottom), for two excitation powers: Low (blue) and high (red)
power. The ACS is saturated to a constant value, and the resulting PL blue-shifted at
high power.

97

Chapter 7. ET direction between Si-NCs
a) Expectation - PL decay lifetimes
on power

PL quenching
of Large NCs

PL lifetime

Low excitati

High excitation power
NR

Directional energy transfer

PL lifetime [ms]

b) Measured - PL decay lifetimes

Non-directional
energy transfer

PL rate [ms-1]

NR

Non-directional
energy transfer

NR

High excitation power
Low excitation power

∆Γtr

CH. 7

c) Measured - PL decay rates

Figure 7.5: PL lifetimes: expectation & measurement. (a) Rough illustration of expected decay lifetimes, that shows quenched directional transfer induced PL emission
for the large NCs functioning as acceptors. Measured PL decay (b) lifetime and (c)
rate as a function of detection wavelength for two excitation powers. Non-directional
transfer induced PL quenching of acceptors observed for both the small and large NC
sizes, as illustrated.

TRPL transients at two different wavelengths, simply referred as blue and red,
λblue = 825 nm and λred = 950 nm, are shown in Fig. 7.2. And the fitted TRPL decay
times for all detection wavelengths and excitation powers are shown in Fig 7.5. The PL
lifetimes for PHigh excitation are visibly shorter than PLow excitation for both λblue as
well as λred . This demonstrates two points; an increase in non-radiative recombination,
and a comparable quenching of small and large NCs. While increased (non-radiative)
recombination is exactly what is expected for the acceptors, it was not necessarily
expected to take place for the entire spectrum of NCs.
Secondly, we can try to interpret in more detail how the PL recombination rate is
altered. The absolute intensity of the TRPL transients can be compared between the
different excitation powers. While in section 7.3.1, I(t0 ) - right after the excitation
pulse - was discussed, now the intensities at a few chosen moments are discussed:
I(t1 ) at t1 = 0.6 ms, I(t2 ) at t2 = 1.2 ms and lastly I(t3 ) at t3 = 2.0 ms. These moments are marked on the transient shown in Fig. 7.2, and the corresponding measured
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spectra are given in the right hand side of Fig. 7.2.
The measured PL recombination rate is the sum of the radiative and non-radiative
parts. With increased excitation power, and saturation of the NCs, we actually introduce a non-radiative recombination channel. This transfer-related non-radiative
recombination is named - Γtr , and depends on the excited carrier density, Nexc . As
recombination occurs, the number of excited carrier decreases, and consequently nonradiative recombination, due transfer induced quenching, decreases. Once the exciton density decreases sufficiently to allow transfer to non-occupied NCs, the system
should proceed to behave approximately as upon low excitation flux. In Fig. 7.2,
we observe this kind of behavior; at t0 and t1 the intensity with excitation power,
I(PHigh ) > I(PLow ), but as the decay progresses towards t2 the same intensity is
observed for both excitation powers, I(PHigh ) ≈ I(PLow ). This is shown explicitly
in Fig. 7.6, where the ratio of intensities between a high to low excitation powers is
shown for the different moments (t0 − t3 ). The earlier the intensity is probed, the
higher the intensity ratio, but at later stages it approaches unity. The behavior at t3
where a decrease to below unity is observed, will be discussed later in section 7.3.3.
These results are analyzed further by looking at the recombination rate,
(7.2)

with Γtr depending on excitation power and, and for now, Γint is assumed to be
independent of the excitation power. We can therefore take the difference between
Γef f in the lowest and highest power, to find
∆Γef f = Γef f,High − Γef f,Low = Γtr,High − Γtr,Low = ∆Γtr

(7.3)

∆Γtr is equal to the number of quenched excitons. Those excitons that would, under
low excitation power condition, first transfer and then recombine radiatively, but are
now quenched. We find that ∆Γtr is bigger for small NCs than for large NCs – a very
surprising finding.
Observing the entire emission spectrum we could conclude that contributing NCs
of all sizes have been quenched, resulting in higher recombination rates all across the
spectrum. But using the unique spectrally resolved analysis, it is evident that more
emission quenching originates from the small NCs, than from the large ones.

7.3.3

Prolonged quenching of PL

We have so far addressed shortening of effective lifetime due to non-radiative
transfer to occupied NCs inducing quenching. While in principle we do not argue
against this effect, there is a slight caveat, the non-radiative recombination due to
quenching proceeds for too long. At t2 the PL intensity of both excitation powers are
almost indistinguishable. But at t3 the intensity at high excitation powers is slightly
lower, I(PHigh ) < I(PLow ): this effect we name prolonged quenching.
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Figure 7.6: Intensity ratios at different times. For the different times (t0 − t3 )
marked in Fig. 7.2, we show the intensity ratio between the different excitation powers
and the lowest power. Above unity means the intensity increased with increasing
power, and below means it decreased, indicating strong (prolonged) quenching of PL.

*
ΔNexc

Figure 7.7: Excess excitons lifetime. PL transients for the case of (blue) intrinsic
decay, with time constant τint , and (red) with additional transfer induced quenching
∗
(time constant τtr ) of the excess carriers, ∆Nexc .
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Before, we have argued that Γtr depends on the exciton density, Nexc . It is a higher
order effect that takes place only when the density of excitons is sufficiently high.
The high excitation power results in an increase of Nexc at t0 , inducing the number of
∗
excess excitons, ∆Nexc . We can define this parameter as Nexc (PHigh )−Nexc (PLow ) =
∗
∆Nexc . Around t2 , as the TRPL of both low and high power have decayed to the some
intensity, we could argue the situations describe an equivalent system, and no further
quenching should be observed for the high power case. In Fig. 7.7 an exaggerated
representation of this is shown, in which we mark the red area, which is the number
∗
of excess excitons, ∆Nexc .
This effect is unexpected and we interpret it as increased non-radiative quenching which is not directly the result of transfer induced AR. The AR events that ultimately quench excess excitons, promote hot excitons during their recombination.
Considering possibilities such as charged states, and high energy defects that get populated, [151] provides alternative explanations to a decrease in effective rate once the
NCs are excited with higher energies. In other words, the premise is that the intrinsic
non-radiative rate, Γnr , is in fact increasing when we excite with higher powers.

Alternative explanations

From the results it is concluded that the quenching signature of transfer was predominantly observed in small NCs, and that no directionality from small to large NCs
is observed, in contrast to expectation. Here we consider alternative explanations that
take into account an important issue: the difference in excitation conditions between
small and large NCs.
Two situations can be considered:
• As discussed in section 7.3.1, the ACS profile determines which part of the NC
ensemble saturates, with the large NC saturating first due to their larger ACS.
But it might as well be that the large NCs are already saturated at PLow , then
an increase in excitation power will not introduce more transfer induced PL
quenching, while it will do that for the small NCs. In other words, if the large
NCs are already quenched at low power, they cannot be quenched further.
• It has been proposed [42, 136] that energy transfer to dark NCs acts as a kind
of funnel, in which energy is lost. Dark NCs excited directly do not contribute
to the measured PL, and so if a portion of the potential acceptors is already
dark, then we cannot quench them by saturation. Consequently, if dark NCs
are predominantly large NCs, then this might also explain the observations.
If the latter case was dominant, then no PL would be observed at all from large NCs
and so this argument might have a minimal influence. The first argument does raise
an important issue, and considering that the intensity at t0 behaves differently with
power in large/small NCs indicates, this argument to be true. Nevertheless, it cannot

101

CH. 7

7.3.4

Chapter 7. ET direction between Si-NCs
decrease the magnitude of quenching in small NCs, and so we are left with an PL
quench due to transfer to acceptors all across the spectrum. More investigations will
be needed to resolve this puzzle.
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7.4

Conclusion

In this chapter, the PL properties of Si NCs embedded in SiO2 were explored, with
the goal of pinpointing the role of different parts of the ensemble in the energy transfer
process. This process was investigated at cryogenic temperatures in order to separate
the thermal effects on the (phonon assisted-) energy transfer. No effects that can be
attributed to the thermal conditions could be associated with the energy transfer. More
importantly, we observe clear quenching of PL lifetimes, a fingerprint of the acceptors
in ET within an ensemble. The quenching was observed for large but notably also
for small NCs, a result which implies that both the large and the small NCs act as
acceptors in ET. This result is distinctly different then observations of ET in mixtures
of direct bandgap NCs [142]. While we have not shown that in the case of a small NC
acting as an acceptor, the donor is a large NC, this finding does oppose many of the
published interpretations of ET. [42,136] It might as well be that ET mostly takes place
resonantly between two similarly sized NCs, and therefore a cascade effect from small
to large NCs is minimized in practice. These results show the importance of studying
energy transfer in Si NC ensembles. Applications requiring efficient carrier or energy
migration between NCs might rely on such an effect or suffer from it, depending on
the design and the application requirements.

