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Abstract

The worldwide struggle to renew the human energy supply to high
environmental friendly standards has led to creative and innovative
solutions for the supply of ‘green’ energy. The financial benefits of
conventional energy sources restrain the widespread use of renewable
energy sources, like wind or solar energy. This competition requires
ingenuity and sometimes the reinvestigation of possibly prematurely
dismissed solutions, such as the luminescent solar concentrator (LSC).

In this research an inorganic thin film LSC is characterized exper-
imentally in detail in terms of all the separate light transport steps
that result in the concentration of sunlight. A 3 ym thin film of Eu3*
doped LusO3 was chosen for of its large Stokes’ shift, which excludes
all transport losses due to self-absorption and allowed to study losses
caused by scattering at interfaces of the LSC.

A model is presented which can be used to calculate the LSC light
transport efficiency as a function of LSC surface area. This model needs
the easily measured linear attenuation as input, which characterizes
the transport efficiency. A second more elaborate analytic model is
developed to separate the losses in the film and in the substrate. This
model also considers the non-uniformity of the attenuation length.

The quantum efficiencies of our LSCs following from the measure-
ments are in the order of 15%, which is less than ideal, mainly due
to a poor 34 — 44% luminescence quantum efficiency and a 53 — 656%
waveguide efficiency.

Measurements have shown some discrepancies. Both the absorption
spectrum and the time resolved luminescence spectrum did not show
the expected behaviour upon change of europium concentration. The
directional output measurements did not show the expected relative
intensities of the film and the substrate. Qualitatively, however, the
model and measurements are similar. Complimentary measurements
could reveal the causes of these quantitative differences. A possible
reason could be that some waveguide modes are not supported by the
film.

The modelling reveals that, in order to have building integrated
LSCs simultaneously acting as windows, the linear attenuation length
in the LSC should be longer than one meter. This is in contrast to the
values in the order of tens of millimetres, which have been measured
for the LSCs in this work.

If such attenuation lengths are realised, power efficiency calcula-
tions reveal power efficiencies of up to 16% for the appropriate combi-
nation of luminescent material and solar cell.
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Chapter 1

Introduction

One of the big aims in photovoltaic (PV) research is to make photo-
voltaic energy competitive in prize with conventional energy resources. Be-
side making the PV-cells more efficient, there is a second option, namely
concentration of the sunlight onto the PV-cells. This decreases the surface
area solar cell needed, which in turn lowers the costs of a PV-module.

Sun Light

LSC V9 p

(a) (b)

Figure 1.1: (a) [1] shows some differently coloured LSCs, with the bright
concentrated light at the outcoupling surface. (b) shows schematically the
working of an LSC. The sun light (purple) is absorbed by a luminescent centre.
The centre emits the red light isotropically, of which a substantial part is
guided towards the solar cells at the perimeter.

This work is all about luminescent solar concentrators (LSCs), of which
a few are shown in figure 1.1(a). LSCs concentrate solar light by means of
luminescence, hence their name.

Luminescent solar concentrators, date back from the 1970s [2,3]. LSCs
are a very attractive concept for a concentrating PV-module for numerous
reasons: low cost production opportunities, the LSC can operate in diffuse
light, therefore not needing expensive solar tracking devises, and finally, due
to the luminescence, only light matched to the solar cell’s bandgap will be
collected by the PV-cells, resulting in higher PV efficiencies. In recent years
there has been a renewed interest in LSCs due to the urgency of development
of sustainable technology combined with new ideas on light trapping and new
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1. Introduction

photostable luminescent (nano) materials and dye molecules with broader
absorption and less self-absorption. [4-7]

In general LSCs consist of a slab of dielectric material containing a lu-
minescent material (organic dyes, quantum dots, or Rare-earth complexes),
with PV-cells connected to the perimeter of the slab. The luminescent cen-
tres absorb the sunlight incident on the face of the LSC, and isotropically
emit light at a slightly lower energy. The major part of the emitted light is
trapped inside the slab, and is guided to the solar cells at the perimeter, see
figure 1.1(b).

Figure 1.2: Artist impression of a building integrated LSC, absorbing the
UV-spectrum and emitting in the red. The window is still transparent for the
visible light.

Two main types of LSC can be identified. The first is the single plate con-
centrator, in which the luminescent centres are homogeneously distributed
throughout the plate. The second type, which is considered in this paper,
is the thin film LSC. Such LSC consists of an optically passive glass- or
polymer-based substrate coated with one or more luminescent layers.

Though the concept of LSCs is very promising, problems like photo-
degradation [8-10], limited spectral sensitivity [11], or self-absorption losses
[12], have so far prevented large scale use of LSCs.

All problems have been addressed individually, like Wu et al. [13], who
reported rare earth complexes showing absorption in de VIS-spectrum and
IR emission with zero self-absorption loss. Earp et al. [14] reported in 2004
an LSC with a light transport half-length of 1.2 m (corresponding to a
waveguide attenuation length of about 1.7 m). Kennedy et al. [15] presented
an LSC based on quantum dots, overcoming the problem of photo stability
at the cost of lower luminescent quantum yield. Such limitations of the total
LSC PV-module cause the application of LSCs to still remain a castle in the
air.

An interesting application would be building integrated (BI) LSCs [16],
in which the windows of e.g. office buildings are coated with an UV ab-
sorbing luminescent thin film, and can therefore act as (additional) power
supplies for such buildings. As office buildings often have shaded glass, par-
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tial absorption in the visible part of the solar spectrum would be acceptable
as well, yielding better usage of the available sunlight and increasing feasi-
bility of the BI LSC, of which an artist impression is shown in figure 1.2.

In the first part of this work the basics of the theory of luminescence is
explained, section 2.1 covers in short energy levels , phonons, various types
of luminescent materials and selection rules. In section 2.2 the principles
behind two layer LSCs are explained, mainly covering the theory of waveg-
uiding in planar waveguides. Next, in section 2.3 all loss processes con-
cerning LSCs are treated. As this is of most importance for this research,
this section is quite elaborate. It is in this section that two complementary
light transport models are presented, allowing for the calculation of the light
transport efficiency.

In the next chapter, chapter 3, the experimental approach is written
down, following the order of the losses described before. This chapter is
followed by chapter 4, in which the production processes and treatments of
the samples and their physical properties are discussed. Chapter 5 shows,
again in the order of section 2.3, the results of the different measurements.
The results of chapter 5 are discussed in the context of building integrated
application in chapter 6, revealing necessary followup experiments, given in
chapter 7.
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Chapter 2

Theory

In this chapter three main topics will be covered. First, in section 2.1,
the basics of luminescence are explained, which is an essential part of lu-
minescent solar concentrators (LSC). Second, in section 2.2, the principles
of a two layer LSC are covered. Last, in section 2.3, all limiting contribu-
tions to the efficiency of the LSC are explained. With these contributions
an estimation is made of the achievable power efficiencies of LSCs.

2.1 Luminescence

Luminescence is the emission of light by a material, which is not caused
by its temperature. There are many types of luminescence, e.g. chemilu-
minescence, electroluminescence, or photoluminescence. In these types the
luminescence is due to energy freed by respectively a chemical reaction, an
electric potential or absorbed photons.

The last, photoluminescence, is the luminescence a luminescent solar
concentrator works with. Photoluminescence can be divided into two sub-
catagories, i.e. fluorescence and phosphorescence. The difference between
these two is mainly the decay time. Fluorescent light is emitted almost
instantly after absorption, whereas phosphorescent light is radiated signifi-
cantly after illumination. The reason behind this is that phosphorescence
is caused by spin-forbidden transitions, and fluorescence is caused by spin-
allowed transitions [17]. In this work, however, I will not use this distinction,
and will refer to it by the general name luminescence.

For a good understanding of luminescence one should know the basic
physics behind the atomic structure. One of the first useful descriptions of
the atom was a positively charged nucleus build out of protons surrounded by
negatively charged electrons. This system was described as a linear harmonic
oscillator (HO). [18] The harmonic oscillator can be described by its electric
dipole moment with a characteristic angular frequency wgy. The higher the
frequency the higher the energy of the harmonic oscillator. As light is an
electromagnetic wave it interacts with this oscillating charge. It can in fact
be absorbed by the HO, upon excitation of the HO to a higher energy. In a
similar way this harmonic oscillator can emit radiation at an energy decay
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2. Theory

rate of Ag, given by equation 2.1.

2, .2
€"Wy

Ay =

=0 2.1
6megmec? (2.1)

In this equation e is the electron charge, ¢y the permittivity of vacuum,
me the electron mass and c the speed of light.

One of the biggest problems is that in this atomic model the atom loses
more and more energy, until finally the electron is no longer oscillating.
This was solved by the introduction by Bohr of the quantized model, which
stated that the electrons are allowed to be in a discrete set of orbitals only.
The addition of Pauli’s exclusion principle prevents from all electrons being
in the same lowest energy orbital, as electrons are Fermions and no two
Fermions can be together in the exact same state.

Figure 2.1 schematically shows a few energy levels of a three electron
atom. The electrons are depicted as an upward or a downward black arrow,
respectively spin up or down. In the left picture the atom is in its ground
state, i.e. all electrons are in the lowest possible energy level. The electron in
the 2s level cannot go to the 1s level, because that level is already occupied
and Pauli’s exclusion principle dictates that at most one electron is in one
particular state. If a photon with energy equal to the energy difference 2p-2s
is incident, the atom can be excited, i.e. the electron is transferred from the
2s level to the higher energy 2p level. As nature strives for the lowest energy
occupation, i.e. the ground state, the electron will fall back to its original
state under emission of a photon again with energy 2p-2s, see the rightmost
picture in figure 2.1. This shows roughly one luminescent cycle of absorption
and emission.

3s 3s

Photon
Photon
» — — —— 2p —,.—P— » — ——

25—1— 25— 2 _lm_
15~H~ 75% ’S‘H‘

(a) (b) (c)

Energy

Figure 2.1: Schematic drawing of a three electron atom. The electrons are
depicted as black arrows, upward for spin up and downward for spin down.
(a) the atom is in its ground state, i.e. all electrons occupy the lowest possible
states. (b) the atom is excited under absorption of a photon. (c) The atom
relaxes under emission of a photon.

The moment of emission of the photon is determined by the radiative
lifetime, 7,44, which is related to Einstein’s equation [18] for the rate of
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2.1. Luminescence

spontaneous emission A,,,, between states m and n: [19]

w3

mn 2
Apn = Ireoh® | My, | (2.2)
M.y, is the mechanical dipole moment, containing terms related to the
electrical dipole, the magnetic dipole and higher order perturbations like the
electric quadrupole.
In reality the excited state m relaxes to several states n, resulting in a
radiative lifetime according equation 2.3. [19]

1
Trad = —=———
ra Zn Amn
Next to Einstein’s equation for the rate of spontaneous emission exists

a second Einstein equation describing the transition probability for absorp-
tion. [18]

(2.3)

2.1.1 Phonons

So far atoms were treated as if they were on their own. In reality they
are often part of a crystal lattice. In the lattice the atoms feel each others
presence. One way of describing this interaction is to consider them con-
nected to each other by springs. [20,21] Now one can imagine these atoms
do not stand still, but are vibrating. Due to the interconnections between
the atoms these vibrations behave like waves in the lattice. These lattice
waves are called phonons.

Considering a 1-D chain of atoms connected by Hookean springs with pe-
riodic boundary conditions, one can fairly easy derive the dispersion relation
for this chain, equation 2.4.

1
WM = 4K sinz(ika) (2.4)

w

T

g Optical branch

Acoustic branch

0 k

Figure 2.2: Dispersion relation of a three dimensional crystal with two dif-
ferent atoms, leading to an acoustic and an optical branch divided into three
levels.
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2. Theory

In this equation w is the angular frequency, M is the mass of the atoms,
K is the spring constant connecting the atoms, k£ is the wave number and
a is the distance between two atoms in equilibrium. Equation 2.4 dictates
which angular frequencies are allowed inside the crystal. Though this is a
very simplified model, after all it is a 1-D chain with only one type of atoms,
it gives a insight in the behaviour of bulk material. The behaviour in 3-D is
quite similar; in figure 2.2 the dispersion relation is given for a 3-D crystal
with two different atoms. The two types of atom cause a splitting in an
optical and an acoustic branch, where as the multi-dimensionality causes
the splitting of these branches. The vibrations described by equation 2.4
behave like ordinary harmonic oscillator, and is therefore restricted to the
following energies, in which n represents the number of phonon quanta:

1
The phonons can act parasitic on the luminescence in the sense that
phonon relaxation could be more likely than relaxation by emission of a
photon. The phonon relaxation can be understood by the configurational

model, which qualitatively describes multiple luminescent characteristics.

2.1.2 Configurational model

[17,18] A simplified model of luminescence, the configurational model,
gives relatively easy insight in a number of luminescent processes, like phonon
relaxation and the Stokes’ shift!. The configurational model considers the Iu-
minescent ion connected to its neighbours by Hooke’s law, which is quadratic
in distance. For both the excited state and the ground state the model has
a spring constant, K. and K, respectively. In figure 2.3, this quadratic
behaviour is shown for both states. One also observes a shift in the equilib-
rium positions of the ground state and the excited state, QQg, which is the
interatomic distance at the equilibrium of the ground state.

Due to this shift there is a difference in energy between the absorbed pho-
ton, dashed arrow A — B, and the emitted photon, dashed arrow C — D,
the Stokes’ shift Usyores, €quation 2.6. One should notice that after excita-
tion, the luminescent centre relaxes by phonon relaxation from point B to
point C, causing the actual shift.

1
UStokes - i(Ke + Kg)Q% (26)

Next to the Stokes’ shift the configurational model explains phonon
relaxation from the excited state to the ground state. One observes in
figure 2.3 there is overlap between the excited state and the ground state,
point E. From this point multiple phonon quanta can be emitted to bring
the electron from the excited to the ground state. So if the atom is excited,
thermal energy can cause the electron to reach point E, whereupon it makes

Lthe Stokes’ shift is the difference in energy between the absorbed and emitted photons.
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2.1. Luminescence

Total energy

Ground
state

Y

0 Qo
Configurational Coordinate

Figure 2.3: [17,18] Schematic representation of the configurational model.
Dashed arrows represent excitation under absorption or relaxation under emis-
sion of a photon. The horizontal lines represent quantized phonon energies,
hw. The excited state is shifted to Qo in comparison to the ground state,
causing the Stokes’ shift.

the transition to the ground state without emission of a photon. This will
occur with a transition probability per unit time N, given by equation 2.7.

—AU

—— (2.7)

N = sexp
s is a product of the transition probability between the ground and
excited states and a frequency with which the excited state reaches the
intersection E. This quantity s can be treated as a constant, since it is only
weakly dependent on temperature. It is called the frequency factor and is
typically of the order of 103 s1.
If the luminescence probability is defined W, related to the Einstein
coefficient A, equation 2.2, an expression for the luminescence efficiency can
be derived:

4
TmwinN
s —AU?

From this equation it is seen that the luminescence is quenched only if
the thermal energy is in the order of AU.

9 Delft University of Technology



2. Theory

2.1.3 Types of luminescent materials in relation to LSCs

Basically there exist two types of luminescent materials: organic and
inorganic. The major inorganic luminescent materials are the quantum dots
(QD’s) and Rare-earth (RE) based luminescents. All types have their own
benefits and and drawbacks, making none of them the ideal LSC candidate.
The four main requirements [22] for good LSC performance are:

1. absorption of all wavelengths smaller than 950 nm and emission at
about 1,000 nm, as silicon solar cells have their optimum at 1,100
nm.

2. minimum reabsorption losses due to overlap between emission and
absorption.

3. luminescent quantum efficiency (LQE) approaching unity, i.e. every
absorbed photon should result in an emitted photon.

4. Long-term stability, in the order of decades, to assure an equal lifetime
as the solar cells attached.

Organic luminescents, like perylene-based materials, are shown to be
stable for long enough periods and have LQE’s of near-unity. Problems
regard mostly the absorption and emission requirements (1), which are not as
required [23]. Besides, organic luminescents exhibit significant reabsorption
(2).

QD’s, like PbS, show reabsorption, LQE’s much smaller than unity and
are unstable, [23]. Nevertheless, the absorption and emission of QD’s is
tunable over a wide range of absorption and emission.

Last, the one this research is based on, RE luminescents are stable, ex-
hibit high LQE’s, e.g. reported by Quirino et al. [24] and show minimal
reabsorption due to a large Stokes’ shift, see section 2.3.5. One should know
that mainly inorganic materials are applied on a large scale. The main
challenge for RE based materials is to absorb a large part of the solar spec-
trum. The very narrow and weak absorption peaks due to f-f transitions,
see section 2.1.4, cause that only a small part of the sunlight is absorbed,
see section 2.3.1. The charge transfer (CT) band on the other hand absorbs
over a wide energy spectrum, but most of the time at energies higher than
typically available in the sunlight. This CT band energy can be decreased,
which is shown by Ten Kate et al. [25].