7.5

Supporting information

The lengthening of the effective PL lifetime, and quenching of non-radiative contributions at CT was observed before, and here we reproduce it to confirm our sample
characteristics. [34, 152] The Si exciton has a threefold degenerate low energy triplet
state (with spin quantum number S = 1), and a higher energy singlet state (S = 0),
with an energy difference ∆E and τt and τs for the triplet and singlet radiative lifetimes, respectively. [153] The triplet-to-ground state radiative transition is forbidden,
with resulting very long triplet lifetimes. The occupation of the states as a function
of temperature can be described with Boltzmann statistics. In Fig. 7.8, we present the
measured PL lifetime as a function of temperature from liquid helium up to RT. The
measured lifetime is fitted with an Arrhenius equation,
1
τP L
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with g = 3 the degeneracy of the triplet state. The fitted values, shown in Fig. 7.8,
agree well with the literature data. [34, 152]
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Figure 7.8: Arrhenius plot. PL lifetime as a function of temperature for two powers.
Fitted with Arrhenius equation, to account for the contributions of the fast singlet and
the slow triplet states.
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Inorganic perovskite nanocrystals have garnered considerable attention since their development in 2015. The material not only has bright tunable emission, but is also
relatively stable, and easy to synthesize. The mechanism laying at the root of the optical properties is not well understood, and many theories have been raised as possible
explanations. Here we explore the optical properties of several size-selected dilutions
of CsPbBr3 and CsPbI3 at cryogenic temperature up to room temperature, with the
goal to gain more insight into the emission processes. Both ensemble spectroscopy, as
well as micro photoluminescence spectroscopy are used. While polaron formation has
been identified in similar materials in relation to their mobilities, the effect in relation
to their emission is explored here, and we find it unlikely to explain all optical properties. Several mechanisms, among which phase change, defect states, and dark states
are explored as well, and while the latter two can be identified, we can only speculate
over the existence of a phase change. Ultimately, dark nanocrystals are identified to
play an important role in room temperature emission. This chapter lays out important
possibilities that are explored, in order to finally identify the emission properties.

CH. 8

Emission mechanisms in
CsPbX3 nanocrystals studied by
photoluminescence
spectroscopy
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8.1

Introduction

With the recent development of all-inorganic cesium lead halide perovskite nanocrystals (CsPbX3 with X = Cl, Br, and I; IP-NCs) [7] the field has exploded in popularity. The material combines the advantages of perovskites with those of nanocrystalline
systems. Besides the added bandgap tunability offered by the nanocrystal system,
these materials offer higher stability than the bulk and organic counterparts. Many
studies have been devoted to the remarkable optical properties of IP-NCs, yet, it seems
the understanding as to the mechanism of room temperature emission properties is still
insufficient. Recent work on single dot spectroscopy at cryogenic temperatures has
provided a greater understanding for the low temperature emission properties (sub-ns
lifetimes) [154] using the singlet/bright triplet framework. Yet, this framework does
not extend to explain all observed phenomena at cryogenic temperatures, as well as
the properties observed at room temperature (RT). RT photoluminescence (PL) spectroscopy of these materials reveals a single peak which can be approximated by a
Gaussian distribution. At cryogenic temperature (CT) the optical properties are far
from trivial, with PL spectra showing highly asymmetric peaks, containing several
contributions. While the RT emission mechanisms are hidden behind the thermal effects, at low temperature, the photo-physics underlying the emission could be revealed
and studied in more detail.
There are several extensive studies of CT PL properties of CsPbX3 in which the
underlying radiative mechanisms are debated. [155–163] Among the discussed mechanism we find: a crystal structure temperature dependent phase change, [158] and the
lack thereof [161], trap states/bound excitons either at lower or higher energy than
free exciton state, [155, 158, 159, 162] as well as strong electron-phonon (EP) interactions, [157] have all been called to explain to observations. Here we give our own take
on similar CT PL investigation performed on CsPbBr3 and CsPbI3 NCs.
The goal we have in mind is to explore the possible mechanisms contributing to
the CsPbX3 NCs PL spectra observed. We explore here the mechanism named above
as well as contributions of both electron-phonon coupling, and defect states. Besides
those mechanisms named above, other mechanisms can also be named and in the
master thesis of Ten Have [164] these are explored in more detail.

8.1.1

EP coupling – polaron

In the perovskite crystal, free carriers can couple to the strong ionic polar components of the lattice. Referred to as electron/carrier-phonon coupling, this Coulombic
interaction will influence the spectral properties, carrier stability, carrier effective mass
and therefore the mobility. [157,165,166] The importance of understanding this effect
is crucial for future applications.
This kind of coupling can be described by the Fröhlich interaction between the
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Figure 8.1: Polaron model Lattice potential u1 (x), exciton u2 (x) and polaron ũ2 (x).
Transitions occur from the states (red lines) in ũ2 (x) to the states in u1 (x), giving rise
to transitions equally spaced by ~ω.
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carrier and longitudinal optical- (LO) phonons. Depending on specifics of the system
– described by the Huang-Rhys factor, we get a spatial displacement of the nuclei,
leading to coupling to different phonon modes. In other words, when the e-h pair
recombines, it could be accompanied by one of several possible phonon emissions.
This can be observed as a change in the spectrum and might include one or several
phonon side bands, often referred to as phonon replicas. A more specific case is the
formation of a polaron, a quasi-particle formed by a strong carrier-phonon interaction.
A model potential is considered, in which the dispersion of excited carrier is shifted
with respect to the ground state (Fig. 8.1). The distinct peaks with varying intensity
are related to phonon-assisted transitions and could have a higher intensity than the
main, no-phonon, excitonic recombination, a remarkable effect for a direct bandgap
semiconductor. Furthermore, all radiative transitions are then expected to be separated
by phonon energy ~ω. This has implications on the low temperatures PL spectrum
where replicas should be clearly visible. Lastly, besides the strong signature in the CT
PL spectrum, at higher temperature, EP coupling could enable strong non-radiative
recombinations, therefore yielding in the temperature dependent PL intensity.
Moreover, besides the emission properties, the polaron quasi-particle has a larger
effective size than the bond-length and an increased effective mass. [167] This could
lead to reduced possibility of scattering with phonons and defects, resulting in lower
non-radiative recombination rates. [167,168]. The emission red-shift and complex and
distinct structure in the emission spectra has been widely observed in NC ensembles
at CT, yet only scarcely has it been attributed to strong EP coupling. [157]
While the CT PL properties can be understood with strong EP coupling, such
an effect is inherent to each single nanocrystal and therefore should be observed in
CT single dot spectroscopy. In this chapter we study ensemble as well as single dot
spectra of CsPbBr3 , with the goal of clarifying the role of different physical effects in
the emission mechanism of CsPbBr3 NCs.

8.2

Experimental details

8.2.1

Sample preparation

CsPbBr3 and CsPbI3 nanocrystals in colloidal dispersion were synthesized via
a modified version of the hot-injection protocol described by Protesescu et al. [7]
The full synthesis details of CsPbBr3 and CsPbI3 NCs, were published elsewhere.
[164, 169] After synthesis the samples were purified according to the protocol and
eventually stored in 3.5 mL quartz cuvettes. For the purpose of low temperature measurements, the colloidal dispersion was dropcast on a SiO2 substrate.
Size selected precipitates of CsPbBr3 were obtained by use of anti-solvent induced
size selective precipitation. [170] An anti-solvent, acetone, was added to the ensemble
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dispersion, until the solution turns cloudy. After centrifugation, the super-natant is
removed, the left over precipitate, containing the largest NCs, is re-dispersed, and
the super-natant can undergo another size selection cycle. This was repeated until 6
precipitates were obtained, with decreasing size.

8.2.2

Optical characterization

The MicroPL setup1 consists of a 405 nm diode laser coupled to a home made
micro-spectroscopy set-up with an inverted microscope coupled to an imaging spectrometer (Acton SpectraPro SP-2358i). While the ensemble measurements allow us to
explore the PL intensity as a function of temperature, with the microPL set-up we are
more limited, as thermal expansion effects in the cryostat during temperature changes
will create drastic drifts out of focus. With slow tracking of the particles such measurements are possible but due to the changes in focus, the intensity comparison is not
as reliable as with ensemble measurements.
Defining the full width at half maximum (FWHM) of non-Gaussian peaks is not
easy, in those cases the integral breadth method is used as an alternative. The integral
breadth is defined as the integral (= area) of a peak divided by the height of the peak,
making it equivalent to the width of a rectangle with the same height and area as the
peak.
1

In collaboration with the Nanoscopy group of Prof. Valenta, Charles University, Prague.

109

CH. 8

Optical spectroscopy was performed with several different optical setups. A xenon
lamp (L2273 Hamamatsu) coupled to a Solar MSA130 double grating monochromator,
was used as an excitation source for the spectral measurements. While for power dependent measurements an optical parametric oscillator (OPO) pumped by the third
harmonic of a 100 Hz Nd:YAG laser, with a pulse duration of 5 ns was used. The
collected emission was dispersed by an M266 (Solar LS) monochromator coupled to
a silicon CCD (Horiba scientific). The sample was cooled in two different cryostats,
for the PL spectra measured down to 4.2 K an OptistatCF (Oxford inst.) cryostat with
a continuous flow of helium is used. The sample is placed on a cold finger in a static
exchange gas to ensure the temperature setting is obtained. For the higher excitation
power experiments, CCC1104 (Oxford inst.) cryostat was used in combination with a
closed-cycle helium compressor (Cryomech). The latter does not reach liquid helium
temperature at the sample, and we estimate the lowest obtainable temperature to be
approximately ∼ 30 K. We denote the low temperature limit of the measurements
as CT, while the specific temperature can vary, as different optical setups can behave
somewhat differently. Based on the results, we can observe stable behavior with many
thermal effects below ∼ 70 K.
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Figure 8.2: TEM and size distribution Particle size-distribution and TEM images of
CsPbBr3 size-selected precipitates P3,P4 and P6.

8.3

Results

In essence most characterization done in this work revolves around optical spectroscopy. Nevertheless, we can divide it into two approaches, ensemble- and microPL
spectroscopy. The expectation is that the results obtained by both methods should
converge to a consistent description, but the techniques are differently sensitive, each
providing their own strengths and weaknesses.
As size poly-dispersity impairs resolvability of spectral contributions of different
transitions, we opted to size-select the dispersion of NCs in order to get more monodisperse ensembles [170]. Three of the CsPbBr3 precipitates, were chosen for the
rest of this chapter, which will be referred to as P3, P4 and P6, relating to their fraction number in the selection process. The resulting fractions have been characterized
by TEM, as presented in Fig. 8.2 together with the obtained size distributions. The
mean NC size of the precipitates, was determined to be 14.7, 10.2, and 9.5 nm for
precipitates CsPbBr3 P3, P4, and P6 respectively.
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8.3.1

Ensemble spectroscopy

The size selected CsPbBr3 and CsPbI3 samples were studied by measuring the
PL spectra at different sample temperatures. In Fig. 8.3 we present the observed PL
spectra in the temperature range RT down to CT, ∼ 5 K. As we cool down the samples
we can observe several phenomena: (i) an increased PL intensity (Fig. 8.3-(b)), (ii) a
PL red shift (Fig. 8.3-(c,d)), (iii) a modification of the PL spectrum width and shape
(Fig. 8.3-(a)), and (iv) a change in PL lifetime (Fig. 8.4-(c)).
The change in spectral shape of CsPbBr3 can most easily be described as a single
normal distribution at RT, which splits up into several partially overlapping normal
distributions at CT. The changes in intensity and spectral shape, happen in the temperature range from ∼ 70 K to RT. While below ∼ 70 K, the intensity and spectral shape
seem to be relatively stable. As we cool down we can observe a monotonic red-shift
over the whole range of temperatures.
In Fig. 8.4-(a,b) typical time resolved PL (TRPL) transients of sample CsPbBr3 -P3
are shown. The transients do not follow a mono-exponential decay, we therefore opted
to characterize them by the weighted average lifetime of a double exponential decay.
In Fig. 8.4-(c) the average lifetime is plotted at different emission energies. In this way
we attempt to probe any difference in transient behavior of the separate contributions
in the spectrum. We observe faster PL decays as temperature is lowered, in agreement
with previous reports. [154, 161] Having shown the PL properties at CT to RT of NC
ensembles, we now proceed to explore the PL properties of single CsPbBr3 particles
using microPL.

MicroPL Spectroscopy

In Fig. 8.5-(a,b) PL spectra from CT to RT are shown for two selected particles.
Alternatively, these spectra could also come from a cluster of particles, which would
resemble an ensemble spectrum and show a single Gaussian peak. When observing
many different spots on the substrate we expect to find, at each spot, either a single
particle, or (small) clusters. If we were to observe only clusters containing many crystals it is reasonable to expect that we would not find large changes in PL properties
between individual observations, and would recreate the ensemble PL each time, i.e.
an average PL of all particles. Similarly, if we do observe strong changes in PL properties between different observation spot, we can expect to be observing single NCs,
and should be able to observe any spectral structure in a single NC that would arise
from effects such as polaron formation.
In Fig. 8.6-(a) we show the peak position of all the spectra measured in microPL.
We clearly see a wide range of peak positions, spanning the entire range of the ensemble spectrum, which confirms that we are in fact observing single particles, or
at the very least clusters of few nanoparticles that do not represent the average size
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(a)
(b)
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(c)

(d)

Figure 8.3: Ensemble photoluminescence PL spectra of two precipitates of CsPbBr3
(P3 & P4), and of CsPbI3 , measured in the range 5 K to RT. PL characteristics (a)
Integral breadth, an equivalent to the FWHM, (b) integrated intensity and (c,d) peak
position energy, of the four studied samples as a function of temperature. The dotted
lines are fits with equations 8.1, 8.2, and 8.3.
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distribution of the ensemble.
In only a few of the observed spectra do we observe side bands and complex
spectral structure, but most spectra can be represented by a single normal distribution
function. In figures 8.5-(b) and 8.6-(b) one such case is shown in which two side
bands appear at CT. The origin of these side bands in an ensemble could be attributed
to phase change in part of the crystals, phonon replicas, or alternatively different radiative transitions. The different possibilities will be explored in detail in the discussion
section.
The PL characteristics (Peak position, intensity and FWHM) of all the observations have been extracted. While comparing intensities is challenging in the microPL
setting, we can clearly observe a drastic decrease of PL intensity (up to 200x) as temperature is increased. The PL peak position, of a few selected single particles, shown
in Fig. 8.5-(c,d,e), shows a temperature dependent shift with a magnitude of 0.04 eV,
between RT and ∼ 70 K, but does not change much more when cooling down further. While there is a shift in peak position as the NCs are cooled, the shift magnitude
is decreased compared to ensemble observations (in Fig. 8.5-(f)), and does show the
same monotonic behavior. This could have physical reasons, but most likely is due to
the limited cooling abilities of the microPL cryostat, i.e. the sample is not at the set
temperature.
Another test performed was to explore the origin of the observed recombination by
looking at the FWHM values; If radiative processes of different origin are involved in
the observed ensemble emission, it is possible that the different processes will not only
affect their emission energy but correspondingly also their emission width, resulting
in correlation between the two quantities. In Fig. 8.6-(a) the FWHM as a function of
emission peak position is shown, but no clear correlation can be observed. To con-
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Figure 8.4: Time-resolved PL TRPL transients of CsPbBr3 - P3, at (a) RT and (b) CT
for different detection wavelengths. (c) Fitted Mean lifetimes of the TRPL transients,
as a function of detection energy.
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Figure 8.5: Micro PL spectroscopy. (a,b) are two single dots (CsPbBr3 ) that were
followed as temperature was altered, and spectra measured. The Peak position of
single dots (c,d,e) and the ensemble (f) is plotted as a function of temperature. For
easier comparison the vertical scale is the same scale on (c,d,e,f).

clude, in the microPL measurements performed on CsPbBr3 NCs, we observe drastic
intensity decrease at higher temperatures, as well as spectral shifts. We conclude that
we can detect single NCs, and observe their emission properties in CT, though in a
limited range of temperatures. Ultimately, only a few of the measured NCs show
structured spectra.
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(a)

(b)

Figure 8.6: Micro PL emission mechanisms. (a) The FWHM as a function of peak
position are plotted for all observed spectra at 77 K. No correlation is observed. (b)
spectrum of single dot at 13 K showing higher energy side bands. This is the only case
where such spectral structure was observed with a repeatable energy separation.

Discussion

The PL observations on ensembles as well as microPL have shown several properties, which we address and attempt to understand here. In essence we are trying to
understand the changes in PL intensity, lifetime, spectral shift and structure within a
suitable framework. Firstly, we look at the observed temperature dependent spectral
shifts, spectral broadening, and intensity changes, and attempt to interpret them within
a variation of effects. The suggested interpretations are well understood in other semiconductors, and therefore are offered as a possibility in perovskite NCs. Secondly,
address specifically electron-phonon coupling as a possible candidate to understand
both the spectral shifts, as well as the spectral structure, and show that this mechanism
eventually fails to explain all the observations. Finally, we discuss the more ”mysteriously” sounding dark states, that is states which do not contribute to emission. The
exact nature of these states and transitions is not identified, and is outside the scope of
this work, but we make a guess and postulate that defects, whether in the core or at the
surface of the NCs are a likely culprit. Properties which are not well understood by
other means can easily be ascribed to dark states; we therefore attempt to give a more
quantitative approach to understand the observations.

8.4.1

Thermal effects – Spectral shift

The spectral shift of PL as temperature is altered is the most clear and the most
consistent observation for all samples. We explore several possible contributions:
(I) thermally induced crystal lattice expansion, (II) electron-phonon interaction, (III) a
crystal phase change, and (IV) different radiative contributions.
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(I) – Thermally induced lattice expansion
Lattice expansion is the accepted explanation in literature, [160, 161] and is often
fitted with the empirical Varshni relation [171], for a limited range of temperatures in
which a linear relation between bandgap energy and temperatures is found. The origin
of a linear relation between bandgap energy and temperature is far from trivial, but is
experimentally observed in many semiconductors. [171]
Deviations from the linear are also observed; at lower temperatures, the lattice
does not contract as much, and therefore the blue-shift decreases. [172] Out of all the
raised possibilities this option is the only one that could produce the linear behavior
as observed, therefore we can already be sure that – thermally induced crystal lattice
expansion is the mechanism dominating a large part of the band-gap shift. At the high
temperature end of the shift is where things get interesting. The linear shifts, and the
deviation from the linear extrapolation, is illustrated in Fig. 8.7, for the three CsPbBr3
samples. The observed peak positions follow a behavior which can be linearly fitted
for the range from 20 K up to 70 K for CsPbBr3 -P6, 120 K for CsPbBr3 -P4, 150 K for
CsPbBr3 -P3, and 130 K for CsPbI3 .
Just as Fig. 8.7 gives the peak position as a function of temperature together with a
linear fit, we can now shift the peaks back according to this thermal expansion effect,
as if it did not take place. This is shown in the right panels of Fig. 8.8 (non-expanding
spectra), with the original spectra on the left. So while initially we focused on why
does PL blue-shift when T is increased, this we can now assign to thermal expansion, and focus on another question, why does the PL red-shift when temperature is
increased in comparison to the linear thermal expansion extrapolation.
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(II) – Electron-phonon interaction
At higher temperatures things become more complex, and we find in literature
mostly references to an interplay between thermal expansion and electron-phonon interactions which decrease the bandgap energy. [160, 173, 174] Though, it should be
noted, there is no consensus on the responsible mechanism.
In Fig. 8.3-(c,d) the observed bandgap shift is fitted with the following relation for
the temperatures of the linear range and above, following the reasoning of an interplay
between (I) and an electron-phonon interaction:
2

Eg (T ) = E0 + AT E T + AEP [
e

~ω
KB T

−1

+ 1]

(8.1)

where E0 is the un-renormalized band gap, AT E the coefficient of thermal expansion,
AEP the constant of electron-phonon interaction and ~ω the average phonon energy.
The fit provides us with the parameter values of phonon energy and amplitude, which
are shown in the master theses of Westerveld [169] and ten Have [164], and are mostly
in agreement with other publications, with slight differences which are most likely
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Figure 8.7: Emission peak position The peak of emission plotted against temperature, for the CsPbBr3 precipitates. A linear fit is shown, that takes into account a
linear expansion in the intermediate temperature range, and clearly the peak red-shifts
compared to the linear expansion.
CsPbBr3-P3