2.1.4 Rare-earth metals

Rare-earth (RE) metals are widely used for their peculiar luminescent
properties. For instance in LEDs, LCD screens, lasers, and in lots of other
applications. The reason is twofold; the 4f orbital is only partly filled and
is screened from its environment by the filled 5s?p® orbitals. [17,19] These
screening orbitals prevent the RE atom to strongly interact with any host
crystal. The partially filled 4f orbital provides numerous empty energy lev-
els, and therefore even more possible transitions between 4f states. Those
transitions are mainly in the visible and infrared part of the spectrum, which

R3-RD&M 10
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>
<)
T}
c
[N N]
S
)
-
=0
0

Configurational Coordinate

Figure 2.4: [17] Vibrational levels in the configurational model.

explains the optical applications of the rare-earths. Besides the 4f-4f transi-
tions, two other transitions concerning RE metals can cause luminescence,
namely charge transfer and 4f<»5d transitions. All three processes are ex-
plained in a bit more detail in the following parts.

Charge transfer transition CT transitions are transitions of an electron
from the 4f shell to a ligand, often an atom of the host crystal, or vice
versa. 4f" — Af"TIL7L or 4f* — 4f*71LFL where L is the ligand. [17,19)
Though both transitions, the ligand-to-metal (LMCT) and the metal-to-
ligand (MLCT), are allowed [19], it depends on the energies of the CT
transition and the other available transitions whether the CT transitions
are observed. The CT transitions occur with associative energies starting
from the near-UV region.

4f—5d transitions 4f— 5d transitions (4f* — 4f"~15d) are not shielded
from its environment, thus varying with host crystal. [19] The typical ener-
gies associated with these transitions are similar to the energies associated
with CT transitions. Though this might need some nuance; in most materi-
als the divalent ions (e.g. Sm?*, Eu?T, Yb?") show transitions with energies
starting in the visible region, whereas the trivalent ions (e.g. Ce?*, Pr3t,
Tb3T) have their 4f— 5d transitions higher in the UV. [17] A final remark is
that the energies of both the CT and the 4f—5d strongly depend on the type
of host lattice, as these energy levels are not shielded by the 5s2p® orbitals.

4f-4f transitions The 4f-4f transitions produce narrow and weak absorp-
tion peaks compared to the CT and 4f—5d transitions. This can be ex-
plained by looking back at the configurational model, section 2.1.2. Qg is
zero in this case [17]. The lowest energy level of the ground state has a
wave function with a maximum amplitude around zero ). The only energy
level in the excited state with its maximum around zero is the lowest energy

11 Delft University of Technology
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Figure 2.5: Absorption spectrum of Figure 2.6: Around 250 nm the

NaLaF4:2%Er®" showing the distinc- strong  absorbing CT-band of
tive narrow f-f absorption peaks of Lu;05:Eu®’ is visible. The intensity
Rare-earths. [26] of for example the "Fo —°D, transi-

tion (466 nm) can be easily compared
to the intensity of the CT-band.

level of the excited state. All other states have their maxima off-centered.
Such probability wavefunction can be seen in figure 2.4, where the low en-
ergy level is located around zero and all higher energy levels off-centered. If
Qo would be non-zero, overlap would exist with all higher energy levels, as
their maxima would shift over the maximum of the low energy level of the
ground state. This would result in a broad absorption peak, as the verti-
cal difference between the parabolas changes as function of configurational
coordinate, see figure 2.3. The fact that the absorption is weak is due to
the parity forbidden character of the 4f-4f transition, which is explained in
section 2.1.5. Due to the shielding by the 5s?p® orbitals, the location of the
energy levels is hardly influenced by the host crystal. Dieke has reported
the energy levels of the trivalent rare-earths in LaCls, which is shown in the
Dieke diagram, figure 2.7. Due to the shielding by the filled outer electron
shells, this diagram stays more or less the same for other host crystals doped
with the rare-earths.

2.1.5 Selection rules

As mentioned in the previous section, transitions can be forbidden.
Whether a transition is forbidden depends on the selection rules. The two
most important are [17], the spin selection rule, and the parity selection rule.
The former forbids electronic transitions between two different spin states:
AS # 0. The latter forbids transitions between two states with the same
parity, e.g. transitions within the d- or f-shell, or transitions between d- and
s-shells. A more detailed explanation of such transitions can be found in
references [18] or [27].

The forbidden transitions might still occur; we clearly observed the f-f
transitions in the Erbium absorption spectrum, figure 2.5. The symmetry
involved with the parity can be broken by the surrounding crystal. If this
is the case the forbidden transition can still take place. In the case of
the rare-earth ions this effect is small, as the 4f shell is shielded from the
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a0f ot "
38
36
34
32)
30|

28|

26

e
—
7
Fo

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

Figure 2.7: Dieke diagram showing the energy levels of the Rare-earth metals
in LaCls.

environment by the outer filled shells. Therefore the absorption is weak
at these transitions. An extensive description of such transition, involving
Judd-Ovelt theory, can be found in [27]. As we now have a feeling for
luminescence (with a focus on RE based luminescence), lets now explore the
LSC itself.
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2. Theory

2.2 Two layer Luminescent Solar Concentrator

A two layer luminescent solar concentrator (LSC), or previously reported
as a planar solar concentrator [28] (PSC), in principle consists of one thin
luminescent top layer (the film) and an optically passive thicker sub layer
(the substrate). The LSC is designed to collect sunlight from a large area,
trap it, and send it to the sides, where it is absorbed by a photovoltaic
cell. The workings of such LSC start with the illuminance of the film by for
example the sun, the blue arrows in figure 2.8. Part of the incident light is
reflected on the top surface (or face), part is transmitted into the film.

/ Cc,ﬁlm,air

Naim =1.9

(a) (b)

Figure 2.8: Schematic representation of a two layer LSC. The film represents
the luminescent layer, in which a luminescent centre is located at the origin
of the cones. For certain angles, emitted photons will escape from the film, as
well from the substrate, the red cone. The critical angle for which the photon
cannot escape is called (. fiim,qir- For other angles, depicted in yellow, the
photons are trapped in the film and substrate combined (the film-substrate-
complex). The last part is trapped only in the film, for angles more than
Cc,film,sub-

In this layer, or thin film, the light is absorbed by luminescent centers,
which re-emit the light at a longer wavelength, due to the Stokes’ shift, as
explained in section 2.1.2. The light emitted by the luminescent center is
radiated spherically, as the center is assumed to be a point source. Now
things get interesting. Due to the fact that the refractive indices of the LSC
are higher than its surrounding medium, it is possible to have total internal
reflection of the light, see section 2.2.1.1. This means that the light, when
incident on the boundary between the LSC and surrounding air, is totally
reflected, and therefore is trapped inside the LSC.

2.2.1 Light trapping

Two different cases are possible, first the light is trapped only in the
film, second the light is trapped in the combined system of the film and the
substrate, the film-substrate-complex, respectively the green parts and the
yellow parts in figures 2.8 and 2.9.
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2.2. Two layer Luminescent Solar Concentrator

Using equation 2.10, one sees that there exists a so called “escape cone”
from which the the light can escape the luminescent layer. This is depicted in
figure 2.9(a), which is a three dimensional version of figure 2.8. One should
notice that the escape cone of the film corresponds, after refraction according
Snell’s law, equation 2.9, exactly to the escape cone of the substrate, this is
not directly obvious, but is derived in Appendix B. This property ensures
that for the film there is only one critical angle for both the escape cones,
upward and downward.

(a) (b) (c)

Figure 2.9: (a) Escape cone of the luminescent layer into the surrounding air.
(b) Trapped light in both the film and the substrate. (c) Trapped light only
in the film.

The part of the light that is trapped travels to the sides of the LSC,
where it is collected by a photovoltaic cell.

2.2.1.1 Total internal reflection

The angle at which total reflection occurs is described by Snell’s law,
equation 2.9, which in general describes refraction of light when traveling
through a change in refractive index. [29]

n; sin ¢; = ng sin G (2.9)

If (;, the transmitted angle, reaches ninety degrees, there is no trans-
mitted wave, and sin (; becomes unity. So the critical angle at which total
internal reflection occurs is given by equation 2.10.2

Ce,it = arcsin (nt> (2.10)

2

2.2.1.2 Waveguiding

Though total internal reflection is the basic principle behind waveguid-
ing, some additional boundary conditions have to be satisfied. In a thin
film the wave character of light can become an issue, as the light can in-
terfere with itself, and could die out by destructive interference. There are

20ften these angles are labeled #. Throughout this work I have tried to be as consistent
as possible with all angles, therefore I have reserved 0 for another angle..
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2. Theory

nevertheless angles under which the light can travel through the waveguide
without dieing out, the so called propagating modes. The eigenvalue prob-
lem describing such modes for plane waves in an infinite slab waveguide can
be derived easily, and is done in many textbooks, e.g. [30, 31].

This analysis can give us, to some extend, insight in the behaviour of
slab waveguides used as LSCs; the LSC can often be approximated to be
of infinite extend, as the propagating directions are orders of magnitude
bigger than the thickness of the film. The source in an LSC, however, is not
producing plane waves, as the luminescent centres are assumed to be point
dipole oscillators.

TE ™

Figure 2.10: Graphic representation of the transfers electric (TE) and the
transfers magnetic (TM) polarizations. In the TE figure the wave vector k is
displayed along with the relation to x and the propagation constant S.

A sketch of the procedure of the derivation is given here, a more extensive
description of obtaining the eigenvalue problem can be found in e.g. [30,31].
First of all, one should note that every polarization of light can be obtained
by the linear combination of two orthogonal linear polarizations. A complete
description of the slab waveguide can therefore be obtained by the separate
description of transverse electric (TE) and transverse magnetic (TM) po-
larization, see figure 2.10. The description of the propagating modes starts
with Maxwell’s equations in the form of equations 2.11 and 2.14.

OH
E=—puyg— 2.11
V x Ho (2.11)
OE
H = n?epg— 2.12
V X ni€o 5, (2.12)
V-E=0 (2.13)
V-H=0 (2.14)

Taking the curl of Faraday’s law, equation 2.11, and eliminating H using
Ampere’s law, equation 2.12, results in the wave equation 2.15.

VZE + k3nfE =0 (2.15)
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2.2. Two layer Luminescent Solar Concentrator

In this equation kg is the free-space wave number, i.e. the modulus of
the wave vector k, and n; is the refractive index. We assume E extends to
infinity in the y-direction, and is also uniform in that direction. In the z-
direction we assume a dependancy of the form e¢”?*. With these assumptions
the Helmholtz equation, equation 2.16, is obtained from equation 2.15.

d’E

=t (kgn? — B E =0 (2.16)

The Helmholtz equation can be solved for the three-layer system assuming
exponential decay of the electric field in the substrate and the cladding,
the air, in the z-direction, and an oscillatory solution in the film. 3 is the
propagation constant. [ appears as the z-component of the wave vector.

Etiim(x) = E cos (kx — ¢) (2.17)
Eguw(r) = E exp (yx) (2.18)
Euir(x) = E" exp (=6 [x — h]) (2.19)

In these equations &, v and d are given by equations 2.20-2.22.

K=/ ks — B (2.20)
v =1/B? —n2 Kk (2.21)
§=1/B%—n2, k3 (2.22)

The relation between for instance x, 8 and ko = |k| is shown in figure 2.10.
[ is just the z-component of the wave vector.

To solve this system one needs to oppose the boundary conditions that
both E and its gradient with respect to z are continuous at the interfaces.
This will result in the final eigenequation for the transverse electric modes,
equation 2.23.

k(v +9)

2.2
pER——; (2.23)

tan kh =

The eigenequation for the TE modes is a transcendental function of g,
and can be solved numerically. A similar eigenequation can be obtained for
the TM modes, and is given by equation 2.24.

2 2 2
anilm (naiT7 + nsubé)
tankh = —5——5—— 1
- 7,szlm’y(s

(2.24)

n K

sub tair

To give an example we assume an LSC of which the film functions as
a waveguide, with refractive indices of 1, 1.77 and 1.93 for respectively the
air, the substrate and the film. The thickness of the film is 3 pm. And we
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2. Theory

Figure 2.11: The propagating TE modes (a), and TM modes (b) for an LSC,
with refractive indices of 1, 1.77 and 1.93 for respectively the air, the substrate
and the film, a film thickness of 3 ym and a vacuum wavelength of 611 nm.
The modes are given by the crossings of the left hand side and right hand side
of equation 2.23 and equation 2.24, which are plotted as a function of .

assume a vacuum wavelength of 611 nm. Both sides of eigenequation 2.23
can be plotted as function of k, as is done in figure 2.11(a).

The crossings of the right hand side and left hand side in figure 2.11 give
the values for x for which there exist propagating modes. Those modes do
clearly not from a continuum. The amount of propagating modes supported
by a waveguide increases with increasing film thickness and decreasing vac-
uum wavelength. To validly apply rayopticts it is therefore important to
have a film thickness much larger than the wavelength inside the film. To
satisfy this requirement, the film thickness should be typically in the order
of tens of micrometers when visible light is considered.

Above the Helmholtz equation 2.16 was solved for kon i > 8 > kongu,
which resulted in a discrete number of guided modes, varying sinusoidally in-
side the film and decay exponentially outside the film. Besides these guided
modes, there exists a second form of guided modes, the so called substrate
modes. These modes occur for kongu, > 8 > kongir, varying sinusoidally in-
side both the film and the substrate, and decaying exponentially outside. All
values of /3 are allowed between the given boundaries®, forming a continuum.

2.3 LSC performance

Though theory predicts total internal reflection inside the waveguide for
part of the light, a significant amount of light is still lost. For example the
first loss occurs at the face of the LSC, where part of the incident light is
just reflected. Once the light is inside the luminescent layer, the light might
not be absorbed or, if absorbed, might not be emitted again. These are just
a pick at random from the various possible loss factors in LSCs.

3The boundaries given here are a direct result of equations 2.17-2.22. If the oscillatory
mode has to be only in the film, k, v and ¢ have to be real. For an oscillatory solution in
both the film and the substrate, x and § should be real, whereas v should be imaginary.
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[/
SO

Substrate

Figure 2.12: Losses in waveguides: no photon absorption, no emission, self-
absorption, scattering, escape cone losses and surface impurity losses, respec-
tively numbers 1 to 6.

In figure 2.12 a few loss mechanisms are depicted. These losses are de-
scribed by equation 2.26, resulting in an optical efficiency 7,,,.

Nopt = ULHEULQE%MES77tmp775A77wc(1 - R) (2'25)

= Noestokes (2-26)

In this equation 7, ., is the light harvesting efficiency, described in sec-
tion 2.3.1, which is the efficiency at which the incoming photons are ab-
sorbed, e.g. in figure 2.12 ray 1 is not absorbed at all. n,,, is the lu-
minescent quantum efficiency, which is the number of photons emitted per
photon absorbed; in the figure ray 2 is absorbed, but not re-emitted. 7., is
the self-absorption, which quenches the photon output by overlap between
the emission spectrum and the absorption spectrum, ray 3 in the figure.
Nerones accounts for the energy loss caused by the Stokes’ shift. This effi-
ciency is the ratio between the emitted photon energy and the absorbed
photon energy. 7, is the trapping efficiency; part of the light absorbed is
emitted inside the escape cone, whereupon it leaves the LSC, see figure 2.9
number 5. 7, accounts for all losses due to waveguide imperfections, e.g.
scattering inside the waveguide or at the surfaces, rays 4 and 6 respectively
in figure 2.3.5. The waveguide efficiency and the self-absorption can be com-
bined in a transport efficiency 1, = 74,m,,,, as both factors decrease the
trapped light during transport to the edge.

The part of the light that is reflected upon incidence on the face is
described by Fresnel’s equations [29]. The part that is reflected is a function
of the incident angle, (;, and is given by equation 2.27. (;, the transmitted
angle, can be obtained using Snell’s law.
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n; cos G + ng cos (¢

R= % { [niCOSQ_ntCOSCt:r

2.27
ng cos G + n; cos (¢ ( )

N [nt cos G — ny cosCtr}
Given 7,,,, the power efficiency gain ®,,; is given by equation 2.28 [11],
which takes both the geometrical gain and the efficiency of the photovoltaic
(PV) cell into account. ®,,; gives the ratio of power from a PV cell attached
to an LSC to the power from that same PV cell exposed directly to the solar
radiation. If ®,, exceeds unity, the combination of the PV cell with LSC
attached delivers more power than the same PV cell without LSC. The
contrary is true for a power efficiency gain below unity.

_ Aface npv(/\lum)
opt Acdge " Npy (solar)

) (2.28)

The geometrical gain A fqee/Aedge is effectively the real concentrating
part. As the face surface, Ajqce, is bigger than the edge surface, Acgge,
on which the PV cell is mounted, the light is concentrated on the edge
surface. 1., (Ajum) is the efficiency of the PV cell at a wavelength Ajypm,
and 7, (solar) is the efficiency of the PV cell in respect to the total solar
spectrum. [32] Az, represents the emission wavelength. [12]

In the next subsections all efficiencies of equation 2.26 will be discussed
seperately.