CH. 8

CsPbBr3-P4

CsPbBr3-P6

Real emission energy [eV]

Renormalized emission energy [eV]

Figure 8.8: Spectra and renormalized spectra of CsPbBr3 As thermal expansion
creates a linear PL shift, we move back the spectra, in the right panels, as if no thermal
expansion shift has taken place. This is put in comparison to the original PL spectra,
on the left.
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the result of variations in sample preparation and quality. Moreover, not only are
the absolute values, but also the changes in parameter values between the different
samples consistent with literature and indicate a dependence between electron-phonon
interaction and NC size.
Nevertheless, while equation 8.1 can be used to fit the data, the model behind it is
mostly empirical, and no consensus exists on the responsible mechanism.
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(III) – Crystal phase change
A crystal phase change is also considered as a possibility, [160] and was even excluded to take place at a limited range of temperatures by Diroll et al. [161]. While
XRD, as used by Diroll et al., is the technique most suitable to study the crystal phase,
it might not have the same abilities in detecting more subtle crystal phase changes
proposed to take place in IP-NCs, moreover the range of temperatures used in their
work was limited to 150 − 300 K for CsPbBr3 . Iaru et al. [157] suggest the existence
of different phases related to different orientations of octahedral distortion of the orthorhombic lattice. Moreover, phase changes from orthorhombic to tetragonal and to
cubic appear in bulk CsPbBr3 and CsPbI3 heated above RT, [175–178] which is not
the case in this study. For CsPbI3 even more phases have been identified. [179]
A temperature related change in crystal structure should normally result in strong
and abrupt changes in optical properties around the phase change transition temperature. However, that notion does not necessarily apply to an ensemble of NCs. It
is possible that NCs of different sizes will have different transition temperatures, resulting in a less abrupt temperature dependence of the phase transition, as the whole
ensemble transforms gradually.
Again we should to consider this effect in combination with thermal lattice expansion. An interplay of the lattice expansion and phase change could only agree with
the experimental results if we assume that the high temperature phase has a lower
bandgap energy than the lower temperature phase. Look at Fig. 8.7 we can assume the
phase transition starts at 70 K for the smallest CsPbBr3 NCs probed in this work, and
at 150 K for the largest NCs. The expected shift is of at least 50 meV, as estimated
by looking at the difference between the extrapolated linear shift, and the actual peak
position of a single sub-peak shown in Fig. 8.9. We find literature values for the energy difference between the cubic, tetragonal, and orthorhombic phase. And while the
exact values vary from study to study, the trend is similar, in Ahmad et al., [180] calculated bandgaps are 2.36 meV for the cubic, 2.30 meV for the tetragonal, and 2.23 meV
for the orthorhombic; i.e. the energies could agree with our energy difference requirements, but the phase ordering does not, indicating the cubic, high energy phase, to be
present at high temperature, and the orthorhombic, low energy phase, at low – in contrast to the results. Lastly, a change of phase will result in a change of band structure
and effective masses, therefore all transitions will again shift in energy, so while we
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have some bandgap estimates, it might still be that the resulting PL properties will not
follow accordingly.
In conclusion, a phase change might play a role in the observed spectral shift, but
for the moment the exact phases, their corresponding energies, and transition temperatures, are unknown.

Lastly, we explore the option of different radiative contributions to the overall observed emission spectrum. Looking at the CT PL shape, as in Fig. 8.3, and especially
in the case of CsPbBr3 -P3 we can see side bands, on both the low and the high energy
side of the main peak. We can hypothesize that at least two contributions are expected,
that of bound exciton (BE) emission and of the unbound free exciton (FE). [181] The
unbound FE has a higher energy and already for this reason we can expect a thermal
population of this state at higher temperatures. Such behavior will produce a shift in
PL towards higher energy as we increase T, which is consistent with the overall shift,
but not with the deviation from the thermal expansion related linear shift. Nevertheless, this is assessed further, and in Fig. 8.9 we present an example of a 3 Gaussian fit
for the CT spectra of CsPbBr3 -P3, and continue the same fitting for several temperatures up to RT. The resulting fit parameters are shown in Fig. 8.10. Here we assume
three peaks, with peak a, the lowest energy peak possibly related to polaron formation
or defect related phonon side bands, which appear as a low energy tail, with possibly
multiple overlapping energy-separated peaks, phonon replicas. Peak b, the main peak,
(≈ 6.6 ± 0.5 meV blue-shifted from peak a) is perhaps the excitonic peak, and peak
c (≈ 21.5 ± 2 meV blue-shifted from peak a) is then the FE peak. Alternatively, state
degeneracies, such as light and heavy hole recombinations, could also be attributed to
the sub-peaks. [159]
While, the possibility of the sub-peaks to contain a BE (peak b) and FE (peak
c), this idea can be as easily abandoned. In all references we find no mention of
exciton binding energies below 40 meV, [7] even though we observe a much smaller
energy difference between sub-peaks. The strong decrease in peak b, as temperature is
increased, does seem to suggest that for a limited temperature range, we can observe
the unbinding of a lower energy state, but the energy difference seems much smaller.
Both the 100 K temperature at which this decrease appears, as well as the energy
difference with other sub-peaks are in rough agreement.
Obviously, the above described peak assignment is quite arbitrary, and is based
on little evidence. Moreover, it is not clear whether the different emission contributions in combination with thermal expansion could explain the observed peak shift.
If the sub-peaks shift according to thermal expansion, and only increase and decrease
in intensity, then we might be able to make an argument in favor of solely the mechanisms (II) & (IV). In the non-expanding spectra, unfortunately only for a limited
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25 K

Peak b
Peak a
Peak c

50 K

101 K

CH. 8

148 K

Figure 8.9: Fitted PL spectra PL spectra of CsPbBr3 -P3 fitted with 3 Gaussian distributions at different temperatures. Peaks a, b, and c are indicated, and all three blueshift with rising temperatures. The 3 sub-peaks can be assigned to different radiative
transitions.
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(a)

Integrated intensity

Peak a
Peak b
Peak c

(b)

Fit - Eb=22 meV
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(c)

Figure 8.10: Fitted PL spectra parameters The fitted sub-peaks’ spectral position,
integrated intensity, and line-width are shown for the fits in Fig. 8.9. Peaks a and b
have a consistent line-width and intensity, while peak b decreases in intensity with
rising temperatures. It is fitted with Eq. 8.3.
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range of temperature (especially in P3) behavior that could be interpreted like that, is
observed.
Returning to the fitted peak-positions in Fig. 8.10-(a), this same behavior should
mean a parallel and linear shift for each of the three peaks. While a parallel shift is observed, linear behavior is not, and especially above 150 K this becomes very evident.
This implies that the notion of solely different radiative transitions being responsible
for the spectral behavior is not consistent with the results, and would require an additional phase change or other effects. Nevertheless, we can identify peak b, in the fitted
spectra in Fig. 8.9 as an important contributer to changing emission properties.
To conclude this section, we have explored several possibilities for the origin of the
shift in PL peak position as temperature changes. We can conclude that for the largest
part of the temperature range it is understood within the context of lattice expansion,
causing a linear increase in bandgap energy. Above a certain temperature, around the
80-150K mark, we start to observe a deviation from the linear behavior, and a relative decrease in energy. Several possibilities have been explored here, and both a
phase change or different radiative contributions cannot easily explain the observations, while phonon interactions model fit the data without providing us much insight
into the mechanism. We will now proceed to explore other PL properties within the
same models.

CH. 8

8.4.2

Thermal effects – Line-width broadening

The width of the emission peak, contains a lot of information as well, and is often
quantified by the full width at half maximum (FWHM) of the peak. While this quantity is easily defined and determined for a single Gaussian peak, it is very arbitrary
and hard to define for non-symmetric distributions as observed for CsPbBr3 at CT.
Therefore, instead of the FWHM we quantify the integral breadth, and we observe
broadening with increasing temperature. The emission width, will be the product of
the temperature independent inhomogeneous broadening, Γinh , caused by size distribution and crystal in-homogeneity, thermal broadening, and other effects that broaden
the effective emission peak. So while Γinh is fixed, and the thermal broadening is
predictable we focus on what the other contributions are. The options we explore are
somewhat similar to the ones explored in relation to the peak-shift in section 8.4.1.
And so the possible effects explored are: (I) phonon scattering, (II) different emission
contributions, and (III) exciton space quantization.

(I) – Phonon scattering
Scattering of the exciton with phonons, could result in broadening of emission as
some energy is exchanged in the interaction. Both acoustic as well as optical phonons
can contribute to scattering effects but their temperature dependent behavior is differ-
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ent. The following relation is often used to fit the width:
Γ(T ) = Γinh + σT +

ΓLO
e

ELO/K T
b

−1

(8.2)

where σ signifies scattering with acoustic phonons which depends linearly on temperature, and ΓLO the contribution of LO-phonon scattering, with energy ELO to the
spectral broadening. And the fit values obtained are in agreement with other observations. [164,169] But there is one caveat of this approach that should be discussed. The
two phonon terms in Eq. 8.2, should normally apply only to a single recombination of
either the free exciton, the bound exciton, or a defect state, which will all have different phonon interactions. So while phonon scattering is widely accepted and relatively
well understood, it is not clear whether it can explain the results completely.