2.3.1 "™nme - Light harvesting efficiency

To develop a highly efficient luminescent solar concentrator one of the
four main requirements is to absorb as much sunlight with wavelengths
shorter than 950 nm*, see section 2.1.3. This is quantified by the light har-
vesting efficiency, 7, ;. This quantity is described by equation 2.29. [12]

/ Seo(N) [L = 1074N] dA
_ J0

Niwe = 0
/ Seo(A)dA
0

Sso is the source emission spectrum, and A is the absorbance of the
luminescent film as a function of wavelength A\. The absorbance is dependent
on the concentration of the luminescent centers in the film and the maximum
path length in the film of an incident photon. Equation 2.29 just integrates
the absorbed light of the source, and divides it by the total incoming light.
Note the difference between the absorbance and the absorptance: the first
is defined as the the logarithm of the ratio between the incident flux and

(2.29)

4This applies of course to silicon solar cells, as the bandgap of silicon lies at about 1100
nm. When other cells are used the requirement shifts with the bandgap.
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the transmitted flux, the latter is defined as the flux absorbed divided by
the incident flux. This results in the property that the absorbance scales
linearly with concentration and material thickness, whereas the absorptance
varies exponential with concentration and thickness.

Rare-earth (RE) metals have weak absorption peaks, due to their for-
bidden f-f transitions, see section 2.1.4, which is displayed in figure 2.5. One
way to improve the absorption is to add a sensitizer (either organic or in-
organic), which absorbs the light and transfers the energy to the emitting
RE luminescent centre. [19] Another solution could be the use absorption
bands caused by charge transfer transitions, see section 2.1.4, recognizing
that these transitions mainly occur outside the solar energy spectrum. How-
ever, as indicated before, the CT band can be lowered in energy [25].

2.3.2 "rer - Luminescent quantum efficiency

The ideal luminescent material emits at least one photon per absorbed
photon. In reality however this is generally not the case. The ratio between
the number of emitted photons per absorbed photon is called the luminescent
quantum efficiency (LQE). LQEs of nearly 1 have been reported for organic
dyes in LSCs. [33] Rare-earth based luminescent materials can have quantum
efficiencies exceeding 0.9, quantum dots will not have such high LQEs. [22]
The luminescence is quenched due to non-radiative relaxation processes,
such as phonon relaxation. A simple competing non-radiative relaxation
process would result in a faster exponential decay. This directly follows
from the differential equation 2.30, in which the decay rates R, and R,, are
radiative and non-radiative respectively. I (¢) is the measurable intensity of
the luminescence as a function of time.

dI

dt

What non-radiative processes are we talking about? Lets first consider

an single isolated luminescent centre. In this case there are basically two

different relaxation processes: one associated with thermal quenching and

the other with multi-phonon relaxation. The former is already discussed in

section 2.1.2 in relation with the configurational model. Thermal quenching

uses the thermal energy to lift the electron present in the excited state (ES)

to the crossing between the excited state and the ground state (GS). At

that point the electron can make the transition to the ground state and will

relax to the bottom of the ground state by the emission of heat to the crystal
lattice.

— (R, + Ry) I () (2.30)

If there is no crossing between the states, or the energy difference AU
between the bottom of the ES and the crossing of the ES and the GS is
much larger than the thermal energy it is still possible to non-radiatively
relax. This can occur through the emission of multiple phonons into the
crystal. Such a transition has only significant probability when the energy
between the ES and the GS is less than 4 — 5 times the highest vibrational
mode of the host crystal [17].
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Again the emission intensity from a particular excited state depends on
the proportions between the quenching rates and the radiative rates.

If we go even further we can consider the presence of other luminescent
centres close to each other (high doping percentage). Now it is possible for
the excitation energy to migrate from one centre to another. Lets consider
the case with a donor (D) and an acceptor (A). The donor is excited upon
absorption of a photon (D*) and can resonantly transfer its energy to the
acceptor (D*4+A—D+A*). If the acceptor now relaxes, either radiatively or
non-radiatively, the luminescence for the donor is quenched. As the resonant
transfer of energy strongly depends on distance, this effect becomes more
noticable for higher concentrations, hence the name concentration quench-
ing.

Even when there is just one luminescent centre, i.e. just donors, concen-
tration quenching can be an issue. Consider the weakly coupled Rare-earths
(the outer filled shells screen the 4f-shell making the coupling weak). Due
to low radiative rates, caused by the parity forbidden f-f transitions, and
high spectral overlap between the absorption and emission of two neighbor-
ing centres, the D*+D—D-+D* transition can occur in the order of 10* [17]
more often than a radiative transition. This makes energy migration possi-
ble over large distances, increasing the chance of ending in a quenching site,
where it relaxes non-radiatively.

2.3.3 stokes - Stokes’ efficiency

As mentioned in section 2.1.2 the emitted photons will have a lower
energy than the excitation photons. This is due to the Stokes’ shift. The
energy difference concerned with this shift is lost to lattice vibrations, and
is therefore not longer useful. The Stokes’ efficiency 7, .. accounts for this
loss, and is defined as the ratio between the energy of the emitted photon
and the excitation photon. One should note that the energy lost due to the
Stokes’ shift in an LSC would normally be thermal loss in a PV cell, as the
associated photons would excite an electron high into the conduction band
of the PV cell.

2.3.4 e - Trapping efficiency

To determine the parts of the light which are lost directly through the
top (the red part of the sphere in figure 2.9), the part which is trapped in the
film-substrate-complex (yellow in the figure) and the part that is trapped in
the film only (green), the fractions of the respective parts of the surface of
the sphere have to be determined.

To start with the fraction that escapes (and therefore is lost), 7ty esc,
is defined as the surface area of the red part, A,.q, divided by the total
surface area of the sphere, Ay pere. The red area is given by the integral in
equation 2.31, in which R is the radius and (. fiim,qir is the critical angle
of the film-air interface. For the last step equation 2.10 is used with the
appropriate refractive indices.
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Ared
Asphere

Cc,film,air 2m
2/ / R?sinfd¢dd
0 0

AT R2

Titr.esc =

=1-—cos Cc,film,air

(2.31)

In the same way the fractions trapped in both layers and in only the
film, 9y sup and 1, rim respectively, are determined and given in equations
2.32 and 2.33.

1
Merysub = 7= {\/ n?ilm — Mgy — \/ n?‘ilm - ngub} (2.32)
N film

Ner, film = (2.33)

Though the yellow part is trapped in the film-substrate-complex, the
efficiency label is ‘sub’. This has as primary reasons that it is a clear notation
and it clearly refers to the substrate modes, which were described in sec-
tion 2.2.1.2. Furthermore, in Appendix D is explained that the light trapped
in the two layers combined is almost totally directed to the substrate.

Nirap 15 NOW given by the sum of 7y riym and My sup. In literature [12,
22,32] there is no distinction made between 7, fitm and 7 gup, but is only
Mirap concerned. This is a logic consideration when the refractive indices
of the film and the substrate are (nearly) equal. In the case of differing
indices this distinction has to be made, as the part trapped in the film
encounters lots of reflections on the surface and travels through the optically
active luminescent material, thereby increasing the chance of being lost. The
part trapped in the film-substrate-complex in contrary has less interaction,
thereby encountering a different loss rate during propagation through the
LSC.

When a silicon solar cell is attached to the sides, all vertically trapped
radiation will be transmitted through the sides of the LSC, as the refractive
index of the solar cell is much higher than that of the LSC. Though, if
measurements are performed on the LSC surrounded by air, the light can
be trapped as well in the horizontal direction, as made clear in figure 2.13.
Both in the film and the substrate the escape cones do not cover the whole
radiating sphere. E.g. the green parts in figure 2.13 will therefore not escape
the LSC or only after for instance being scattered.
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Figure 2.13: Horizontal trapping in the LSC. Horizontal escape cones are
depicted with the pink circles on the sphere.

2.3.5 sa - Self-absorption

Self-absorption is the absorption of a luminescence photon by the lumi-
nescent centres self. This occurs when overlap exists between the emission
spectrum and the absorption spectrum, of which an example is given in fig-
ure 2.14. In such a situation one luminescent centre can emit a photon which
can be absorbed by another luminescent centre. When this occurs, again
losses due to a luminescent quantum efficiency, escape cone and Stokes’ shift
occur. Self-absorption can therefore be considered highly undesirable.

If the Stokes’ shift however is big enough, no emitted luminescence will
have the energy to re-excite a luminescent centre. For more information
about self-absorption I will refer to articles covering self-absorption in detail,
e.g. [12,34], as in this research self-absorption is not an important factor.

—absorption |

<
oo
T

—emission

<
(=}
T

=]
IS
T

Intensity [a.u.]

e
[\
T

100 500 600 700 800 900
Wavelength [nm]
Figure 2.14: [22] Absorption and emission spectra of Lumogen red dye, clearly

showing overlap between both spectra. This results in the possibility for
reabsorption of an already emitted photon
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2.3.6 "wc - Waveguide efficiency

Idealy, once the light has been trapped inside the solar concentrator,
the light is transported without further losses to the perimeter of the LSC.
Aside self-absorption, see section 2.3.5, there is an intrinsic loss mechanism
caused by the LSC itself. Though theory predicts total internal reflection
inside the LSC, see section 2.2.1.1, light is lost through the surface due to
scattering. This scattering appears in limited extend in the materials (film
and substrate) self, but to a higher degree on the interfaces between the
air and the substrate, the film and the substrate, and last between the film
and the air. Measuring the loss caused by scattering is always done by
measuring the intensity of the scattered light under normal incidence from
the LSC. [35] This light is assumed to be proportional to the intensity of
the light inside the waveguide. A typical measurement uses a laser beam
coupled in to the waveguide and measuring the attenuation length, i.e. the
typical length in the exponential decay of the intensity caused by scattering,
see equation 2.34. [35-37]

r

I  exp <_u) (2.34)

In which p is the attenuation length. The waveguide efficiency can be
calculated as follows. Assume an LSC as depicted in figure 2.15 of size
W x H.

H w w+Aw
r //A‘H
Y+AY [ 2 3
yl e
X X+ Ax w

Figure 2.15: Schematic drawing of an LSC of size W x H. The fraction AzAy
radiates in the direction of S over an angle AS. This luminescence will decrease
in intensity over distance r to the edge of the LSC.

Take the surface area S = AxAy, with both Az and Ay small. This
part radiates energy pS, where p is the power radiated per unit area. The
power impinging upon the boundary section Aw radiated by S is given by
equation 2.35.

Pay.s =~ pS% exp {—T} (2.35)

’ 27 I

The exponent appears due to the exponential decay given in equation 2.34.
One should note that, when there is self-absorption, p contains the decay
to self-absorption as well. In that situation 7, changes to 7, = 1,7y,
with 7, the light transport efficiency. Letting A become very small and
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summing over the edge y = H results in the integral for the power radiated
by S incident on the the side y = H of the LSC given by equation 2.36.

arctan[H””_ ]-{—g
Py—ps = pS ’ exp _ry.8) ds (2.36)
’ 2m arctan[%] K

Now, making Ax and Ay very small, summation over them results in an
integral for the total power impinging upon the side y = H. This integral
is given by equation 2.37.

STV

In this equation r(y,3) = (H — y)/sin 8. The waveguide efficiency for
a rectangular LSC is obtained after multiplication by 1/(pW H) and the
summation of the four contributing sides of the LSC, and is given by equa-
tion 2.38. As the sides are equal pairwise, the sum of two tripple integrals
remains.

+3 H—
= dpdxd
77WG ,rectangle WHT‘./ / /ajrctan eXp { /,L Sln 5 } /8 . y
arctan W p + ) W —
exp dBdyde (238
WHW / / \/arctan { K sin 'B } ! ( )

Equation 2.39, the waveguide efficiency of a square LSC, is obtained
when the special case where H = W is considered.

arctan
nWG ,square -
W T
arctan

A similar derivation can be done for a circular concentrator, figure 2.16,
resulting in equation 2.40.

Nwa,circle — (D)2 / / / rexp{ r B, 5)} dédrdp (2.40)

With d(7, 5,€) given by equation 2.41.

7r

2exp{—r(y,u’ﬁ)} dpgdzdy  (2.37)

2 W —
exp{ } dpdxdy (2.39)
usin 8

d(r, 3,€&) = \/112 + 72 {(cosg cosf3 + sin & sin B)? — 1}

—r (cos cos f + sin € sin J3) (2.41)
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Figure 2.16: Schematic drawing of a circular LSC with diameter D. d is
the distance from luminescent area sin SASAr. 8 and £ give respectively the
angles between the horizontal axis and 7 and the horizontal axis and d. The
luminescence attenuates over distance d to the edge of the LSC.

Let us now consider the meaning of the mathematics of the transport
efficiency. Remember that the transport efficiency 7, is just the more general
case which is given by 74,7,,,. The mathematics stays the same, as p
will contain some extra information about the self-absorption loss. The
analysis will be done using the square LSC, which is just a special case of
the rectangular LSC (equation 2.38).

To get a fast insight in the integrals, the transport efficiencies have been
represented graphically in figure 2.17. Figure 2.17 (a) shows the light trans-
port efficiency, or in the case of zero self-absorption the waveguide efficiency,
as a function of the size of the LSC (or the size of the window) for various
linear attenuation lengths u. Figure 2.17 (b) shows the light transport ef-
ficiency as a function of the linear attenuation length for various window
sizes. Figure 2.17 (a) correctly shows that for small waveguide dimensions,
the transport efficiency approaches 100%. This is expected, as for small
waveguides, light does not have to travel far to reach the perimeters of the
LSC. The figure shows that for a typical window size of 2 m?, a linear at-
tenuation length p of more than 1000 mm is needed in order to have a
light transport efficiency of more than 50%. Interestingly, figure 2.17 (a)
shows that the efficiencies become more and more constant towards larger
LSC sizes. We conclude that for larger LSC sizes only a certain edge re-
gion, close to the perimeter, contributes to the total of emitted light that
reaches the perimeters. The LSC regions to the centre of the waveguide do
contribute much less, as most luminescence emitted in the centre does not
reach the perimeter anymore. In figure 2.17 (b) it is clearly visible that the
transport efficiency goes to zero for very small attenuation lengths. This is
exactly what we expect as the light is lost before it reaches the perimeter of
the LSC.5

Though these figures are informative, both pictures can be combined into
a single graph by defining an dimensionless attenuation length La = u/W.
W is chosen to be the shortest side of the LSC with dimensions W x H. Now

It is comforting to observe that the efficiency becomes high when p is close to the
window size.
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Figure 2.17: The transport efficiencies of different square LSCs as function of
LSC size (a) or linear attenuation length (b).

the transport efficiency can be plotted as a function of this dimensionless
attenuation length, which is done in figure 2.18. The transport efficiency
is plotted for three differently proportioned LSCs. Again the transport ef-
ficiency goes to zero for small u compared to the size W, and to unity for
large p compared to W.

The transport efficiency of figure 2.18 can be fitted with the empirical
formula given by equation 2.42.

La™

~ 2.42
K 1ia (2.42)

m,

In this equation La = u/W is the dimensionless attenuation length, and
n and K are two fitting parameters. Table 2.1 gives for the three plotted
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Figure 2.18: Transport efficiency of LSCs as a function of the dimensionless
attenuation length, La = u/W. W < H for an LSC with dimensions W x H

curves in figure 2.18 the values of the fitting parameters. The inset of fig-
ure 2.18 shows the residual error for the square LSC. It can be observed that
the error never exceeds a deviation greater than 0.6 percentage point.

Table 2.1: Values of the fitting parameters of equation 2.42 for LSCs with
different proportions.

W:H K n

1:1 0.547 1.117
2:3 0.673 1.113
1:2 0.760 1.106

As the two layer LSC consists of two transport guides, i.e. the film
and the substrate, two different transport efficiencies are expected. The
transport efficiency can then be given by equation 2.43. Here, both transport
efficiencies are scaled with the relative amount of light trapped in the film
and the substrate, assuring the total transport efficiency will not exceed
unity.

1

= nm"fﬂm + ntnsub [nt'r,filmnt,film + ntr,subnt,sub] (243)

Ue

2.3.7 "wower - Power efficiency

With all separate efficiencies of equation 2.26 identified it is possible to
calculate the power efficiency of an LSC with solar cells attached to its
perimeter. This is given by the optical efficiency, 7,,,, times the power
efficiency of the solar cell. The fictitious luminescent material has an ab-
sorptance of 0.8 for light with an energy exceeding the absorption edge. For
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light with lower energies the luminescent material is fully transparent. As
source an AM1.5% spectrum [38] is used, which is displayed in figure 2.19.
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Figure 2.19: ASolar AM 1.5 spec- Figure 2.20: The IQE curves of In-
trum, direct with circumsolar. GaN/GaN [39], CGS [40], cSi [41]
and CIS [42]

Now the luminescent harvesting efficiency can be calculated as a func-
tion of absorption edge using equation 2.29. The material has a realistic
luminescent quantum efficiency of 0.8 and no self-absorption, i.e. the lumi-
nescent light is outside the absorption spectrum of the material. The Stokes
efficiency has been calculated using the average absorbed photon energy of
the AM1.5 spectrum and the energy of the luminescence photons, which was
taken 10 nm longer than the absorption edge to avoid self-absorption. The
trapping efficiency was based on the refractive index of LupO3:Eu®t, which
is 1.933. Seven waveguide efficiencies have been used, based on different
dimensions of the LSC and different attenuation lengths. It is chosen to use
only one type of solar cell at a time, but different solar cells for different
absorption edges of the luminescent material. The following solar cell mate-
rials are used: InGaN/GaN [39], CGS [40], cSi [41] and CIS [42]. The power
efficiency of the solar cells was calculated as function of absorption edge us-
ing the internal quantum efficiencies, shown in figure 2.20. A second energy
shift was added to discard the excess energy of the luminescence photons
compared to the band gap energy of the solar cells.