Just as discussed in section 8.4.1, different emission-bands will also contribute
to overall line-width broadening. As the sub-peaks change intensity and position,
they can affect the overall emission broadening. In fact, as touched upon before, the
FWHM of the whole peak is quite unphysical, and we should be addressing each
sub-peak by itself. Unfortunately, in all samples studied, the sub-peaks overlap considerably, and therefore we have to rely on error-prone fitting techniques to separate
the underlying contributions. As shown in Fig. 8.9, only for precipitate CsPbBr3 P3
this was done, and the FWHM values are shown in Fig. 8.10-(c). We can also observe
a strong decrease of intensity of peak b, and according to the fits, the FWHM of the
sub-peaks can be reproduced with phonon-scattering models (not shown). Still, no
clear onset of bands contributing to the overall emission line-width is observed. The
fitted data for the single sub-peaks, is more physical than measuring the width of the
overall emission peak, because it contains overlapping fits and is also imprecise.

(III) – Space quantization
Quantum confinement in small NCs leads to discretization of the band edge states,
and with this follows thermal excitation of higher states. While the observed peak
shift behavior, requires a mechanism that lowers the bandgap energy, the inclusion
and thermal population of higher states, does not agree with that. Moreover, while
partial thermal population of higher states will broaden emission, it will do so only
on the high energy side, and not symmetrically, like phonon scattering for example.
Nevertheless, in combination with other effects, such as a phase change that shift the
whole emission peak, this mechanism might play a role in the observations and should
therefore be explored.
The idea is that the NC ensemble emission originates from the first or the second
excited state of each NC, the ratio is determined by Boltzmann thermal excitation
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of the higher state. To consider this we can roughly calculate the energy difference
between the two states. Taking the particle in a 3D box model, the energy difference
can be derived to be
3π 2 ~2
∆E =
2m∗e,h a2

CH. 8

with m∗e,h the effective mass of electron/hole and, a the NC size. Next, the value can
be estimated, requiring the knowledge of effective mass and NC size. For a 10 nm
particle, and effective masses taken from Protesescu et al. [7], m∗e = 0.15 and m∗h =
0.14, we can calculate ∆Ee = 75 meV and ∆Eh = 80 meV.
This means that partial thermal excitation of the higher states could result in a
broadening of emission of an order of 130 meV by thermal excitation of higher states
of the electron and hole. Though limited by the thermal excitation probability, which
−∆E
even at RT (25 meV) will be small, of order e kT ≈ 0.05 and without taking into
account state degeneracy.
To sum it up, space quantization does not explain the spectral shifts nor the broadening. Nevertheless, if phase changes occur the modified effective masses will influence energies relates to the space quantization, and this will have to be considered in
detail.
To conclude this section, we have explored several possibilities for the line-width
broadening in PL peak as temperature changes. The notion of determining a single
width to what is clearly a complex emission spectrum consisting of several transitions,
is not physical and therefore requires deconvolution. We have attempted to do so,
with the goal of pin-pointing the exact contribution of each peak and have discussed
different possibilities but cannot conclude on a single contribution that explain the
observations besides phonon scattering.

8.4.3

Thermal effects – PL intensity

Lastly, we look at the thermally induced change in integrated PL intensity. As the
temperature is increased, access to non-radiative higher energy processes is enabled,
which lowers the observed intensity. While the system is most likely complex, with
different radiative and non-radiative processes, in practice only the first approximation
is used here to fit the data,
I0
(8.3)
I[T ] =
AeEa/Kb T + 1
with Ea the activation energy of the non-radiative transition. As mentioned this is an
oversimplification, and in case there are several non-radiative transitions each one will
add another exponent term in the denominator. Furthermore, different particles, like a
second population with different recombinations will show up as whole new fraction.
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Nevertheless, this simple model already fits the data decently, and thus shows us that
the variations in non-radiative recombinations are quite minimal.
A more correct approach would be to also here quantify the changes in intensity
per sub-peak. e.g. Sub-peak b, shown in Fig. 8.9, displays a strong decrease in intensity at increasing temperature. The calculated integrated intensities are fitted with
Eq. 8.3, and a binding energy of 22 meV is obtained, as shown in Fig. 8.10-(b). Similar
analysis with the other peaks or spectra did not yield reliable results, and is therefore
not shown.

Electron-phonon coupling

The possibility of electron-phonon (EP) coupling as the mechanism behind the
observations of PL structure and strong variations in PL intensity has been considered
in literature as well. [157] In particular, for CT spectra of CsPbBr3 , a single Gaussian
peak was no longer sufficient to describe the observations. Side peaks, of varying intensity, appearing on both sides of the main peak, hinted on a possibility of a strong EP
coupling and polaron formation. Here we consider the model qualitatively in relation
to the observations.
While some systems display clear separated peaks in their PL spectra, [182] for
NCs the size distribution will play an important role to smear-out such effects and we
therefore are looking at overlapping emission peaks. We fit the observed spectra with
a sum of N Normal distributions, gi (A, σ, µ). Such a fit provides a non-exclusive
solution, we therefore employ constraints as provided by the polaron model. With
emission replicas formed by the spacing of energy states in the harmonic potential, all
emission states are therefore equally spaced with energy ∆E = ~ω. In Fig. 8.11 we
present the emission peak with the regularly spaced fitted peaks, which was also be
expanded to different temperatures (not shown). Using the fitted amplitudes, which are
proportional to the probability of each of the transitions, we could calculate different
parameters of the formed polaron, following Odnoblyudov et al.. [182]
While the above analysis gives reasonable values which are agreement with literature values and theoretical calculations, fitting three or four Gaussians can be done
in many ways, and is far from conclusive. [157] It is therefore that we turned towards
the microPL spectral analysis, and this provided more conclusive results regarding
EP coupling and polaron formation. If taking place, this effect should exist in individual NCs, and considering that in ensemble emission the side peaks are as intense
as the main, we can assume almost all individual NCs should show multiple peaks.
In the microPL observation shown in section 8.3.2, only a few of the individual NC
showed behavior that might be consistent with polaron formation. It is more plausible
to assume that in fact EP coupling and polaron formation, though definitely strong
contenders to explain the mechanism, are in essence not observed in these measurements.

125

CH. 8

8.4.4

Intensity

Chapter 8. CsPbX3 PL mechanisms

Photon energy [eV]

CH. 8

Figure 8.11: Polaron CT PL spectrum fitted with model of polaron induced equally
spaced emission peaks.

One possibility still is that polaron formation requires lower temperatures that we
were unable to reach with the microPL cryostat. Some studies [157] argue that a phase
transition at low temperatures might help polaron formation, and enhance its effects.
Also, it is possible that defects, or the NC surface play a critical role in polaron-like
Franck-Condon type transitions, which would induce large variability between emission spectra of each observed single NC. Such behavior could explain why some of
the NCs did show some spectral structure. In either case it seems that solely polaron
formation, without an additional mechanism, cannot explain the emission spectra observed in ensembles at CT.

8.4.5

Dark States

Comparison of the PL intensity with the average measured lifetime can also give
hints about the processes in the sample. The decrease in integrated intensity in the
CsPbI3 sample studied is about 1.8 times from 5 K to 293 K, while the lifetime is 3
to 17 times longer, depending on which detection energy one compares. In CsPbBr3 ,
as well as CsPbI3 , lifetimes lengthen more than the intensity decreases. It is this
difference that is the signature of different NC populations, that is explored here. [42]
The two quantities of importance are the PLQY and the IQE, and, will be later
Rr
, and
argued, the number of emissive NCs. The IQE is given by IQE = Rr +R
nr
while the PLQY is not determined, we look at the PL intensity as it is proportional to
the PLQY. For simplicity only two conditions are explored, CT and RT. If the number
of NCs is not altered between CT and RT, then, naively, we assume that a change in
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intensity corresponds to a change in IQE. But, if the number of NCs does change then
intensity and IQE do not need to correspond. The first, a constant number of NCs,
is explored first. To explain a decrease in PL intensity we have two options either: i)
an increased rate of non-radiative recombination, ii) by a decreased rate of radiative
recombination at high temperatures or by a combination of (i) and (ii). We can argue
that (i) appears to be physically the most likely, as thermal energy enables promotion
of carriers to higher non-radiative states (often referred to as trap states), which are
not excited at CT. However, an increase in non-radiative rate should result in an increase in the measured PL rate, and thus a decrease in the observed lifetime at higher
temperatures. The observations show an increase in lifetime at higher temperatures
though.
For the second case, (ii) a change of radiative rates, to be the dominant requires a
decreased radiative rate at high temperature which leads to a decreased total rate. A
possible explanation offered in literature for lengthening the radiative lifetime is the
appearance of a slow radiative process at higher temperatures, in the form of above
band gap radiative trap states (as suggested for CdS, CdSe and ZnS QDs, [183]). These
are state that are thermally excited, and have slow radiative recombination, but are not
affected by the non-radiative transitions. Yet, a higher energy state, should also appear
as a blueshift in the emission spectrum and have slower recombination rates than the
excitonic transition, both of these effects are not observed.
Alternatively, we consider the radiative changes more generally, and based on the
RCT
CT
experimental findings, IQE
IQERT = 2 and RRT = 10 and the radiative rate has to change

We can see therefore that changes in intensity, lifetime and IQE cannot be simply
explained by addition of slow radiative transitions, only speculative ideas that lead to
a 20 fold increase in radiative rate such as phase changes or bound transitions could
clarify the findings. While a phase change, or bound polaron/self trapped exciton state
are possible, we have no direct evidence for their existence. With this conclusion, it
is wise to question our initial assumption; that we have a fixed number of contributing
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R

by a factor Rr,CT
= 20, a value which would not be influenced by changes in the
r,RT
non-radiative rate. Moreover, at CT, the radiative ground states are fast (100 ps − 1 ns)
triplet states [154]. In order to slow down the radiative rate, we can consider thermally
accessible higher energy slower states. With each added state only up to ∼ 1.3×
lifetime lengthening can be obtained. In essence it is hard to compete with a fast
radiative process using a slow radiative process. So from the above mechanisms we
expect to have some effects on lifetime, but a 20 fold increase in Rr is unfeasible.
Within this line of reasoning, the only alternative then is that we completely modify,
and turn off, the CT radiative transition. Perhaps, this can be understood as thermal
dissociation of a highly emissive bound state, such as a polaron, self trapped exciton,
or crystal phase related radiative transition (as discussed in section 8.4.1).
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NCs at the different temperature regimes. Next we explore the second possibility, dividing our ensemble into different particle populations, which have different possible
transitions.