In figure 2.21 one finds the resulting power efficiencies for different sized
LSCs and for different attenuation lengths. In figure 2.21 (a) one finds the
power efficiency, which is the power delivered by the solar cell divided by
the illumination power incident on the LSC. Figure 2.21 (a) gives the power
delivered per area solar cell.” This is where the concentrating effect really
becomes apparent. The sun delivers a power of about 1 kWm™2, whereas
the the solar cells deliver a power in the order of tens of kWm™2.

SAM]1.5 indicates that the sunlight is considered which had a path length through the
atmosphere of 1.5 the atmosphere thickness. AM is short for air mass.
"The area of solar cell is based on an LSC thickness of 3 mm
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Figure 2.21: The power efficiencies of complete PV devices as a function of
absorption edge of the luminescent material. In (a) the power efficiencies are
shown for different sized LSCs and different attenuation lengths. In (b) the
output power per area solar cell is given. The IQEs of the different solar cells
used in the calculations are given in figure 2.20.

Delft University of Technology



2. Theory

2.3.8 Directional intensity profile

Though the ability to give some quantitative scale on the transport losses
using a single attenuation length has been suggested before [14], this might
need to be reconsidered. As the angle under which the light travels through
the waveguide changes, the interaction with the interfaces and path length
change. The more interaction, the more loss, which suggests an angle de-
pendent attenuation length. This dependency must become apparent when
looking at the output profile, as for such a profile the angles inside the wave-
guide vary. This is the reason to consider the output profile, of which the
concept is shown in figure 2.22.

Laser

Luminescence

Figure 2.22: Schematic representation of the directional output profile.

When light is incident on an LSC, part of the light is absorbed, emitted,
trapped and guided in the LSC. Once reaching the perimeter of the wave-
guide the light is either refracted out of the LSC or reflected back in. The
light refracting out is interesting as it results in a potentially measurable
directional intensity profile. Using ray optics an analytic expression can be
derived for this intensity profile without imposing too many restrictions. As
written in section 2.2.1.2 the assumption that ray optics fully applies to thin
films may be the weakest link in this theory. Nevertheless, this theory can
also be applied to LSCs with thicker films, or even single slab LSCs without
a film.

In figure 2.23 the relevant angles are depicted for the directional intensity
profile calculations. The objective is to give an expression for the intensity
radiating from the perimeter (interface 1) of the LSC as a function of the
two viewing angles 6 and ¢. It is assumed that the luminescent centres (the
red dot) are radiating isotropically. The angles are named such that the
capital characters denote angles inside the substrate, and the lower charac-
ters denote the emitting and observation angles. Besides, the angles o and
A relate via Snell’s law equation 2.9, through interface 2, and the angles 6
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and © do so through interface 1.

Film
\
!
, F 7@ Substrate
Interface 2 TA Ja) =
® \
o
W

Figure 2.23: Relevant angles for the directional intensity profile calculations
depicted in a schematic view of a thin film LSC. Capital characters denote
angles inside the substrate, whereas lower characters denote the emitting and
observation angles.

First step is to notice that the power radiated from a luminescent centre
through a solid angle defined by small angles da and df is given by the
following expression:

P
dP = —sinadadp (2.44)
47

In this equation Py is the total power radiated by the luminescent centre,
and o and ( are the angles as defined in figure 2.23.

Now the only trick is to rewrite o and [ in terms of the observation
angles ¢ and . Which leaves us with equation 2.45.

dp:%sin[a@, )][ et dﬁ] [ §d¢+ o8 dH] (2.45)

This equation can be worked out neglecting quadratic terms in da and
df to equation 2.46.

Oa 0B da 0

B Py .
dp_47rsm[oz(¢,9)]{ %% + 00 3@25

} dgdo (2.46)

Note that the absolute values of the products of the derivatives are con-
sidered in equation 2.46, as angles flip sign when reflected at a surface. From
this result one obtains the intensity as function of ¢ and 0 after dividing by
the infinitesimal area sin 6 d¢ df. The result is written in equation 2.47.
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1(,0)

_ Pysina(g,0) { (2.47)

47 siné

Oa 08 da 0
ww+ww}

The second more laborious step is to write o and 8 in terms of ¢ and
f. This exercise is done for both the film and the substrate separately, but
involve the exact same steps. For the substrate only an additional refraction
in interface 2 is added.

3
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Figure 2.24: The intensity emitted from the film as function of 0 for ¢ = 0 and
Py, =1W. (a) and (b) are representations in a cartesian and a polar coordinate
system.

2.3.8.1 Film

First is the refraction through interface 1, giving the following relations:
(p)=¢

©(#) = arcsin <nmr sin 0) (2.48)

N film

The expressions for A and B as function of ® and © are not obvious,
but can be derived with goniometry, and are given in equation 2.49.

A(¢,0) = arccos {cos [@(¢)] /1 — cos? @(9)}

1 —cos?2O(6)
) 2.49
[2(9)] \/1 — cos? [P(9)] (1 — cos2©(h)) } ( )

B(¢,0) = arcsin {sin

In the simple case of the film, the angles A and B equal the angles o and
B respectively. Combining equations 2.48 and 2.49 result in the following
expressions for « and S as function of ¢ and 6.
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2 qin2 0
a(p,0) = arccos (COSd) naw251n>

nfilm

Sin ¢ nZ;L'r?SZIHQ 0
wm
V (2.50)
1— n2, cos? ¢sin? 6
n?ilm

Now all derivatives can be calculated. With those and equation 2.47, the
directional intensity profile for the film can be determined. This exercise is
best done with a mathematical program like ‘Maple’ or ‘Mathematica’, as
big not informative formulas are the result. Though the expression itself is
not given here the result is plotted in figure 2.24.8

B(¢,0) = arcsin
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Figure 2.25: The intensity emitted from the substrate as function of 6 for
¢=0and P, =1 W. (a) and (b) are representations in a cartesian and a polar
coordinate system.

2.3.8.2 Substrate

The derivation for the substrate is similar to the one for the film up to
equation 2.49.9 At this point an additional refraction through surface 2 is
added to go from A and B to respectively o and (3, see equation 2.51.

a(,0) = arcsin (nSUb sin A(¢, 9))

N film

B(¢,0) = B(9,0) (2.51)

This results in the following equations for « and § as function of ¢ and

8The functions of the film intensity and the substrate intensity are given though in

Appendix E.
90bviously the refractive index of the film in equation 2.48 will change to that of the

substrate.
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Tsub

n2. cos? ¢sin? 0
nsub\/l -~y
a(¢,0) = arcsin

N film

2 2

. n<. sin® 6

Sin ¢y [ —4—— -
SUu

2 2 12
1— ng.. cos2 ¢sin“ 6
Tsub

Again writing out the expression for the intensity as function of ¢ and
0 is best done with a mathematical program. In figure 2.25 the resulting
intensity for ¢ = 0 is plotted as function of 6.

B(¢,0) = arcsin

(2.52)
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Figure 2.26: The intensity emitted from the substrate, the film and the sum of
both as a function of 0 for ¢ =0 and P, =1 W. (a) and (b) are representations
in a cartesian and a polar coordinate system respectively.

2.3.8.3 Extended model

So far, no losses are introduced, giving the opportunity to define the
ideal output model equation 2.53, which combines the output of the film
and the substrate.

Iideal (¢ = 07 9) = |AIsub (Qb = 07 9)| + |BIf7,lm (¢ = 07 9)| (253)

Iy and Iy, are the respective output profiles of the substrate and the
film. The ideal model, and the two separate intensity profiles are shown in
figure 2.26.

This output profile though, is not what will be observed. Two reasons
can be given. First, not all light that reaches the perimeter of the LSC is
coupled out. Due to Fresnel reflections part of the light is reflected back
in the LSC. As the sides are painted black, this light will never be able
to reach the outcoupling surface again. Therefore, a factor T', the Fresnel
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transmission has to be added, which is given by 1 — R, with R the Fresnel
reflection, given by equation 2.27. This transmission factor depends on the
refractive index of the air, the refractive index of either the film or the
substrate, and the viewing angles 6 and ¢. Note that ¢ is chosen zero in the
experiments.

Figure 2.27: Schematic representation of the end of an thin film LSC.

Second, there is an angle dependant loss during transport. If we look
at figure 2.27, we see that the larger © the more interaction exists with the
interfaces. So we can conclude that the attenuation length p is not constant
with angle ©. We can however define i as equation 2.54, in which [ is the
distance from interface interaction to interface interaction, like shown in
figure 2.27.

p=pl(©) (2.54)

The intensity drops exponentially over distance, with attenuation length

p.  Furthermore, a decrease proportional to 1/L is expected, due to the
radial spread in intensity. So, at the edge the intensity has dropped with a

factor:
1 [ r] 1 [ L}
—exp |—— = —exp|——
T oy L L i
1 L |tan ©|
— Zexp | —
L P ohji
1 [T

This exponential attenuation and the internal reflection are added to the
ideal output model, given by equation 2.53, which results in the extended
output model, given by equation 2.56.

A _T(airnsup.9)

Iezt (QS = 07 0) - fe Fosub Isub ((Z) = 07 9) T (naim Nsub, 0)
B 7F(”ai~r1"film’9)
+ ze Hfitm Ifilm (¢ =0, 9) T (nair, N film, 9) (2.56)
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Given [i can be determined using a directional measurement and the for-
mula of the extended output model, the transport efficiency can be deter-
mined by the weighted superposition of the transport efficiencies associated
with the respective propagation angles.

/ £(©), (fi,h, ©) dO
/f«»d@

With f(O) the angular distribution function. 7, (&, h,©) is given by
equation 2.38, 2.39, 2.40 or 2.42.

Lets write down the transport efficiencies of the film and the substrate.
As the angular distribution in the film is homogeneous, f is just a constant.
Resulting in the simple equation 2.58 for the transport efficiency of the film.

77/27Cc,film,5ub 5
/  (i.h, ©) 46

o 2.58
nt,lem 71'/2 — Cc,film,SUb ( )

n, = (2.57)

The angular distribution function of the substrate can be found consid-
ering the refraction in interface 2 shown in figure 2.23. If we express A in
terms of a and take the derivative with respect to «, we obtain the angular
distribution function.

_ 9
~9A“

= i arcsin Heub sin A
N 0A N film

fsub (9) (A)

_ Tgub COS A (2.59)

n?  sin? A
sub

Nfiimy /1 — "

A is defined as /2 — ©. Using this relation the transport efficiency for
the substrate is given by equation 2.60.

71'/2_Cc,sub,air _
/ o (O, (7,1, ©) do

7r/2_Cc,sub,air
/ fsub (@) de
0

(2.60)

/rlt,sub =

2.3.8.4 Validation

One obvious quick verification of the ideal output model is to calculate
the amount of power radiated from one side of the perimeter of the film by
integration of the intensity from the film over all angles. This value can be
compared to the calculation of the loss through the escape cone, which is

R3-RD&M 38



2.3. LSC performance

given by equation 2.31 in section 2.3.4. It appears indeed that the following
equality holds if Py = 1:

w2 n?cilm - n?n'r
2 Ifiim(,0)d0dp = 1 — | L0 o (2.61)
o Jo Neiim

A second easy check is to define n i, = ngyp. By doing so, the substrate
will just act as the film, as there is no discernable interface between them
anymore. What is expected is that the output profile of the substrate will
equal that of the film. In a mathematical program, like Maple or Mathe-
matica, it is easy to verify, that this is indeed the case.

Figure 2.28: Schematic drawing of the alternating behaviour in LSCs. «, [ and
0 are shown for n = 3.

If not the whole LSC is illuminated one should be careful applying this
angle dependent theory. If the illuminated area is too small, one will observe
alternating behaviour in output as a function of angle. This is easy to
understand if you consider the excitation spot at the downside of the LSC,
see figure 2.28. Without reflections the first part will exit the LSC in upward
direction. With only one reflection the light will exit in downward direction,
and so on. As will be shown below, there are a few ways to overcome this
effect. To see how, the effect is described mathematically first.

Consider an excitation spot at distance L from the out-coupling surface.
Define a length [ parallel to L, giving the distance between two reflections,
which is given by equation 2.62, with n the number of reflections.

== (2.62)

n

Define o to be the angle for which n reflections occur, given by equa-
tion 2.63, in which A is the thickness of the substrate. In this expression the
oscillating character shows up in the last term.

tan © = % (—1)ftoor(m (2.63)

Using Snell’s law, equation 2.9, the exiting angle, 6 can be defined as
equation 2.64.
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0 = arcsin {ng,;, sin O} (2.64)

Using equations 2.62 and 2.63, equation 2.64 can be rewritten as equa-
tion 2.65.

h
0 = arcsin { nguy———a b (—1)fl00r(®) (2.65)

L1+ 22
Equation 2.65 clearly oscillates as function of n, as all other parameters
are exclusively positive. Secondly, # appears to be a function of the ratio

h/L. The behaviour of the light distribution due to changing n or ratio h/L
is shown in figure 2.29.
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Figure 2.29: The exiting angle  as a function of number of reflections inside
the LSC, showing a discontinuous output profile. Figure (a) shows the exiting
angles for a substrate thickness, h, of 3 mm and excitation distances, L, of 3
cm and 2.8 cm. Figure (b) shows the exiting angles for a substrate thickness,
h, of 250 ym and an excitation distance, L, of 3 cm.

Figures 2.29 (a) and (b) clearly show that the thinner the substrate the
more reflections occur. The discontinuities decrease in size as well, therefore
it can be concluded that the thinner the substrate, the less pronounced the
discontinuities are. Due to the dependence on the ratio h/L, the opposite
is true for the excitation distance L, as can be seen in figure 2.29 (a).

There are a few conditions under which the discontinuities are indis-
cernible. First of all, when the ratio h/L becomes very small. Secondly,
when the excitation is spread out over a larger area instead of a small
spot. The effect of a bigger spot can be understood considering figure 2.29
(a). Assume the two lines displayed are showing the angular output of
the two limits of the excitation spot, i.e. the spot extends over the area
Liose timit = 0.015 m to L = 0.03 ¢4y 1imst m. In this situation all values of
f in between the green and blue lines are present as well. This smears out
the discontinuities. It can easily be shown!'® that full overlap starts when
Ltar timit = 2Lciose timits here Lyqr 1imi is the furthest edge of the excita-
tion spot from the outcoupling surface and Lgjse 1imit the closest edge of

10 Just solve the equality 3 (h/Lfar timit,n = 2) = B (h/Leiose timit,n = 1).
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the excitation spot to the outcoupling surface. The figure shows indeed that
B (h/L =0.003/0.03,n =2) = f(h/L =0.003/0.015,n = 1). A last option
is to add an extra film to the other side of the substrate. The output angles
will be mirrored in the n-axis, forming a continuum.
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Chapter 3

Experimental Approach

In this chapter the several experimental setups are discussed. Almost all
measurements are linked to one of the efficiencies described in section 2.3.
In total five of these efficiencies are determined experimentally, viz the
light harvesting efficiency, the self-absorption, the luminescent quantum ef-
ficiency, and the light transport efficiency. An extra characterisation of the
LSC is performed by measuring an excitation spectrum.

3.1 Light harvesting

The light harvesting consists out of two parts, i.e. the reflection mea-
surement and the transmission measurement. As the reflection, transmission
and absorption should add up to unity, the only unknown is the required
absorption.

3.1.1 Reflection measurements

The reflection has been measured for 250nm only. A laser beam impinges
upon the surface of the LSC at a small angle (about 3 degrees). With a power
sensor (Thorlabs S120UV, 200-1100nm) the beam power is measured before
and after the reflection. The ratio gives the reflection. Figure 3.1 shows the
the setup schematically. The transparent power meter is of course removed
while measuring the reflection.

Power meter

-

Power meter Sample

Figure 3.1: Schematic representation of reflection measurement setup. [43]

3.1.2 Transmission measurements

Transmission measurements have been performed using two different se-
tups. One using a Bruker Vertex 80v, section 3.1.2.1, and the other using
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a fiber optic spectrometer and light source of AvaSpec, section 3.1.2.2. The
transmission spectrum is for both setups determined by the division of the
transmission spectrum by the lamp spectrum.

Source

Detector
Sample compartment

\
\
\
\ |
1

Interferometer

Figure 3.2: Schematic representation of an FT-IR spectrometer. [43]

3.1.2.1 Bruker Vertex 80v

The Bruker Vertex 80v consists basically out of four main components,
which are the light source, the Michelson interferometer, the sample com-
partment and a detector, as depicted in figure 3.2. As explained above, the
light travels from the light source through the interferometer, through the
sample, and is collected by the detector. The principle behind is based on
interference of the light with itself, caused by difference in path length after
splitting of the illumination beam. The transmission signal is measured for
many positions of the movable mirror of the interferometer, resulting in a
set of measurements with different interference. A Fourier transform of the
acquired data yields the transmission spectrum. A detailed description can
be found in for instance reference [44].

Table 3.1 gives the different light sources and detectors used for the
different spectral regions.

Table 3.1: Lamps and detectors with their emission and sensitivity ranges.
Source Appendix C.

Lamp Region Emission range [10% cm™!]
Deuterium UV-VIS 40-13

Tungsten VIS-NIR-MIR 25-2

Detector Region Sensitivity range [10° cm™!]
GaP D520 Uv 60-20

Si D510 VIS 40-10

InGaAs D424 NIR 16-5
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Czerny-Turner Monochromator

Source
T

Detector | Optical fiber

Sample

Figure 3.3: Schematic representation of the Avantes setup. The left part is
a schematic representation of the detector section with the Czerny-Turner
monochromator [45], the right part is the light source. The purple lines rep-
resent polychromatic light from the source, whereas the other coloured lines
represent monochromatic light.

3.1.2.2 AvaSpec-3648

The transmission measurements have been performed using a AvaLight-
DHc light source, emitting in the UV-NIR spectral region, and an AvaSpec-
3648 Czerny-Turner spectrometer.

In figure 3.3 the Avantes setup is shown. The setup consists of two parts:
one containing an AvaLight-DHec light source, emitting in the UV-NIR spec-
tral region, the other an AvaSpec-3648 Czerny-Turner spectrometer and a
detector. From the source the light is guided towards and from the sample
through an optical fiber. The Czerny-Turner monochromator selects one
wavelength by means of a revolving grating, shown in figure 3.3. For a more
detailed discussion of such a monochromator see [46]. This single wavelength
is recorded by a ccd camera. The division of the transmitted spectrum by
the reference spectrum (measured respectively with and without a sample
in place) yields the transmission spectrum.

3.2 Self-absorption

To determine whether there is any self-absorption or not, an emission
spectrum is needed along with the absorption spectrum. The emission spec-
trum shows the spectrum of light emitted by a luminescent material when
illuminated with monochromatic light.

The emission spectrum is obtained by excitation of a luminescent sam-
ple at one fixed wavelength and the detection of the emitted light at vary-
ing wavelength. This measurement is performed with the setup shown in
figure 3.4. The source, a 450 Watt Xenon-lamp lamp, is shown at the
right. With the monochromator directly left to the source the excitation
wavelength is selected. Then the monochromatic light hits the sample,
which emits the sought-after spectrum. To obtain this spectrum the sec-
ond monochromator selects one wavelength at a time, see e.g. table 3.2,
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Monochromator

Filter
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Figure 3.4: Schematic representation of the setup used for obtaining the emis-
sion and excitation spectra. On the right the source is displayed. After the
source is the first monochromator, selecting the illumination wavelength. The
luminescent sample is placed in the illumination bundle. From the emitted ra-
diation one wavelength is selected by the second monochromator, after which
it hits an detector.

which is recorded by the ccd camera. Additionally, a filter can be placed in
front of the detector to avoid registration of higher harmonics present in the
lamp spectrum. A full setup description is given by Bos et al. [47].

3.3 Excitation measurements

After having measured the emission spectrum of a sample, it is possible
to measure the excitation spectrum for one of the the previously obtained
emission peaks of the sample. The excitation spectrum gives the emission at
one wavelength as function of excitation wavelength. The basics of the exci-
tation measurements are very similar to these of the emission measurements,
i.e. the same setup is used. Again the 450 Watt Xenon-lamp source is used,
but instead of fixing the excitation wavelength, the emission wavelength is
fixed at the position of the emission peak. The first monochromator selects
one wavelength at a time, and illuminates the sample step by step with a
different wavelength, see table 3.2. The second monochromator selects the
wavelength of the emission peak.

As the spectrum of the lamp is not uniform in intensity, the obtained
spectrum is corrected for the spectrum of the lamp. Additionally a filter can
be placed behind the first monochromator to avoid illumination by higher
harmonics present in the lamp spectrum.

Table 3.2: Example of settings for emission and excitation measurements on
a Lu,O3:Eu®t film.

Excitation [nm] Emission [nm)]

Emission spectrum 250 400-800 increase by 1
Excitation spectrum  200-560 increase by 1 611
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3.4 Luminescent quantum efficiency

An important factor in the quality of luminescent materials is the lumi-
nescent quantum efficiency (LQE), see section 2.3.2. The LQE is is defined
as the ratio of the number of photons emitted to the number of photons
absorbed.

A convenient way to estimate the LQE is by comparing the lumines-
cent decay times of the luminescent material and a reference material. The
reference should be of course of the same material, but with a low dopant
concentration and at low temperature. This ensures that there is no con-
centration or thermal quenching in the reference measurement.

The luminescent decay time is the characteristic time in which the inten-
sity of luminescent light decays after a pulse of illumination of the lumines-
cent sample. It is difficult to measure this decay directly, therefore so called
time-correlated single photon counting is used, which is well described by
Bollinger and Thomas [48].

The basic principle is as follows. One flashes with a light source on a
luminescent sample, causing the sample to emit photons, which are detected
by a detector. Now the source intensity is turned down till per flash (start)
only one photon is detected by the detector (stop). The time between the
start and the stop is recorded by a time to digital converter (TDC). Repeat-
ing this measurement many times gives the probability curve for measuring
a hit after a certain time. This principal is depicted in figure 3.5.

There is one problem at this stage, which is that if the intensity is too
high there will be more fast stops. Unless the intensity is so low that per
start less than one stop is registered, this results in a bias for short start-
stop separation times, which results in a systematic statistical error in the
measurement. results in long measuring times in order to obtain enough
hits to have a statistically sound result.

A solution is to detect whether stops are detected after the first stop. If
so, one can decide to reject such measurement. This is the so call single-hit
method, ruling out the bias for short times.

An even better method is described by Moses [49], which is based on
the multi-hit TDC. This TDC can digitize multiple stops, and thereby sig-
nificantly increase the measurement speed. Next to this, the TDC can still
reject measurements with n + 1 stops if the TDC can only digitize n stops.

Figure 3.5 schematically shows the used setup for this research. At the
right bottom the Xenon flash lamp is depicted. This lamp is triggered by a
50Hz pulse generator, which also sends the start signal to the multi-hit TDC
(LeCroy 4208). The flash illuminates the sample, which emits light into the
monochromator (Jobin Yvon H10). The light of the selected wavelength
passes through towards the channel photomultiplier (CPM), which detects
the photon and sends a stop signal to the TDC. The TDC returns the
timestamps of the digitized stops.
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|
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Pulse Generator

Monochromator
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Figure 3.5: Schematic view of the time-correlated single photon counting
setup. The purple line is the polychromatic light coming from the Xenon
lamp, the blue line is the polychromatic light coming from the luminescent
sample, the red line is the monochromatic light coming through the monochro-
mator. The CPM is the channel photomultiplier.

3.5 Light transport efficiency

Measuring transport efficiencies in thin films has been done for many
decades. Mostly this is done in the context of data signal transport. [35,
37,50] In order to prevent dispersion of the data, single mode waveguides
are used for this purpose mostly, see section 2.2.1.2. Most of the techniques
used to measure the transport losses involve prism coupling!, in which light
is coupled in the film using a prism, see section 3.5.1. In the case of LSCs
however, not a single mode is considered, but all plus the substrate modes.
An already available way to couple the light in the LSC is to use a laser to
excite the luminescent material, this method is described in section 3.5.2.

3.5.1 Prism thin film coupled waveguide loss measurements

As described in section 2.3.6 the intensity of light trapped inside a wave-
guide decreases exponentially as it travels along the waveguide. This is due
to scattering or self-absorption. To measure this decay it is desirable to
couple a laser into the waveguide. One way to do that is to use a coupling
prism [35-37,50], as depicted in figure 3.7. A laser beam is incident on the
prism, in which it is refracted according Snell’s law, equation 2.9. Then the
beam is coupled into the LSC, again undergoing refraction. None of the
angles shown in figure 3.7 exceed a critical angle, i.e. the beam will transit
al interfaces. Nevertheless, angle 0; exceeds the critical angle of the film-air
interface, therefore undergoing total internal reflection, thus being trapped
inside the film.

Figure 3.6 shows the total coupling setup. Now the laser light has been
trapped inside the film, multiple options are available to measure the attenu-
ation of the trapped light. Option 1 given in figure 3.6 shows the possibility
of measuring along the waveguide with a CCD or a fiber bundle [37], or with

'Tien et al. [51] describe even more techniques including grating coupling and side
coupling
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Figure 3.6: Prism coupling setup with attenuation measurements in two dif-
ferent ways.

a photograph [35,50]. Option 2 shows a setup where the intensity is mon-
itored at the end of the waveguide. In this case the position of the prism
coupling has to be varied. The latter is hard to achieve as the coupling
changes every time it is replaced. The light has to tunnel through the air or
optical coupler between the prism and the film, the efficiency of tunneling
strongly depends on the coupling pressure applied to the prism. Attenuation
setups are commercially available, e.g. at Metricon Corporation [52].

Film

Substrate

Figure 3.7: Schematic representation of the prism coupling setup. The laser
beam comes from above, refracted inside the prism and refracted inside the
thin film of the LSC. None of the angles «;, a:, 0;, and 0, exceed a critical
angle. Whereas the 0; exceeds the critical angle between the film and air.

With such setups however only one waveguide mode at a time is excited.
In the case of LSCs it is desirable to measure the effect of all waveguide and
substrate modes. This can be done using laser excitation, which is explained
in section 3.5.2.

3.5.2 Laser excited waveguide loss measurements

In order to excite all modes of the LSC at once, one can make use of the
principle idea behind the LSC, i.e. absorption, emission and trapping light.
The principle of measuring the attenuation upon excitation has been proven
to be be a working procedure by Earp et al. [14]. The setup used in this
research differs little from the one used by Earp et al. Instead of a linear
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source a point source is used in this research. This is done for two reasons,
first, a point source is available ,and second, on a small sample as used in
this research the line source is less predictable than the point source.

A schematic representation of the used setup is shown in figure 3.8. The
LSC is fixed between two hollow clamps. The 250 nm excitation beam illu-
minates the LSC through the hollow clamp to prevent any stray light from
reaching the optical probe. The optical probe is positioned very close to the
surface of the LSC. The intensity of the scattered light is monitored along
r. The probe is connected to a Ocean Optics QE65000 Czerny-Turner spec-
trometer, making it possible to measure spectrally resolved, which assures
that only light from the LSC is measured.

r[mm]

\4

250 nm Laser Fiber optic probe

Figure 3.8: Schematic representation of the laser excited attenuation mea-
surement. The laser beam excites the LSC through a hollow clamp. With a
fiber optic probe the scattered luminescence is measured along r.

3.5.3 Directional output measurements

In order to discern between the losses in the film and the film-substrate-
complex a more advanced measurement is performed, i.e. the directional
output measurement.

The setup used is relatively simple and is shown in figure 3.9. The LSC
is excited in one point with a 250 nm tunable laser. The LSC is positioned
such that only the light emerging from the outcoupling surface can be de-
tected by the photodiode (International Radiation Detectors Inc. model
SXUV20BNC). The photodiode is placed 1.2 meters from the LSC, making
the LSC a point source, as the LSC thickness is 3 — 4 orders of magnitude
smaller. The photodiode is placed at the end of a long tube with some aper-
tures inside, to narrow the viewing angle of the diode.? The photodiode is
connected to a Keithley 6517A current meter, which monitors the current
while the angle 6 is changed. Before every measurement a Thorlabs S120UV
power meter is placed in the excitation beam to monitor the laser power.
At the same time a dark measurement is performed with the photodiode
without laser excitation. In the figure the output profile, which is to be
determined, is plotted in red.

*Pravettoni et al. [53] have done similar directional measurements. They, however, did
measurements close to the LSC. Then the LSC cannot be seen as a point source, excluding
the possibility of describing the output analytically.
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Figure 3.9: The setup for measuring the output profile. The LSC is illuminated
by a 250 nm laser. The power meter monitors the laser power in between
measurements. The current of the photodiode measured as a function of
angle 0. The profile in red is the expected ideal output profile.
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Chapter 4

Samples

During the experiments two LSCs have been used, which are displayed
in figure 4.1. In this chapter the fabrication process, the further treatments
and the dyeing of the samples is explained.

The material properties of the two samples of figure 4.1 are listed in
table 4.1.

Table 4.1: LSC material properties.

Figure 4.1: Left Right
Substrate: c-cut AlOj3 c-cut Al;O3
Thickness substrate: 3 mm 250 pm
Diameter: 5 cm 5 cm

Film: Lus03:4%Eu3t  LugO3:8%Eust
Thickness film: 3 pm 3 pm

Figure 4.1: Two samples. The left sample is a 3 mm thick Al,O3; substrate
with a 3 pum Lux03:8%Eu®" film on both sides of the substrate. The right
sample is a 250 pym thick Al,O3 substrate with a 3 ym Lu203:4%Eu®t film on
both sides of the substrate. The left concentrator is excited with a 250 nm
laser, showing the light transport through the LSC. The round edges have
been dyed black.
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4.1 Fabrication & treatment

The LSC samples have been produced by Boston Applied Technologies,
Inc. The substrates were made of c-cut Al,Og3 (sapphire) with thicknesses of
3 mm and 250 pgm. The LuyO3:Eut films were applied using a dip-coating
technique!. The films have an europium concentration of 4% and 8% for
the 3 mm and 250 pum thick substrates respectively. The exact procedure,
of dipping coating and annealing is unknown.

Before measurements can be performed a few processing steps are taken.
First, as the 3 mm sample was circular, it needed to be diamond sawn to
produce one straight edge.

The edge is wet polished afterwards, using Silicon Carbide 500 grit sand-
paper. The straight edge of the 250 ym LSC is polished as well, as at that
edge a layer of LupyO3:Eu3t was deposited during the dip-coating. The Mohs
hardness of Al,O3 is about 92, whereas the hardness of the LuyO3:Eu®t film
is only about 6. [54] This has serious consequences during polishing. A thin
substrate can be polished with relative ease, a thick substrate, like the 3 mm
one, takes significant amounts of time. Furthermore, due to the difference
in hardness between the substrate and the film, it is likely to polish away
more of the film than of the substrate. This can have serious implications
for the directional output profile from section 2.3.8.

Finally, the samples were cleaned with ethanol and acetone to remove
any dirt ended up on the samples during the processing.

Dye area
He-INe lase '
Sample

Power meter

Figure 4.2: Schematic representation of the dye absorption measurement
setup.

4.2 Dyeing

The edges of the LSC act as mirrors for the internally trapped light. To
avoid measuring effects caused by the edges the light needs te be coupled
out at the edges and be absorbed. To do so, at the edges a layer of Revell
#8 matt black dye was applied. As the refractive index of the dye exceeds
the refractive index of the LSC the light is able to refract into the dye and
be absorbed.

Though the film is deposited on both sides of the substrate, all previous theory based
on a single film is still applicable due to the symmetry of the analysis.
2 As reference diamond has a hardness of 10, Silicon Carbide about 9, and glass about 6.
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To verify the effect of the dye a small experiment was performed as
shown in figure 4.2. A He-Ne laser beam? is incident under an angle on
an 3 mm Aly,Og3 substrate. Part of the light is reflected at the air-Al;Og
interface (zeroth order reflection), part after refraction into the substrate at
the AlpOgs-air interface (first order reflection). When a layer of the black
paint is applied at the reflection spot at the AlyOs-air interface, the power
of the first reflected bundle should stay the same, whereas the second bundle
will (partially) be absorbed by the dye.

In figure 4.2 the setup is depicted schematically. The picture also shows
the addition of two lenses. The first lens is to focus the bundle to be able to
separate the exiting bundles. It is obvious that all reflected bundles (with
and without refraction through the LSC) will leave the LSC parallel. The
separation of these bundles is dependent on the thickness of the substrate
and the angle of incidence. In the case of the 3 mm substrate and an angle
of incidence of about 65° the separation is only in the order of a millimeter.
Therefore a second lens was added to separate the bundles.

The results of this measurement are given in table 4.2. As can be seen,
the power of the 1*" order reflection drops significantly. Where the laser
power and 0" order reflected power stay as good as the same, less than 4%

of the power of the 1*" order reflection remains.

Table 4.2: Results of the dye absorption measurement.