CH. 8

Bright and dark population
Whether or not a fast transition at CT takes place, to fully explain the observed
trends in lifetime and intensity with changing temperature, different particles in the
ensemble are necessary, i.e. different particle populations. We propose two different
populations in the NC ensemble; a dark and a bright population. While both populations emit at low temperature, at high temperature the dark population never emits,
and is dominated by extremely fast non-radiative processes (at least faster than the experimental resolution). This way a lowered PL intensity at RT is observed, but would
also require the observation of two lifetimes at CT.
Moreover to explain the lifetime and IQE characteristics, we again turn to the
differentiated populations. The bright particles can behave as discussed before, with
some limited changes observed in their lifetime and IQE, but with a lifetime that has
to be at least in agreement with the longer ensemble lifetimes observed at RT. The
dark particles, show two distinct behaviors, at CT, the non-radiative rate is high, but
still radiative transitions are observed from the dark population, with a rate RCT =
Rr + Rnr + Rf astnr . At high temperature, the non-radiative process is so fast, that
no emission is observed anymore. Therefore, at high temperature more and more
particles go ”off”, and their fast non-radiative rate is not measured anymore in the PL
lifetime, RRT = Rr + Rnr . Thus, at room temperature the measured ensemble rate
is lower, which is what we observe.
The above analysis is a way to make sense of the observations, and not necessarily
a physical mechanism. Furthermore, differentiation into populations might seem like
an easy solution, it is also somewhat in agreement with the multi-exponential decays
observed in TRPL, in all temperature regimes, which are a clear signature of different
populations. Though, with the simplest explanation, we would observe at RT only
slow NCs, and at CT slow and fast. Yet, no slow radiative lifetime is observed at CT,
implying that the lifetimes in all situations are still altered. Ultimately, the observation of different populations is also in agreement with the observation of PL spectral
structure in CsPbBr3 . It is possible that this radiative transition might even be peak b,
observed in Fig. 8.9 as a strongly quenched peak as temperature increases.

Bright and dark population: quantification
Having made arguments as to why dark and bright populations is a viable explanation for the observations, we expand this analysis to quantify what fraction of the
ensemble is dark. As discussed before, when we let go of the constraint that the number of NCs is fixed, we actually allow for a difference between IQE and PLQY, which
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is given by the dark population,
N − Nd
IQE = P LQY
N

(8.4)

IQE is further defined as,
IQE =

Rr
τnr
=
Rr + Rnr
τr + τnr

(8.5)

And we now proceed to divide the CT case by the RT case, with the observed rate
Robs = Rr + Rnr ,
IQECT
Robs,RT
=
(8.6)
IQERT
Robs,CT

Filling in the values for CsPbI3 in Eq. 8.7 (Table 8.1 for all samples), 1.8 for the intensity ratio and 6.7 for the lifetime ratio (in the detection window where peak emission
is located, 1.72 eV at 7K (CT) and 1.79 eV at RT), we find that for every radiative NC
at RT, there are 12 radiative NCs at CT. This finding would imply that 1 in 12 NCs
takes part in RT emission, giving an upper bound on PLQY of ∼ 8%, an unusually
small PLQY which does not agree with other observations. [7] In fact, the analysis
assumed that the radiative rate is constant (with negligible influence from an above
band gap radiative trap state) at CT and RT, and therefore is probably an overestimate
of the number of dark NCs. We can therefore extend Eq. 8.7 to include changes in
radiative rate and find the following relation:
rem =

N − Nd,CT
ICT τr,CT τRT
=
N − Nd,RT
IRT τr,RT τCT

(8.8)

τ

Where the radiative lifetime ratio τr,CT
< 1, therefore we can say Eq. 8.7, and the
r,RT
values found before, give an upper limit to the fraction of dark NCs. Especially conτ
sidering the high PLQY of these materials at RT. We can expect for τr,CT
≈ 0.2 in
r,RT
order to obtain more reasonable values of PLQY.
To conclude this section, we have explored the PL lifetime, intensity, and IQE, at
CT and RT. A change in PL intensity can be a result of either a change in IQE, or not;
implying a change in number of emissive NCs. Both of these cases were explored, and
it seems most likely both effects take place a at the same time. We identify, by handling
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where in the above relations, N is the total population of NCs, Nd the amount of dark
NCs. [42] As we did not measure the PLQY at CT, we assume the intensity I is, and
stays proportional to the P LQY when changing sample temperature. We can rewrite
this as
ICT τRT
N − Nd,CT
=
(8.7)
N − Nd,RT
IRT τCT

Chapter 8. CsPbX3 PL mechanisms

Sample
CsPbBr3 - P3
CsPbBr3 - P4
CsPbBr3 - P6
CsPbI3

RT/CT PL
intensity

τRT [ns]

0.5
0.9
0.55
0.55

3
4
5.5
19.6

τCT [ns]

Emissive
NC ratio,
nems,CT
nems,RT

0.4
0.4
0.4
2.9

15
11
25
12

Table 8.1: PL parameters of the four samples studied in this work: the intensity ratio
between integrated RT PL and CT PL. The mean lifetime at CT. The mean lifetime at
RT. The ratio of number of emissive NCs at CT to RT.

each case separately, that the results can not be explained satisfactorily by one effect.
This does not yet identify the exact mechanism but brings us closer to it, as we now
can identify that a mechanism the increases the radiative rate at CT substantially is
needed. Possibilities, that were also discussed before, include crystal phase change,
and highly emissive bound states that thermally dissociate, such as polaron or a self
trapped exciton.

CH. 8

8.4.6

Probing radiative states

Having argued that there are different populations of CsPbBr3 NCs that behave
differently at cryo- and room-temperature. We can try and probe the different populations more directly, in order to study them. We do this by varying the excitation power
and observing the PL of the different populations.
In Fig. 8.12-(a) we present the CT PL spectra of CsPbBr3 ensemble studied in
this way. When normalizing the intensity of spectra, we can more clearly observe
the change in spectral shape and underlying contributions, and though it might look
like the lower energy peak is decreasing in intensity, this is merely the normalization;
both peaks are increasing in intensity as excitation power is increased. By fitting the
spectra with the sum of two Gaussian distributions we can quantify the contribution of
each as a function of excitation power. In Fig. 8.12-(b) we show the observed intensity
of each of the contributions as a function of excitation power. Using a power law to
fit the different regimes, [184] I = CP k , where I is the integrated intensity of the
contribution, P the excitation power, and k the fitted coefficient. At lower excitation
power we find both contributions to increase in intensity almost linearly (k = 1) with
excitation power. At a certain threshold power we observe the contributions changing
their behavior, and the lower energy contribution becomes strongly sub-linear (k < 1).
Such power dependent behavior of different contributions can tell us something
about the origins of the contributions. The results are consistent with a lower energy
saturating transition, and a higher energy non-saturating transition, so how does this
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0.6

k=

.4

k=0

1

k=

Figure 8.12: PL Power dependence Left, spectrum of CsPbBr3 ensemble PL, at three
different excitation powers. Right, intensity of the two fitted contributions within the
power dependent spectra, with the dashed lines indicating power law behaviors as
comparison.

Having ruled out two plausible mechanisms we can find support for the model of
defect related emission. Defects in crystal structure, at the core, surface, or due to the
ligands; are often linked to similar observations. Defect transitions can appear aboveor below the band-gap. A sub-linear transition (k < 1), is more likely to come from
defects, as these are likely localized, and therefore saturate more quickly. While these
is definitely not conclusive evidence, it is a possibility. Why then do we observe different spectral shapes, and different behaviors from the different precipitates studied
(CsPbBr3 , P3-P6), and the ensemble shown in Fig. 8.12-(a). The defect states are
highly dependent on the quality and production parameters of the sample studied. The
size of the crystal, defines the surface to volume ratio, and depending on the location
of the defect affecting PL, each NC size might have a different concentration of defects. Furthermore, the sample quality can vary greatly from batch to batch, due to
variabilities in the synthesis, and will strongly depend on sample age in combination
with environmental effects such as moisture content, and light exposure. [169] Diroll
et al. [161] do not observe such distinct side bands, and claim this is the result of
their unique synthesis method. In essence, the strength of inorganic perovskites NCs
is their facile synthesis, which undoubtedly enables many kinds of defects in these
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compare with different emission models. If we consider phonon side bands due to
polaron formation, we do not expect them to show such different power dependence
between the different side bands. Moreover, higher order transitions due to multiexcitonic transitions are also not consistent with the results. A multi-exciton will
behave super-linearly as the regime of two (or more) absorbed photons per NC is
reached.

Chapter 8. CsPbX3 PL mechanisms
complex crystals, and it is exactly this strength that hinders us from pinpointing the
exact defect mechanism.
Another remark regards the higher energy transition. While we attribute the sublinear lower state to defect related emission, the higher state as well shows a sublinear character. The most important finding here is in fact, the difference in behavior
between the states, which strongly indicates different emission mechanism. The distinction of linear/sub-linear character suffers from the technical difficulty which is the
laser beam in-homogeneity. Even an ideal laser beam (which we do not have), has
a Gaussian profile, thus exciting part of the ensemble with higher powers than other
parts. This results in a mixture of regimes, measured at once, and in many cases the
mixture contains the linear and the saturated regime appearing together as an averaged
sub-linear regime. We therefore conclude that the lower lying state has a different and
is saturating more strongly.
In literature reports of power dependence PL studies at CT show comparable results. [185] report similar behavior, though on CsPbBr3 nanosheets, with quite similar
interpretation of the mechanism. While [157] also presents similar findings their interpretation differs slightly but also attributes the lower energy peak to a bound carrier
transition.