Power: Laser [mW] 0" order [mW] 1% order [uW]
No dye 7.46 1.14 486

Revell #8 7.44 1.13 18.0

matt black

No tape 7.67 1.49 715

Black tape 7.57 1.49 38.7

The same experiment has been performed with black tape instead of
black dye. The results presented in table 4.2 show similar absorption of
something less than 96%. The tape, however, reflects the light more diffuse,
lowering therefore the amount of measured light at 1** order reflection. The
dye on the other hand does hardly reflect diffusely, but absorps the light.
This effect is shown in figure 4.3, where on the left the sample with dye
is shown and on the right the sample with tape. In contrast to the dyed
sample a glow emerges from the tape where it is thoroughly applied to the
sample.

3The 633 nm light of the He-Ne laser closely resembles the 611 nm emission of the
LusOs:Eu®t film.
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(a)

Figure 4.3: The dyed (a) and taped (b) sample, clearly showing the difference
between the two absorbing media. Both pictures have been taken with similar
aperture, ISO value, and exposure time.
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Chapter 5

Experimental results

5.1 Light harvesting

5.1.1 Reflection measurements

The relatively trivial reflection measurement has been performed using
the setup described in section 3.1.1. At an angle of about three degrees a
reflection of 10.0% with a readout uncertainty of 0.2 percentage point was
measured. So 10.0% is lost due to reflection at the surface of the LSC.

5.1.2 Transmission measurements

The transmission spectra of the LupyO3:Eu3™ thin films have been mea-
sured with the two setups described in section 3.1.2: first the ‘Bruker Vertex
V70’ and second the ‘AvaSpec’ setup. Without going in to much detail, in
both figure 5.1 and figure 5.2 the absorption by the CT-band around 250 nm
is very clear. The transmission outside the CT-band is roughly 80 — 85%.

The measurements with the Bruker and the AvaSpec have been per-
formed according to the measurement descriptions in sections 3.1.2.1 and
3.1.2.2. The resulting data is shown in figures 5.1 and 5.2. As at 250 nm
12% is transmitted and 10% is reflected, about 78% of the not reflected
light is absorbed. This results in a luminescent harvesting efficiency, 1, ., .,
of about 87%.
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Figure 5.1: Transmission spectrum of the Lu;O3:Eu®" thin film on the 250 ym
substrate measured with the Bruker setup.
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Figure 5.2: Transmission spectrum of the Lu;O3:Eu®" thin film on the 250 ym
and 3 mm substrates measured with the AvaSpec setup.
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5.2 Self-absorption

The experiments for the emission spectrum were performed according
the method described in section 3.2 for the wavelengths given in table 3.2.
The results are shown in figure 5.3. The measurement of the 250 pm sample
was obtained using the Ocean Optics QE65000 spectrometer. The spectral
resolution of the setup shown in figure 3.4 is higher, therefore showing more
details in the spectrum. In combination with the absorption spectrum it
easily seen that there is no self-absorption.
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Figure 5.3: Emission spectrum of Lu2O;5:Eu®t. Excitation in the CT band at
250 nm.

5.3 Excitation measurements

According to the method described in section 3.3 the excitation spectrum
of LupO3:EuT is obtained and shown in figure 5.4. In this measurement
filter ‘OC14’ was used, which has a cutoff wavelength around 580 nm for
shorter wavelengths, see for the specification the inset in figure 5.4.

5.4 Luminescent quantum efficiency

Using the setup described in section 3.4, the decay curves of the LuyO3:Eu3™
have been measured. The results are plotted in figure 5.5. The red dashed
line is the single exponent of non-quenched LusO3:Eut, with a decay time
of 1 ms [55,56]. The data cannot be fitted with a simple single exponent.
Zych et al. [57] reported similar results, of nonexponential behaviour and
short decay times. In order to fit the data properly, the fit has the form of a
triple exponential decay given by equation 5.1. The resulting fit parameters
are given in table 5.1.

f(t) = Ale_% —l— AQG_% + Age_% (51)
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Figure 5.4: Excitation spectrum of LuzO3:Eu®". Emission of the 611 nm line.
Inset: Transmittance of filter ‘OC14’.
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Figure 5.5: Luminescent decay curve of Lu20;5:Eu®t. Emission of the 611 nm
line.

Using the surfaces underneath the decay curves the quantum efficiencies
can be determined to be 43.8% and 33.6% for the 250 um sample and the
3 mm sample respectively.

Table 5.1: Values of the fitting parameters of equation 5.1 on the time resolved
luminescence data of figure 5.5.

Ay 7 ps] Az T fws] Az 73 [us]

8%Eud+ 564 658 366 182 ——
A%EW+ 326 626 496 245 180 59.7
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5.5 Light transport efficiency

5.5.1 Linear attenuation measurements

The linear attenuation lengths have been measured two times for the
3 mm substrate sample; at two different trajectories over the LSC. The
results for both samples is given in figure 5.6. As explained in section 2.3.6,
the intensity will drop exponentially as a function of distance from the laser
spot. But not only that, due to measuring the intensity from a point source
which is spreading out, the intensity will decrease with 1/r as well. The
single 1/r is fitted to the 250 pum sample, which is the dashed curve in
figure 5.6.

+ 250um substrate, 8%Eu’*
+ 3mm substrate, 4%Eu®t
* 3mm substrate, 4%Eu’+
--- % fit of 250um substrate
__ Aexp(—r/w)+B
SERTTE fit

Intensity [a.u.]
w

e

10 15 20 25 30 35
Distance from laser spot [mm]

Figure 5.6: Luminescence intensity attenuation as a function of distance from
the laser spot for the different samples.

All data sets have been fitted with equation 5.2, of which the fitting pa-
rameters are given in table 5.2. A is an intensity parameter of the scattered
light from the film and B is the intensity parameter of the scattered light
from the substrate. As it is possible to fit the data without an exponen-
tial attenuation for the substrate it is assumed that the attenuation in the
substrate is longer than can be measured on the 5 cm sized sample.

B Ae i + B
N r

f(t) (5.2)

Table 5.2: Values of the fitting parameters of equation 5.2 on the linear at-
tenuation data of figure 5.6.

A p[mm] B

250 pm sample 100 24.6 8.38
3 mm sample 100 14.0 0.470
3 mm sample 100 9.60 4.66
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5.5.2 Directional output measurements

The directional output measurements will be treated separately for the
two different samples, as the results are very diverse. In the sections 5.5.2.1
and 5.5.2.2 the results of respectively the 250 ym sample and the 3 mm
sample will be discussed.

5.5.2.1 250 pym sample results
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Figure 5.7: The measured directional output profile of the 250 ym sample. In
black the ideal output profile is fitted to the data.

Figure 5.7 shows the results of the directional output measurement. In
black the ideal output model, given by equation 2.53, is fitted. As predicted
in section 2.3.8.3 the ideal model does not fit the data adequately.

Figure 5.8 shows the same data with fits using the extended model. This
model takes into account that part of the light is lost due to scattering while
transported to the outcoupling surface, and that part of the light is reflected
back into the LSC at the outcoupling surface. Both fits, the ideal and the
extended, can be found in Appendix F. The values of the fit parameters can
be found in table 5.3.

As can be observed in figure 5.8, the extended model gives a good fit to
the data. However, one could argue that the coefficients A and B from equa-
tion 2.56 should be the same. That can be understood by considering the
intensity at the position where the laser excites the luminescent material.
At that point the exponent of the extended model is unity, therefore the
intensity of both the film and the substrate should be scaled by the same
laser intensity dependant factor A, or Py from equation 2.47. If we apply
the constraint that B = A figure 5.8 shows that the fit becomes worse.

Even though the fit was best when B equals A, things have worked out
reasonably fine. The measurements, however, were performed again to bet-
ter define L, the distance between the excitation point and the outcoupling
surface, during the measurements. L is schematically shown in figure 2.28.
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Figure 5.8: The measured directional output profile of the 250 ym sample.
In blue and black the extended model with and without equal coefficients is
fitted to the data.

Table 5.3: Values of the fitting parameters of equation 2.56. For the fits
thicknesses hsu» and hyim of 0.003 mm and 0.125 mm are used.

A ﬂsub B ﬂfilm Af [rad]

Ideal 299 —— 245 —— 0.031
Extended 13.5 75.1 2.62 351 0.036
Extended, B=A 2.69 506 2.69 o0 0.029

In the former measurements a spot size of the order of a centimeter was
used, whereas in the later measurements a sub-millimeter spot size excited
the luminescent material. The results are shown in figure 5.9. One observes
immediately an asymmetry in figure 5.9(a) for all measurements. The asym-
metry reverses when the sample is rotated 180° in the ¢-direction, as shown
by the ‘L = 1.3 cm, rotated sample’ measurements. Furthermore, a mea-
surements with L = 1.3 cm and L = 3.5 cm are shown. One would expect a
change in proportion in the peak-intensity and the dip-intensity, as the dip-
intensity is only dependent on the film losses. In the discussion, chapter 6,
I will go into this in more detail. In figure 5.9(b) the same data is shown,
but normalised at 35°, in order to see any differences in proportions.

The edges of the LSC have been inspected using a Leica Wild M3Z stereo
microscope with a 40 x /6B Wild 445303 ocular. During inspection the LSC
was illuminated with the 250 nm laser. The resulting views are given in
figure 5.10.
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Figure 5.9: Directional output measurements for different excitation distances

L, see figure 2.27. Figure (a) shows the increase in intensity for shorter L.
Figure (b) shows the same data, but normalized at 35°.
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5.5. Light transport efficiency

(d)

Figure 5.10: (a) shows the edge of the LSC with substrate thickness of 250
pm. L is close to zero. (b) shows the edge for larger L. (c) shows the round
edge of the LSC. Here the film is not removed. (d) shows the border between
the edge with the film (Left) and the polished edge (Right) of the LSC.
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5.5.2.2 3 mm sample results

It was decided not to show the results of the directional output measure-
ments of the 3 mm sample. No consistency in the output profile could be
found during these measurements, which can easily be explained by visual
inspection of the sample while excited by the laser.

Figure 5.11 shows a picture taken of the outcoupling surface. One clearly
observes at the top right large chips missing, which is caused by the diamond
sawing. At the left this effect is relatively mild, and could therefore be used
for a directional measurement. The surface itself, however, is rough. The
objective of the polishing, described in chapter 4, was to remove this rough-
ness. The combination of the hardness of the substrate and the capacity of
the polishing machine made it impossible to remove the irregularities on the
edge of the 3 mm sample on a reasonable timescale.

Figure 5.11: Picture taken of the outcoupling surface, during excitation of the
LSC with a 250 nm laser, clearly showing the roughness of the surface.
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Chapter 6

Interpretation and
Discussion

In this chapter I will discuss the results presented in chapter 5 in the
context of previously developed theories. At the end of this chapter I will
come up with the determined optical efficiencies of the in this research used
LSCs, and will discuss their meaning and relevance.

6.1 Light harvesting

To calculate the light harvesting efficiency both the transmission and the
reflection are needed. The reflection was determined to be 10.0%, which is
significantly lower than the calculated 13.3% using Fresnel’s equations and a
refractive index of LusOg of 2.145 at 250 nm. This difference however could
be due to a change of orientation of the power meter in the laser bundle.

More interesting to discuss are the transmission measurements. The
two setups, the Bruker and the AvaSpec, show an interesting difference, see
figures 5.1 and 5.2. In the transmission spectrum obtained with the Bruker
setup clear interference patterns are observed. This interference is caused
by the thin film, and is described by Vasicek [58]. The maxima are given by
equation 6.1.

2nT cos O = mA (6.1)

The refractive index, n, is taken to be according equation 6.2, determined
by Medenbach [59], with A the wavelength in micrometers. Then the results
correspond closest to a thickness T' of 3.25 pum, which is indeed in close
correspondence to the 3 um the manufacturer gave.

)\2
— /1 6.2
" \/ * 038332 — 0.0066 (6.2)

The reason that the interference is not observed in the measurements
with the AvaSpec setup is due to the geometry of the light bundle. The
bundle in the Bruker is fairly parallel, whereas the bundle of the AvaSpec
is not parallel per se.
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6. Interpretation and Discussion

Furthermore in figure 5.1 a bad line-up of the GaP detector measure-
ments with the deuterium and the tungsten sources is observed. If we look
at the transmission spectrum made with the AvaSpec setup, we should con-
clude that there is an offset in the deuterium source measurement. This
offset could be due to warming up of the lamp. The reference spectrum
(without a sample) has been made before the actual measurement. If in the
mean time the lamp has warmed up the lamp‘s intensity could be increased,
explaining the offset.

A stranger phenomenon is observed in the transmission spectra obtained
with the AvaSpec setup, figure 5.2. As both films of the 250 yum and the
3 mm samples are equally thick, namely 3 ym. A change in transmission
is expected as the concentration of the optically active material europium
has decreased by a factor two. A change in concentration should inevitably
appear in the transmission spectrum. Whether the concentration has been
lowered as the manufacturer has reported could therefore be questioned.

1 ‘ ]

— Absorption

— Normalised solar spectrum

< I I
i~ > o

Intensity [a.u.]

<
o

200 300 400 500 600 700 800 900 1000
Wavelength [nm]

Figure 6.1: Absorption spectrum of Lu;Os:Eu®" with the normalized solar
spectrum, showing barely any overlap.

Nevertheless, the transmission measured at 250 nm is 12.0%. Combined
with the reflection of 10.0%, this results in a light harvesting efficiency, 1, ,;
of 78%. If the theoretical reflection is used, the LHE decreases slightly to
75%.

If we would like to use this LSC as a solar concentrating device, the
LHE at 250 nm is not of any interest. Therefore the absorption spectrum
is plotted along with a normalised solar spectrum in figure 6.1. This figure
shows that there is only little absorption of the sunlight, making this very
device unsuitable for solar concentration. This is exactly as expected, as
the intension was to have a non-self-absorbing LSC to study the transport
efficiency separated from the self-absorption.
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6.2 Self-absorption

The emission spectrum of LuyO3:Eu" is clearly located outside its own
absorption spectrum, see respectively figure 5.3 and figure 6.1. The various
absorption peaks are produced by the transitions given in table 6.1.

Table 6.1: Transitions in the emission spectrum of Lu,O3:Eut.

Wavelength [nm| Transition

580 5D0 —>7F0
586 °D; —7F3
593 Dy —7F,
601 5D0 —)7F2
611 Dy —Fs
630 Dy —7Fy
650 Dy —F3
662 5D1 —>7F5
688 Dy —Fy
708 5D1 —>7F6

The dominant peak in the emission spectrum is located at 611 nm re-
sulting from the 5Dy —7Fy transition. In figure 5.3 the very narrow peaks
from the 5Dy emission are only visible for the 3 mm sample, due to a higher
spectral resolution in this measurement. However, one could also argue that,
due to the lower concentration, the cross-relaxation from the °Dy level to
the °Dyg level is less efficient. This would result in more emission from the
5Dy level to the “F levels. The peak at 250 nm is the laser light used for
excitation. This clearly shows the large Stokes’ shift from 250 nm to 611
nm, preventing self-absorption. This large shift has serious consequences for
the Stokes’ efficiency, 7g,,,.., which is only 41%.

The total absorption and emission process is displayed in figure 6.2.
The absorption of the UV-photon corresponds to the transition from the
valence band to the Eu?+4 ground state (1) by charge transfer. Next,
the centre relaxes to a °D,, level non-radiatively (2). If in a higher °D
level, the centre relaxes to the 5Dg level either via multi-phonon relax-
ation! or via cross relaxation (3). The cross relaxation scheme [57] is
Dy =Dy «<Fg —"Fy,"F; —"F3. These non-radiative processes quench
the emission from the °Dy level. Finally, the Dy —"F5 transition emits the
luminescent photon with a wavelength of 611 nm (4).

!The highest phonon energy of LuzO3 is 618 cm™'. [60]
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7|:2
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Y

Figure 6.2: [17]The absorption corresponds to the transition from the ground
state to the CT state (1). Next, the centre relaxes to a D, level non-
radiatively (2). If in a higher D level, the centre relaxes to the Dy either
via multi-phonon relaxation or via cross relaxation (3). Finally, the Dy —7F,
transition emits the luminescent photon (4).

R3-RD&M 70



6.3. Excitation spectrum

6.3 Excitation spectrum

The excitation measurements show the expected character of an Eu3™
doped material, see figure 5.4. The strong absorption in the CT-band re-
sults in strong emission of the °Dy level by the transition to the “Fy level.
Furthermore, emission is observed when the LupyOs:Eut is excited in the
higher energy f-levels. The transitions associated with them are enumerated
in table 6.2.

Table 6.2: Transitions in the excitation spectrum of Lu.O5:Eu’t.

Wavelength [nm] Transition

533 F; —°Dy
466 Fo —°Ds
414 F; —°Ds
394 F, =51

382 7F1 —>5GJ
363 F; —°Dy
323 7F1 —>5H]

The ratio of the CT-band intensity and the f-f line intensity is different
for the 250pum sample and tha 3 mm sample. Zych et al. [57] report simi-
lar behaviour as function of concentration. They give as explanation that
for higher europium concentration energy migration between Eu?T ions in-
creases more with concentration due to the wide spread of the CT states.
This migration in turn increases the chance of reaching a quenching site. It
is, however, questionable to what extend energy migration occurs between
Eu3T ions excited in their CT state, because of its short lifetime.

Furthermore, a decreasing cross-relaxation from the higher °D levels to
the °Dg level for lower concentrations, could lower the Dg emission intensity.
For lower concentration, however, no increase of Dy emission is observed in
the emission spectrum shown in figure 5.3. In our opinion no satisfactory
explanation is given in literature.

More likely, is the possibility of a saturated absorption by the CT band.
The 4% doped sample already absorbs almost all light so that increasing
concentration will not result in more absorption and therefore more emission.
The 4f lines on the other hand do not absorb strongly. An increase in
concentration of europium will result in more absorption and therefore in
more luminescence. This matches the results shown in figure 5.4.
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6.4 Luminescent quantum efficiency

Figure 5.5 shows the time resolved luminescence measurements of both
samples. The dotted red line shows the decay of non-quenched LuyO3:Eu3t,
with a decay time of 1 ms [55,56]. Both samples show serious quenching,
which follows from the shorter decay times. The luminescent quantum effi-
ciencies can be calculated by dividing the surface area under the quenched
decay curve by the surface area under the non-quenched decay curve. This
results in LQEs of 43.8% and 33.6%. As the concentration of the 3 mm
sample is lower than the concentration of the 250 pym sample, one would
expect a slower decay as concentration quenching should decrease. The fact
that we do observe faster decay strengthens the possibility that the concen-
tration is not as specified by the manufacturer, as was also suggested based
on the absorption spectra. Furthermore, no single exponential behaviour is
observed, which would be the case with a simple competing non-radiative
relaxation process.

The non-exponential character is due to the availability of quenching
sites. Therefor the LQE depends strongly on the preparation method, which
was not optimised for the 3 mm sample. As the energy migrates from donor
to donor (D*+D—D+D*) it might end in a quenching site where it will relax
non-radiatively. This explains in principle only the presence of a faster decay.
As some donor sites are not located near to such quenching sites, after a
while only non-quenched decay is observed. This results in the non-single
exponential behaviour of the decay curve.

6.5 Light transport efficiency

The light transport efficiency, 7,, consists in general out of two sepa-
rate efficiencies: the self-absorption efficiency 7., and the waveguide effi-
ciency 7,,.,. As concluded from the absorption and emission spectra the
self-absorption efficiency is unity and can therefore be ignored. At first
sight, the waveguide efficiency can be determined for the LSC based on the
linear attenuation measurement.

6.5.1 Linear attenuation

Lets consider the measurements shown in figure 5.6. First of all the
attenuation for the 3 mm sample is larger than the attenuation of the 250
pm sample. This could be due to the fact that, as the manufacturer has
explained, the production of the film was harder on the tick substrate, as
the cooling and heating processes of the sample were harder to control. This
could have led to a decrease in film quality. Furthermore, it should be noted
that the measurement with the thin sample was performed with a taped edge
instead of a dyed edge, which could have led to a different light distribution
inside the sample. Nevertheless, from the fits an attenuation length in the
order of a few centimeters was determined for all measurements.

R3-RD&M 72



6.5. Light transport efficiency

The fitting function given in equation 5.1 needs some explanation as well.
Instead of the use of two exponents just a single exponent with the addition
of a constant was used for the fit. Because the attenuation length of the
substrate is expected to be much larger than the attenuation length of the
film, one of the two exponents is set to unity. It makes sense to assume
that that exponents regards the substrate. The attenuation length of the
substrate apparently was too long to observe on such a short sample.

In section 2.3.8.3 it is suggested that the attenuation length is inversely
proportional to tan ©, which follows from equation 2.54. © is the angle
between the wave vector of the trapped light and the LSC. This raises the
question why a single exponential behaviour is observed. Lets consider the
limit of no loss; p is infinite. If there is no loss, no loss can and will be
measured in a linear attenuation measurement. Lets slightly increase the
loss. One could consider this like going from © = 0 to © = /O in fig-
ure 2.27. Now losses are weakly observed and the measured intensity is very
constant over distance. The further we increase the loss the more intense
the measured intensity will be. This could explain why at the first few
centimeters only one exponent is observed; the loss due to the luminescence
under large © dominates the loss due to the luminescence under small ©.
The effect of using the single p is thus an overestimation of the waveguide
losses. In table 6.3 the calculated values for the waveguide efficiency are
given for a 5 x 5 cm? and a 1 x 1 m? LSC with the determined attenuation
lengths.

Table 6.3: Waveguide efficiencies based on the linear attenuation measure-
ments, calculated with equations 2.42 and 2.43.

p [mm]  size MW, film  MWGsub  TWG

24.6 5x5cm?  0.453 1 0.741
24.6 1x1m? 0.028 1 0.540
14.0 5x5cm?  0.306 1 0.671
14.0 1x1m? 0.015 1 0.533
1
1

9.60 5x5cm?  0.224 0.632
9.60 1x1m?2 0.010 0.531

6.5.2 Directional output

First of all I would like to emphasize that the results of the directional
measurements were not reproducible, which most clearly followed from the
fact that in the first measurement a perfectly symmetric profile was mea-
sured, whereas in the second a major asymmetry appeared for the same
LSC. The most obvious explanation is that the outcoupling edge is not ho-
mogeneous. As the edges wer polished by hand, it is very well possible that
some slanting has developed. It should also be noted that the LusOg3 film
is less hard than the Al,Og substrate, which can have caused some strange,
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6. Interpretation and Discussion

or, at least, hard to predict behaviour in the directional output of the film.?
Unfortunately, we have not been able to determine the exact geometry of
the outcoupling surface yet. This could also explain why the extended in-
tensity model with B = A had such a poor fit on the measured data. But
before going into detail on the fitting with the extended model, I would like
to focus on the results presented in figure 5.9.

What is observed in that data is that the proportion between the in-
tensity at the peaks and at the dip is the same for two different excitation
distances L. This is not what is expected, and I will explain why. As the film
is so much thinner than the substrate, one would expect more interaction of
the luminescence with the waveguide in the film than in the substrate, which
results in higher loss per distance traveled in the film than loss per distance
in the substrate. If we would excite the LSC at L = 0 there is no distance
in which loss can occur, so an ideal output profile would be observed (of
course corrected for the internal Fresnel’s reflections). If the LSC is excited
at say L = 1.3 cm, the losses in the film should be relatively higher in the
film than in the substrate. This would result in a relatively lower position
of the dip, as the intensity at # = 0 is only caused by luminescence coupling
out of the film. Exciting even further, say at L = 3.5 cm, the dip relatively
would be lower even more. This, however, is not what is observed, as can be
seen in the normalized data in figure 5.9(b). Figure 6.3 shows the calculated
behaviour, where the proportions between the top and dip values indeed has
changed.

T T
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Figure 6.3: The output profiles calculated for two values of L, based on the
values of fit parameters of the extended model with B # A given in table 5.3.

This observation would either let us to conclude that the intensity at
# = 0 is not coming from the film, but is the result of scattered substrate lu-
minescence, or that both attenuations in the film and the substrate are equal.
If we include the pictures taken through the microscope, figure 5.10, we ob-

2The picture of the 3 mm sample might be a magnification of the problems that occur,
including roughness of the surfaces and edges.
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serve light emerging from the films ((a) and (c)). If, however, the illumina-
tion spot is place further away from the edge, the emission becomes more
homogeneous, and definately emerges from the substrate. This supports the
hypothesis that there is significant scattering. If we look at figure 5.10(a),
we also see the roughness of the outcoupling surface. In figure 5.10(c) the
surface of the film on the edge is shown. This surface is cracked everywhere.
Finaly, in (d) the the border between the edge with the film (Left) and the
polished edge (Right) of the LSC is shown. Here the disastrous effect of
the polishing is shown. This makes it remarkable that the output profile,
though not precisely as predicted, is observed at all.

Lets now discuss the fitting with the extended model, where B = A. As
just mentioned the first reason for the worse fit could be the geometry of the
outcoupling surface. There are good reasons to believe that this geometry
is not as perfect as required. This is at least confirmed by the asymmetric
directional profile. A second problem could be the waveguide modes. As
explained in section 2.2.1.2, there is only a finite number of modes supported
by the film. This could have influence on the amount of light trapped in the
film.

If A and B therefore are allowed to be different we can now calculate
the transport efficiency of this LSC based on the values obtained for fig,s
and fifim, using equation 2.57. The results are given in table 6.4. [ is
dimensionless and is related to p via equation 6.3.

2
n= [tan ©|

(6.3)

Table 6.4: Waveguide efficiencies based on the directional output measure-
ments, calculated with equations 2.57, 2.42 and 2.43.

fhsub  [fitm — Size Nwe,sws  Mwa,fum  Mwa

75.1 351 5x5cm?2 0.727  0.314 0.531
75.1 351 1x1m? 0.106 0.033 0.071

Finally it is interesting to calculate the minimum value for . The val-
ues of i, fitm and fimin sup are 1.64 mm and 21.0 mm respectively. These
lengths are calculated based on the values for ji, h, and the largest value
of ©. The obtained minimum attenuation lengths, especially that of the
substrate, are in close correspondence to the directly measured linear at-
tenuation length of 24.6 mm for the same sample. This actually raises the
question whether it was legitimate to assume that the measured attenuation
length in section 5.5.1 belonged to the film in section 6.5. An attenuation
length of 1.64 mm would not be observed as the measurement started at a
distance of 10 mm. This explains why only a single exponent is observed.
This fast attenuation might be caused by cracks in the surface, like the ones
observed in figure 5.10(c). Unfortunately, the light output at the surface of
the LSC was not high enough to verify this with the stereo microscope.
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6.6 Optical efficiency

Finally, it is instructive to summarize the efficiencies of the various steps
involved in the concentration of sunlight. In table 6.5 all determined effi-
ciencies are summarized for both samples.

Table 6.5: Waveguide efficiencies based on the directional output measure-
ments, calculated with equations 2.57, 2.42 and 2.43.

3 pm LugO3:8%Eut 3 pum LuyO3:4%Eu®t

on 250 pm AlsOs3 on 3 mm AlyOgz
1-R 90% 90%
Noue  ST% 87%
Mo 43.8% 33.6%
nStokes 41% 41%
Mirap 86% 86%
N 100% 100%
Nwea 53%3 65%*
Nopt 6.4% 6.0%

The optical efficiency 7,,, appears to be in the order of 6%. This opti-
cal efficiency value is not very useful, as the LSCs were not intended to be
real solar concentrating devices, but rather LSCs in which fundamental light
transport can be studied without the well-known and studied self-absorption.
Though, due to low LQEs, a large Stokes’ shift and low waveguide efficien-
cies, the optical efficiencies are fairly low, one should note that the optical
gain of the LSCs are 49.4 and 4.16 for the 250 pm and 3 mm samples re-
spectively. This first high optical gain results in an increase of the power per
area solar cell by a factor 2.8. Unfortunately, this is only for illumination
by 250 nm light and for an LSC size of 5 x 5 cm?.

30btained with a directional output measurement
4Obtained with a linear attenuation measurement
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Chapter 7

Conclusions and
recommendations

With the aim to investigate the different loss processes in thin film lu-
minescent solar concentrators without self-absorption, it was chosen to use
a LupO3:Eu?™ thin film. It was verified that the trivalent europium did not
show any self-absorption. In various previous studies on LSCs it was gen-
erally assumed that the losses of the trapped luminescence due to reasons
other than self-absorption was negligible. Earp et al. indicated that such
losses, the waveguide losses, are significant.

In this work is focussed on the waveguide losses, and is successfully tried
to quantify them. Based on the attenuation length, it can be calculated how
much light is lost during transport. As the attenuation length is dependent
on the propagation angle a new directional measurement is developed to
measure this attenuation length. With an analytic model and the directional
measurement the angle dependent attenuation can be measured. Besides,
losses in the film and in the substrate can be discerned as well with this
model.

In order to do so an analytic model is derived for the directional outcou-
pling profile. It has been shown that it is possible to actually measure such
a directional profile. The reproducibility proofed not to be obvious. This
indicates the possible uncertainties in the geometry of the outcoupling edge,
which therefore needs to be improved.

However, with the data obtained from the fit of the model, a waveguide
efficiency for our LSC was determined to be 53%. If scaled to a size of 1 x 1
m? the efficiency drops to a poor 7%. This shows the need to consider this
loss principle when evaluating LSCs.

With all determined efficiencies an optical efficiency in the order of 6%
was determined for both investigated samples. One should note that the
optical gain of 49.4 totally makes up for this low optical efficiency. Never-
theless, applicability stays low, as this particular LSC works with absorption
of 250 nm and is only 5 cm in size.

Furthermore, the power efficiencies obtainable with LSCs in combination
with different solar cells is calculated. For this exercise fictitious luminescent

77 Delft University of Technology



7. Conclusions and recommendations

materials were used, which absorb 80% of the incoming light with an energy
higher than the absorption edge. These calculations showed that power
efficiencies of up to 16% could be possible.

Though the data obtained with the directional measurements could be
fitted well, arguments are given that the fitting parameters A and B do not
have to be the same. An explanation given for a difference is the possible
influence of a limited amount of supported propagating waveguide modes.
To avoid this problem, an LSC with a film of a thickness of the order of
100 times the wavelength of the luminescence in the film could be studied,
i.e. h > 100Xo/n fitm.- If that requirement is satisfied the propagating modes
will approximate a continuum, thereby eliminating any interference effects.
LSCs with film thicknesses in the order of tens even hundreds of micrometers
have already been studied previously [12,53].

Furthermore, the behaviour of the attenuation length as function of prop-
agation angle is derived. This, however, should be confirmed. One way to
do this is by using the prism coupling technique described in section 3.5.1.
The laser can be coupled in under different angles. If the attenuation length
is determined for these different angles, it is possible to verify the angle
dependence of the attenuation length.

Next, I would suggest to determine the exact geometry of the outcoupling
edge, as this edge appeared not to be homogeneous. One way could be using
SEM or maybe even simpler by fluorescence microscopy. The neat thing of
the latter technique is that the luminescent character of the film could be
exploited. SEM, however, is better to scan the edge of the film, which is
very interesting for the prediction of the output profile caused by the film.

Finally, the use of a glass substrate would make the production a lot
cheaper, allowing for larger test samples. Larger test samples would make it
possible to do linear attenuation measurements over longer distances, which
could reveal the non-single exponential behaviour of this attenuation. An
additional pro for glass would be the ease to physically correct any irregu-
larities on the outcoupling surface, due to the relative softness compared to
AlyOs3.
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Appendix A

Manuscript Solar energy

A big part of this work is used for a paper that is about to be submitted to
"Solar energy’. This is the official journal of the International Solar Energy
Society, and is devoted exclusively to the science and technology of solar
energy applications. The submitted version of this paper is included here.

87 Delft University of Technology



Building integrated thin film Iluminescent solar concentrators: detailed
efficiency characterisation and light transport modelling.

JJW.E. Wiegman & E. van der Kolk
Delft University of Technology, Luminescent Material Research Group, Mekelweg 15, 2629]B, Delft,
the Netherlands

Abstract

An inorganic thin film luminescent solar concentrator (LSC) is characterized experimentally in detail in terms of all the separate light transport
steps, which result in the concentration of sunlight. The results are discussed in the context of application as windows in buildings, called
building integrated (BI) LSCs. A 3 um thin film of Eu3+ doped Lu203 was chosen because of its large Stokes shift, which excludes all
waveguide losses due to self-absorption and allowed to study losses caused by scattering at interfaces of the LSC. A model is presented that can
be used to calculate the LSC light transport efficiency as a function of window size, which only needs the easily measured linear attenuation as
input. Measurements show that the quantum efficiency (#qg) of our LSC is 13%, which is less than ideal, mainly due to a 44% luminescence
quantum efficiency and a 45% waveguide efficiency. Our modelling reveals that, in order to have building integrated LSCs, which can be used
as a window simultaneously, the linear attenuation in the LSC should be higher than 1000 mm. This is in contrast to the values in the order of
tens of millimetres, which has been measured for the LSC in this paper.

1. Introduction

One of the big aims in photovoltaic (PV) research is to make
photovoltaic energy competitive in prize with conventional
energy resources. Beside from making the PV-cells more
efficient, there is a second option, namely concentration of the
sunlight onto the PV-cells.