CH. 8

8.5

Conclusion

This chapter studies the PL properties of CsPbBr3 and CsPbI3 NCs, at RT and
CT, with the goal of probing the underlying radiative and non-radiative recombination
mechanisms. Some of the PL properties at CT and RT can be understood within
existing frameworks, in which thermal expansion and phonon interactions control the
observed behavior of emission intensity, line-width broadening, and spectral shifts
as a function of temperature. Nevertheless, the explanations are inconclusive and
potentially require added contributing factors.
We identify that the temperature dependent spectral shift is dominated by linear
red-shift of the emission energy, and an additional blue-shift at temperatures for the
80 − 150K range. While the linear part is understood within a lattice expansion, the
origin of the blue-shift is unclear. We expand the analysis from the envelope emission
peak, and focus our attention on the behavior of the sub-peaks within it. Using this
approach, we identify a quenched transition (peak b) that might explain the decreased
intensity at RT.
The long PL lifetimes at RT are harder to understand within those frameworks,
and require us to introduce the complication of different populations of NCs within
the ensemble. Taking this analysis further, and quantifying the changes in PL intensity
and time resolved PL at different temperatures, it is possible to give rough estimates
on the relative populations of dark and bright crystals, and observe that the majority
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of nanocrystals become dark at RT.
Additionally, the PL ensemble spectra have been compared with those of single
NCs, obtained by microPL. In microPL we did not observe the signature effects of
polaron formation, with large Huang-Rhys factors. We postulate that the side bands in
PL spectra of CsPbBr3 NCs are most consistent with a combination of a few radiative
transitions and defect states. While these findings argue against polaron formation,
still we can speculate as to whether it can form under the right conditions.
Ultimately, while we have considered many mechanisms, there exist more possibilities: a low temperature phase change or a more exotic bound state, such as a
polaron, self trapped exciton, or a defect state. According to our results, it is possible that the local environment, crystal size, and specifics of the surface and defects,
have big implications on the optical properties, varying greatly from NC to NC, and
therefore making their identification elusive. We have proposed several frameworks
through which PL properties can be analyzed, and the right combination of contributing factors can be found. At this stage the complete understanding of the plethora
of experimental observations remains elusive. The presented research provides some
general frameworks in which the results should be considered, but clearly further research is necessary to resolve all the microscopic aspects of emission from IP-NCs.
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Summary

In this PhD thesis, titled ”Controlling Light Emission of Nanoparticles” we try to
improve our understanding of how nanostructures behave and how we can manipulate
their light emission. The light we observe from these materials originates from the
nanoparticles within them: nanocrystals and rare-earth ions. In this study, different
aspects within the photoluminescence process of the nanoparticles are addressed in
order to ultimately make them more attractive for application.
We employ two different methodologies to study and influence the nanomaterial
properties. Firstly, in chapters 2-4, we manipulate the surrounding of the emitters,
while keeping the inherent carrier properties within the nanoparticles unperturbed.
Secondly, in chapters 5-8, we focus on the carrier properties, and attempt to understand and influence different radiative and non-radiative mechanisms related to photoluminescence. What then follows is a breakdown of each of these parts into the
constituent chapters.
In chapter 2 the structure in which the nanoparticles – silicon nanocrystals (Si
NCs) – are embedded, is modified. We focus on a particular fabrication technique:
high temperature annealing of sputter-deposited Si-rich SiO2 (SiOx ), and explore the
use of multilayer (ML) structures as an approach to effectively control the NC size.
We find that ML structures do give more control over size, but this is not by the layer
thickness, but by diffusion of silicon inside the Si-rich nanolayers and across the SiO2
spacer layers. This insight allows us to better understand how to fabricate better Si
NCs.
Next we try to address a fundamental issue of Si NCs: their broad light absorption.
In order to use Si NCs as efficient downconverters, we want to make use of their
efficiency enhancing mechanisms which can only be applied in a selected part of the
solar spectrum. But Si NCs have broad light absorption, and while they might enhance
one part, they also absorb other parts of the solar spectrum, but at a loss. In chapter 3
we attempt to taylor the absorption by the Si NCs, to those parts of the solar spectrum
we can utilize efficiently. By employing a metamaterial structure that gives rise to
Mie resonances, we can effectively focus only a part of the solar spectrum onto the
NCs. We find that even though we have less Si NCs in the metamaterial than in the
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reference sample, their selective light absorption and resulting emission is increased.
Such a metamaterial structure can easily be used in future devices.
In analogy to the former chapter, in chapter 4 we again make use of a metamaterial.
This time not to enhance selective absorption and resulting emission, but to enhance
only the light emission itself. Red emission of Eu-doped GaN (GaN:Eu) is highly
desirable and has many applications in light emitting devices. The problem is that
current GaN:Eu materials show insufficient emission intensities. The metamaterial
explored here enhances the extraction efficiency of red Eu emission out of the GaN
layer, and directional light output is increased by 60%. We even find that per available
Eu-emitter in the material, the directional light output has increased by up to 12.8
times.
Having explored three different material structures that enable different kinds of
control over the light emission properties, we now proceed to explore properties that
relate to the mechanisms and processes happening within and between nanoparticles.
In both chapter 5 and chapter 6, we make use and explore sensitization mechanism
of rare-earth (RE) ions. Sensitization proceeds through energy transfer from photogenerated carriers in the hosting material to the RE ion, promoting an excitation of the
ion. Effectively, we excite the RE ions by exciting the hosting material, and so if the
host is easily excited, this could translate to efficient sensitization. ”Could” – because
the transfer from host to ion is not easy, and in each of the two chapters we explore
the mechanism of this transfer in two different systems.
Erbium (Er) ions codoped into the SiO2 host together with Si NCs, can be excited
by two different transfer processes, a ”slow” and ”fast” one. In chapter 5 we explore the ”fast” one, as it is potentially more efficient, and show that it is mediated by
impact-excitation. The sensitizing Si NC needs to be excited with sufficient energy:
either by absorption of a single energetic photon, or of multiple small energy photons which then proceed to recombine into a single high energy exciton by an Auger
process. Both of these cases result in fast energy transfer to the Er ion.
Perovskite NCs are a natural candidate for dopant sensitization owing to their high
tolerance to crystal defects and superb optical properties. In chapter 6, CsPbX3 NCs
are employed as sensitizers for Yb ions. We observe not only efficient sensitization,
but also find that sensitization requires the use of CsPbCl3 . The larger bandgap of
CsPbCl3 couples and excites two Yb ions at once. Moreover, we find no indications
of impact-excitation that would enable higher efficiency but speculate on how it could
be achieved in the future with perovskite NCs of different composition.
In chapter 7 we return to Si NCs, and now we explore the energy transfer process
between NCs. Energy transfer is assumed to be prevalent in Si NCs, allowing excitons
to transfer from NC to NC, and possibly also to dark NCs, in that way decreasing
the average emission efficiency. We employ a technique in which we look at the
NCs’ emission at low temperature in two cases: in one case allowing them to transfer
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freely, and in the other by populating the neighboring acceptor NCs which quench
any transferred exciton. This allows us to probe the acceptor NCs, and we show that,
contrary to expectation, not only large NCs, but also small NCs can be on the receiving
end of energy transfer. This might have big implications for the so-called excitonic
solar-cells which rely on diffusion of either energy or carriers as a way to harvest the
absorbed solar energy.
Lastly, in chapter 8, we explore the emission properties of CsPbX3 perovskite
NCs. While widely investigated, the emission mechanism of CsPbX3 perovskite NCs
is still not completely understood. We start with the simpler low temperature emission properties and extend the understanding towards the thermally dominated room
temperature processes. We identified the signature of dark NCs at room temperature, and speculate on their different contributions to the observed emission spectra.
Among these we consider polaron formation, phase changes, and the influence of
space quantization. While we do not provide a complete understanding, we do propose a framework in which to consider the emission properties of these materials in
the future.
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Samenvatting

Beheersing van lichtemissie van Nanodeeltjes
In dit proefschrift wordt getracht meer inzicht te krijgen in hoe een selectie nanomaterialen zich gedraagt. Daarnaast wordt onderzocht hoe invloed kan worden uitgeoefend op de lichtemissie eigenschappen van deze materialen en vervolgens hoe
deze benut kunnen worden. Het licht afkomstig van silicium, perovskiet en galliumnitride ontstaat uit de nano-deeltjes waaruit ze zijn opgebouwd: nano-kristallen en
zeldzame aardmetalen. Verschillende aspecten van het lichtemissie-proces van de
nano-deeltjes komen aan bod met het doel ze te kunnen toepassen in toekomstige
technologische ontwikkelingen.
Er wordt gebruik gemaakt van twee methodes om de eigenschappen van de nanodeeltjes te beı̈nvloeden. Ten eerste, in hoofdstukken 2-4, veranderen we de omgeving
van de nano-deeltjes terwijl we geen directe invloed uitoefenen op de ladingdragers
in de deeltjes (de elektronen bijvoorbeeld). Vervolgens, in hoofdstukken 5-8, leggen
we juist de focus op de ladingdragers die verantwoordelijk zijn voor de processen in
en tussen de nano-deeltjes. Hierna volgt een uitvoerige uitleg van elk van de hoofdstukken.
In hoofdstuk 2 bestuderen we de structuur waarin silicium (Si) nano-kristallen
zijn omgeven. We leggen de focus op een bepaalde fabricagetechniek (kristalgroeitechniek) van de nano-kristallen: sputter-depositie van laagjes siliciumrijk siliciumdioxide, gevolgd door hoge temperatuur tempering. Hierbij maken we gebruik van
een multilaag-structuur opgebouwd uit laagjes die nano-kristallen bevatten en daartussen barrière-lagen. Deze structuur moet ervoor zorgen dat de grootte van de nanokristallen beperkt wordt door de dikte van de laagjes waarin de kristallen groeien.
Maar wat blijkt, de kristalgroei wordt niet beperkt door de laagdikte, echter de dikte
van de tussenliggende barrière-lagen bepaalt of groeibeperking zal plaatsvinden. Met
deze nieuwe kennis kunnen nano-kristallen met een nauwkeurig gedefinieerde grootte
gefabriceerd worden, en daarmee ook de eigenschappen van verschillende diameters
beter worden onderscheiden.
Vervolgens wordt de focus gelegd op een fundamenteel probleem van Si nanokristallen: de brede band van lichtabsorptie. Als we Si nano-kristallen een toepassing
willen geven als licht-omvormer voor zonnecellen, dan is het nodig om gebruik te
kunnen maken van de unieke efficiëntie-verhogende processen die de nano-kristallen

Chapter 8. Samenvatting
bezitten. Deze efficiëntie-verhogende processen vinden plaats in een beperkte band
van frequenties in het hele zonnespectrum, maar de nano-kristallen absorberen meer
frequenties dan die beperkte band. Het doel in hoofdstuk 3 is om de absorptie te
verhogen voor een bepaalde frequentieband, en verlagen voor de rest. Op die manier
proberen we het materiaal toepasbaar te maken voor allerlei technische applicaties.
Door de nano-kristallen te fabriceren in een bepaalde structuur die een meta-materiaal
wordt genoemd, ofwel een periodieke structuur met een golflengte kleiner dan het
licht, ontstaan er Mie resonanties. Deze Mie resonanties zorgen voor een verhoogde
selectieve absorptie van bepaalde frequenties.
In hoofdstuk 4 maken we op een soortgelijke wijze gebruik van een meta-materiaal
maar wel met enkele essentiële verschillen. In dit geval gaat het niet om invloed uit
te oefenen op de lichtabsorptie en de resulterende emissie, maar zal enkel de lichtemissie beı̈nvloed worden. We maken hier gebruik van gallium-nitride (GaN) waarin
het zeldzame aardmetaal europium (Eu) is verwerkt, met als resultaat Eu gedoteerde
GaN (Eu:GaN). GaN is een veel gebruikte halfgeleider voor LEDs, en de toevoeging
van Eu geeft de mogelijkheid om rood-licht LEDs op basis van GaN te realiseren. Het
probleem met huidige Eu:GaN materialen is de te lage rood-licht emissie-intensiteit.
Het meta-materiaal dat hier wordt onderzocht, verhoogt de extractie van lichtemissie
uit de Eu:GaN. Het zorgt voor directioneel licht met een intensiteit die tot wel 60
Na het onderzoeken van de omgeving van de nano-deeltjes om de emissie ervan
te beı̈nvloeden, zal er nu ingezoomd worden naar welke processen zich binnenin en
tussen de nano-deeltjes plaatsvinden, en hoe deze zich manifesteren in de emissie
eigenschappen. In de hoofdstukken 5 en 6, bestuderen we de excitatie mechanismen
van zeldzame aardmetalen (ZA’s) verwerkt in Si nano-kristallen en perovskiet nanokristallen. ZA’s zijn normaliter moeilijk te exciteren, maar door gebruik te maken van
energie-overdracht van nano-kristallen op ZA ionen, is excitatie wel mogelijk. Dit
overdrachtsproces vind niet gemakkelijk plaats omdat het afhankelijk is van verschillende eigenschappen van de nano-kristal. In dit proefschrift zullen de verschillende
overdrachtsmechanismen worden onderzocht en vervolgens zal er gekeken worden
hoe we de overdracht kunnen faciliteren. Net zoals Eu in GaN, bieden deze ZA’s
kansen voor vele toepassingen. Erbium en ytterbium, beide ZA’s, worden veel gebruikt voor hun optische eigenschappen in lasers en glasvezels. Het faciliteren van
een efficiëntere excitatie met behulp van nano-kristallen is daarom wenselijk.
Erbium (Er) ionen die samen met Si nano-kristallen worden verwerkt in siliciumdioxide (SiO2), kunnen geëxciteerd worden door de nano-kristallen. Eerder zijn er
twee mogelijke overdrachtsprocessen tussen de nano-kristal en de Er ion geı̈dentificeerd,
een langzaam en een snel proces. In hoofdstuk 5 bestuderen we het snelle proces, omdat het onderliggende mechanisme nog onbekend was en omdat het proces potentieel
veel efficiënter is. Uit dit onderzoek is gebleken dat een proces genaamd impactexcitatie ten grondslag ligt aan het snelle proces. Om impact-excitatie te faciliteren is
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het nodig dat de nano-kristal voldoende energie krijgt zodat er een exces aan energie
in de nano-kristal ontstaat. De energie-exces kan dan worden overgedragen aan een
Er ion, en op die manier gaat die exces niet verloren. Dit proces van energie overdracht van enkel het energie-exces noemen we impact-excitatie. Om de nano-kristal
een energie-exces te geven kan op twee manieren worden bereikt, met een enkele hoge
energie foton of met meerdere lage energie fotonen die in de nano-kristal samen recombineren tot een hoge energie excitatie (Auger recombinatie). Bij afwezigheid van
deze exces energie zien we het snelle proces verdwijnen, en blijft alleen het langzame
proces optreden. Hiermee is de onderliggende mechanisme van de snelle overdracht
proces geı̈dentificeerd.
De opname van ZA ion in een bestaande kristalstructuur kan deze structuur verstoren, en daarmee negatieve effecten veroorzaken. Perovskiet nano-kristallen hebben
bewezen zeer tolerant te zijn tegen deze structuur-storingen – kristal-defecten. Die
tolerantie alsmede de uitstekende optische eigenschappen maken perovskiet nanokristallen natuurlijke kandidaten om ZA’s te exciteren. In hoofdstuk 6 worden CsPbX3
nano-kristallen gebruikt om ytterbium (Yb) te exciteren. We vinden niet alleen zeer
efficiënte excitatie van de Yb ion door de nano-kristallen we verder hoe we dan wel
de excitatie efficiëntie verder kunnen verhogen.
Hoofdstuk 7 bestudeert weer Si nano-kristallen, en hierbij wordt gekeken naar
de overdracht van energie tussen verschillende nano-kristallen. Energie-overdracht
(EO) wordt gezien als een gangbaar proces, waarbij de excitatie energie – de exciton
– wordt overgedragen van nano-kristal naar nano-kristal. We weten al dat er ook
defecte — donkere nano-kristallen bestaan, en het is waarschijnlijk dat EO naar een
donkere kristal ook bijdraagt aan de energieverliezen. EO wordt onderzocht door
de ontvangers van EO te beı̈nvloeden. Als deze al geëxciteerd zijn dan zal een EO
naar een “bezette” kristal tot niets leiden, en dit wordt herkend door de afname van
lichtemissie. Op die manier wordt geprobeerd de ontvangers van EO te identificeren.
In tegenstelling tot wat er van tevoren werd gedacht, functioneren niet alleen grote
nano-kristallen als ontvangers maar ook de kleinere nano-kristallen. Dit kan grote
gevolgen hebben voor de zogenoemde excitonische zonnecellen waarbij er gebruik
wordt gemaakt van energie-overdracht om de energie uit de zonnecel te extraheren.
Ten slotte, hoofdstuk 8 bestudeerd de emissie eigenschappen van CsPbX3 perovskiet nano-kristallen. Terwijl deze groep materialen al enkele jaren veel worden
bestudeerd, is het lichtemissie-proces niet compleet duidelijk. Eerst wordt er gekeken
naar de lage temperatuur eigenschappen, om vervolgens de processen die bij lage temperatuur worden geı̈dentificeerd uit te breiden, en de complicaties die kamertemperatuur met zich mee brengt mee te nemen in die processen. Donkere kristallen tussen de
nano-kristallen worden ook geı̈dentificeerd bij kamertemperatuur. Vervolgens worden
allerlei mogelijkheden overwogen om de emissie-eigenschappen te verklaren. Onder meer overwegen we Polaron formatie, fase overgangen en de invloed van ruimte
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kwantisatie. Ook al hebben we geen compleet begrip vergaard, zijn er wel verschillende kaders geschetst waarin de emissie-eigenschappen in de toekomst bestudeerd
kunnen worden.
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gedeelte dankzij jou. Je hebt me altijd gestimuleerd met technische en wetenschappelijke kennis. Een simpele vraag over de werking van iets werd altijd beantwoord
met een lang technisch verhaal, zeker als het auto gerelateerd was. Ik betrap mezelf
met diezelfde eigenschap inmiddels. Ima Gila, jij hebt me altijd op school gepusht
om te presteren en ver te komen, met onvoorwaardelijke liefde. Dit is tot nu toe nog
steeds zo, en ik weet dat ik altijd op je kan rekenen voor steun en advies. Jasmin, best
sister ever, het is zo mooi om te zien hoe je carrière vlucht heeft genomen en je een
mooie familie opbouwt. Het is altijd gezellig als we wat dagen weer samen kunnen
zijn of een lang telefoongesprek met je te hebben. Je begrijpt me als geen ander.
En last but not least, Bregje, schatje van me, bedankt voor alle liefde, zorg, geduld
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en steun. Samen met jou durfde ik het Japan avontuur aan te gaan, je pushte me door te
gaan als de motivatie even weg was, en je was de beste publiek voor mijn presentaties,
maar het belangrijkste is dat ik wist dat ik altijd thuis mijn plekje had met jou (en de
katjes) om me op te laden vóór een dagje labwerk. Ik mag mezelf gelukkig prijzen
met jou aan mijn zij.
Thank you for reading,
Bedankt voor het lezen,
Arnon
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