Luminescent solar concentrators (LSCs), dating back from the
1970s [1, 2], are a very attractive concept for a concentrating
PV-module for numerous reasons: production can at low costs,
the LSC can operate in diffuse light, therefore not needing
expensive solar tracking devises, and, due to the luminescence,
only ‘cold’ light will be collected by the PV-cells, resulting in
higher PV efficiencies. In recent years there has been a
renewed interest in LSCs due to the urgency of development of
sustainable technology combined with new ideas on light
trapping and new photo stable luminescent (nano) materials
and dye molecules with broader absorption and less self-
absorption. [3-6]

In general LSCs consist of a slab of dielectric material
containing a luminescent material (organic dyes, quantum dots,
or rare-earth complexes), with PV-cells connected to the
perimeter of the slab. The luminescence centres absorb the
sunlight incident on the face of the LSC, and isotropically emit
light at a slightly lower energy. The major part of the emitted
light is trapped inside the slab, and is guided to the solar cells
at the perimeter. Two different types of LSCs can be identified.
The first is the single plate concentrator, in which the
luminescence centres are homogeneously spread throughout
the plate. The second type, which is considered in this paper, is
the thin film LSC. Such LSC consist of an optically passive
glass- or polymer-based substrate coated with one or more
luminescent layers.

Though the concept of LSCs is very promising, problems like
photo-degradation [7-9], limited spectral sensitivity [10], or
self-absorption losses [11], have so far prevented large scale
use of LSCs.

All problems have been addressed individually, like Wu et al.
[12], who reported rare earth complexes showing absorption in
de VIS-spectrum and IR emission with zero self-absorption
loss. Earp et al. [13] reported in 2004 an LSC with a light
transport half-length of 1.2 m (corresponding to a waveguide
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attenuation length of about 1.7 m). Kennedy et al. [14]
presented an LSC based on quantum dots, overcoming the
problem of photo stability at the cost of lower luminescent
quantum yield. Such limitations of the total LSC PV-module
cause the application of LSCs to still remain a castle in the air.
An interesting application would be building integrated (BI)
LSCs [15], in which the windows of e.g. office buildings are
coated with an UV absorbing luminescent thin film, and can
therefore act as (additional) power supplies for such buildings.
As office buildings often have shaded glass, partial absorption
in the visible part of the solar spectrum would be acceptable as
well, yielding better usage of the available sunlight and
increasing feasibility of the BI LSC.

The performance of an LSC is directly linked to its optical
efficiency (#,p), as defined in equation 1.1 [16].

Nopt = NeueM LoEM siokesTirapsaTlwe (1 - R) .

= 77QE nStokes

The optical efficiency is given by the product of the light
harvesting efficiency (y.yg) [11], the luminescent quantum
efficiency (171.qg) [17], the Stokes’ efficiency (#sokes), the light
trapping efficiency (#up) [18], the self-absorption (17s4) [19],
the waveguide efficiency (nwg) [13], and (1-R), in which R
represents the Fresnel reflection coefficient of the LSC surface.
In short it is given by the product of the quantum efficiency of
the LSC (50r) and the Stokes’ efficiency.

The light harvesting efficiency can be calculated for a given
source spectrum and absorption spectrum [11]. In this research
however, the source spectrum consists of only one wavelength,
resulting in a light harvesting efficiency equalling the
absorption at that wavelength.

Optical efficiencies of up to 12% have been reported for dye-
polymer-based thin film LSCs by Dienel et al. [11]. A similar
optical efficiency of up to 13.2% is predicted by Kennedy et al.
[14] using a QD doped single plate concentrator. In both papers
though, the waveguide efficiency #wg is assumed to be unity,
which, as is shown by Earp et al. [13], can deviate from unity
significantly.
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In the first part of this paper we will investigate the efficiencies
of the various processes that are involved in the concentration
of sunlight in the Lu,O3:Eu’" thin film luminescent solar
concentrator. We quantify the specular reflection, the
absorption efficiency, the luminescent quantum efficiency, the
Stokes’ efficiency, the calculated light trapping efficiency and
the calculated waveguide efficiency, based on the linear
attenuation length.

In the second part we will present a light transport model that
considers the linear attenuation and the dimension of the
waveguide. This model allows us to calculate the fraction of
the trapped luminescence light, that reaches the perimeter of
the LSC, under homogeneous illumination of the LSC. This
allows for the calculation of the light transport efficiency
1= Nsa Bwg With an easy to perform measurement. Finally, we
discuss the boundary conditions for light transport efficiency
and window size for realizing a worthwhile building integrated
thin film LSC.

2. Experimental procedures
The used LSC sample has been made by Boston Applied
Technologies, Inc. The substrate of 250 um AI302 (c-cut
Sapphire) have been submerged into a solution of
Lu,05:8%Eu’", depositing a film of 3 um on the substrate.
r|mm]|

I

250 nm Laser

Fiber optic probe

Figure 1. Schematic drawing of the experimental setup of the
linear attenuation measurement.

The transmission measurements have been performed using an
AvalLight-DHc light source, emitting in the UV-NIR spectral
region, and an AvaSpec-3648 Czerny-Turner spectrometer.

The photo-luminescent excitation spectrum is taken using a
450 Watt Xenon-lamp, two monochromators, and photon
counting detection techniques. A full setup description is given
by Bos et al. [20].

The emission spectrum was measured with an Ocean Optics
QE65000 Czerny-Turner spectrometer, after laser excitation at
250 nm in the CT-band of Eu’".

The time-resolved luminescence decay spectrum was measured
using time correlated single photon counting (TCSPC), with a
50Hz pulsed Xenon lamp and a LeCroy 4208 multi-hit time-to-
digital converter (TDC). A Jobin Yvon H10 monochromator
was used to selects the orange-red 5D0 emission of Eu3+ and a
channel photomultiplier was used as the photon detector.

The linear attenuation length, x, quantifying the light transport
efficiency, #,, from the point of laser excitation to the point of
detection, is measured with the setup shown in
Figure 1.

The LSC was fixed between two hollow clamps, through which
a 250 nm laser excites the LSC. The clamps prevent stray light
induced at the laser spot from reaching the optical fibre probe.
The probe is positioned very close to one face of the LSC,
where it measures the intensity of scattered luminescence light
escaping from the LSC under normal incidence. The intensity

Concept Solar Energy paper

is monitored along » in Figure 1 and is assumed to be
proportional to the amount of light lost from the LSC at that
point, which in turn is proportional to the amount of light
present in the LSC at that position [21, 22]. The edges have
been painted black using Revell #8 matt black dye, to avoid
measuring effects caused by internal reflections on the edge
surfaces. This dye absorbs about 96% of the red light incident
on the LSC-dye interface.

3. Results

In Figure 2 the transmission spectrum of our LSC is plotted in
the UV-NIR spectral region. The spectrum immediately shows
that our LSC is not intended to work as an efficient solar
concentrating device as it is not capable of absorbing any
sunlight. At wavelengths shorter than about 350 nm strong
absorption is observed that reaches a maximum at about
215 nm.
A reflection of 10% at 250 nm is measured, which is caused by
the relatively high index of refraction of Lu,O; of 1.93. At this
wavelength we measure a transmission of 12%, resulting, in
combination with the reflection, in an absorption of 87% of the
non-reflected light.
It can be concluded that LSCs based on luminescent materials
with a charge transfer transition are very well capable of
absorbing sufficient sunlight in two 3 um thick layers, provided
that the CT-band is shifted to the blue at lower energy, which
has been shown for example by Ten Kate et al. [23].

1

o
o

—250um substrate, 8%Eu’*

e
o

Transmission
o
=

e
o

0
200 300 400 500 600 700 800 900
Wavelength [nm]

1000

Figure 2. Transmission spectra of a 3 pm Lu,03:8%Eu’" thin film
on a 250 pm Al,O; substrate.

Figure 3 shows the luminescence excitation spectrum of the
film monitoring the SDy>F, transition of Eu** at 611 nm. The
spectrum is plotted on a log y scale, so that the weak parity
forbidden 4f-4f transitions and the strong CT transition of Eu®*
can be observed simultaneously. The excitation spectrum
reaches a maximum just below 250 nm. Both the laser and the
Xenon lamp operate well at 250 nm, which motivates our
choice to further characterize the LSC at 250 nm in the rest this
paper.

Figure 4 shows the emission spectrum that is observed when
the LSC is excited at this wavelength. The typical orange-red
emission is observed from Eu’*, when it is incorporated in the
structure as a non-centrosymmetric crystallographic site. The
strongest emission is at 611 nm, which is the ’D,>’F,
emission peak of Eu’* [24]. One should note the large Stokes’
shift, which prevents any self-absorption.

The absence of self-absorption gives the opportunity to study
losses due to scattering in the waveguide, a property often
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neglected in former research, as already mentioned in the
introduction.
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Figure 3. Excitation spectra of the 3 pm Lu,0;:8%Eu’" thin films
monitoring the 611 nm Eu®" emission.

1
—250um substrate, 8%Eu®*
0.8
]
%, 0.6
2
£04
B
0.2
200 300 400 500 600 700 800 900

Wavelength [nm]

Figure 4. Emission spectrum of the Lu,O;:Eu’’ thin film, under
250 nm excitation.

Now we know the amount of reflection and absorption, it is
important to know which fraction of the absorbed light is
converted to luminescence.

The luminescent quantum efficiency # e Was estimated from
the measured time-resolved spectrum shown in Figure 5. It
shows a strongly non-exponential decay behaviour, which can
be explained by concentration quenching. It is well known that,
at concentrations as high as 8%, concentration quenching can
already has a noticeable effect [25, 26]. Literature data on the
decay time of Eu in Lu,O; at very low Eu concentrations, at
which concentration quenching can be excluded, reveal a decay
time that is never higher than 1 ms [26].

If we compare our decay spectrum with an exponential decay
of 1 ms by integrating the areas under the two spectra we
conclude that the quantum efficiencies of our luminescent
material is approximately 43.8% for the 8%Eu’" doped film.
The next thing to know is how much of the emitted
luminescence is actually trapped in the LSC. Figure 6
schematically depicts a cross-section of a thin film LSC with
the luminescent thin films on both sides of the substrate. The
red, yellow and green parts represent the three different
possibilities for the light to travel.

Luminescence, emitted in the red part, directly escapes from
the LSC through the so-called escape cone. It can easily be
shown that an equal amount of light escapes from the LSC at
the front and at the rear faces of the LSC. Light emitted in the
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green part is trapped in the thin film by total internal reflection
at the film-air and film-substrate interfaces. Finally, light
emitted in the yellow part is trapped in both the thin film and
the substrate, by total internal reflection at the film-air
interfaces. Formula 3.1 [11, 27], 3.2 [4] and 3.3 give the
magnitudes of the light that is contained in the red, green and
yellow parts respectively.

F}ost 3.1
Fum 32
F _ 1 2 2 2 2 3.3
Sfilm+sub nﬁlm N — nﬁlm g :
M ftm

The formulas, which were derived from standard laws of optics
describing reflection and refraction, show that the trapped light
fractions only depend on the index of refraction of the film and
the substrate. By filling in an index of refraction of 1.76 for our
substrate and 1.93 for our film we find that 14% of light is lost
through the escape cone, 41% of the luminescence is trapped in
the thin film, and 45% of the light is trapped in the film-
substrate-complex. We can conclude that from all
luminescence light 86 % is initially trapped in the LSC.

10?
250um substrate, 8%Eu®*

E 102
2
%
g
E 10!

0 1

0 1 2 3 4 5 6

Time [ms]

Figure 5. Time resolved spectrum of Lu203:Eu3+, under 250 nm
excitation.

0

Npm=1.9

nfim =1.9

Figure 6. Schematic representation of a cross-section of a thin film
LSC, with the escape cone (red), the light trapped only in the film
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(green), and the light trapped in both the film and the waveguide
(yellow).

In order to estimate the amount of trapped light that reaches the
perimeter of the LSC the attenuation length is determined. In
order to measure this, the LSC is illuminated with a focussed
laser beam of 250 nm at a specific spot on the LSC. The
amount of Eu emission that escapes from the LSC under
normal incidence is measured as a function of distance away
from the laser spot with the setup shown in Figure 1.
Luminescence escaping is spectrally resolved by a fibre optic
probe connected to a USB spectrometer, so that we are sure no
other light is contributing to the intensity. As mentioned before,
the intensity measured is proportional to the amount of light
escaping from the LSC, which is in turn proportional to the
amount of light present in the LSC.

6«
.

5

. .. + 250pm substrate, 8%Eu®*
f .

= 4 [ -- -g fit of 250um substrate
% — Aenr/ntE G
:g.
§ 3
=

2

1

15 20 25 30 35
Distance from laser spot [mm]
Figure 7. Attenuation as a function of distance from the laser spot
due to cylindrical intensity spreading and waveguiding deficiency.

Figure 7 shows the recorded intensity (the blue dots show the
250 um LSCs measurement) as function of distance r away
from the laser spot. As light originates from a point and spreads
out over a plane, we expect for an ideal slab waveguide a 1/
dependence, which is plotted as the dashed curve in Figure 7. It
is clear that the experimentally recorded intensity drops faster
than is expected based on the 1/r dependence, which is caused
by loss of light in the LSC due to scattering. The loss can be
modelled very well by an exponential loss factor [21, 22, 28]
that contains the linear attenuation length u, see equation 3.4.

I Aexp(—r/,u)JrB

3.4
r

From the fits through the data a g-value of 25 mm is obtained
for our LSC. This value gives the typical length over which the
intensity decreases. It therefore should be compared to the size
of the LSC to be able to find the light transport efficiency of a
specific sized LSC.

In the next part we connect the experimental parameter u with
the light transport efficiency, #, which represents the fraction
of the trapped luminescence that reaches the LSCs perimeter in
case of homogenous illumination of the entire LSC surface. In
general 7,=#nsanws. In our specific case however the self-
absorption efficiency is unity, and therefore the light transport
efficiency equals the waveguide efficiency.
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4. Light transport modelling of thin
film Bl LSCs

Formula 4.1 gives #rectanguiar fOr a rectangular LSC with
dimensions H xW (a formula for a circular LSC with
diameter D is given by formula A.1 in APPENDIX A).

] 2
{— —) }d@dxdy
usin@

771,rectangular -

4.1

exp{fh}dﬂdydx
usin@

The triple integral contains basically two parts. The first part,
the integral over theta, sums over the radiation reaching one
edge of the LSC emitted by an infinitesimal area, dydx, of the
LSC. The 1/x in front is due to the cylindrical emission of dydx.
The exponent, over which is integrated, simply is the
exponential decay over the distance from the area dydx to the
edge. The boundaries are offspring to the rectangular shape of
the LSC.
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Figure 8. Light transport efficiency, nt = nSA nWG, as a function
of size of square LSCs for various linear attenuation length.

The second and third integral sum over the contributions of all
area dydx, summing up to the total area H X . Division by the
total area gives us the final light transport efficiency 7.

The integral can be evaluated numerically as a function of the
parameters u, W and H. The results of such calculations are
shown in Figure 8 and Figure 9 for the special case of W= H.
Figure 8 shows the light transport efficiency #;, or in the case
of zero self-absorption the waveguide efficiency #wg, as a
function of the size of the LSC (or the size of the window) for
various linear attenuation lengths u. Figure 9 shows the light
transport efficiency as a function of the linear attenuation
length for various window sizes. Figure 8 correctly shows that
for small waveguide dimension, the efficiency #, approaches
100%. This is expected, as for small waveguides, light does not
have to travel far to reach the perimeters of the LSC. The
figure shows that for a typical window size of 2 m’, a linear
attenuation u of more than 1000 mm is needed in order to have
a waveguide light transport efficiency of more than 50%. This
is in large contrast to the y#-value of 24 mm that was measured
for our LSC. We will come back to this in the discussion
section. Interestingly, Figure 8 shows that the efficiencies
become more and more constant towards larger window sizes.
We conclude that for larger window sizes only a certain edge
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region, close to the perimeter, contributes to the total of emitted
light that reaches the perimeters. The LSC regions to the centre
of the waveguide do contribute much less, as most
luminescence emitted there does not reach the perimeter
anymore.
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Figure 9. Light transport efficiency as a function of linear
attenuation length for different sizes of square LSCs.

The data plotted in Figure 8 and Figure 9 can be merged into
one graph shown in Figure 10. The dimensionless attenuation
length La is defined for a square LSC by equation 4.2, in which
W<H.

La=u/Ww 4.2
This way of presenting the data allows for showing the
efficiencies not only for different LSC sizes, but also for
different proportions of the LSCs.
In this way we simultaneously see that for W>>yu the light
transport efficiency goes to zero, and for W <<y the light
transport efficiency goes to unity.
We can conclude from our calculations that the dimensionless
attenuation length La is an important parameter for an LSC, as
this parameter represents the proportion between the LSC
dimensions and the typical length over which the light escapes
the LSC by parasitic processes. This ratio in turn determines
the light transport efficiency #,, representing the combination
of the Stokes’ efficiency and the waveguide efficiency.
The data in Figure 10 can be fitted with the empirical formula
for the light transport efficiency given by equation 4.3.

Laf'l

~N— 4.3
K+La"

m,

In equation 4.3, K and n are valued respectively 0.547 and
1.117 for a square LSC. The inset in Figure 10 shows the
residual error of the fit. As can be seen the error is maximally
0.6 percentage point, which is generally less than the
uncertainty induced by the measurement of the linear
attenuation length.

In Figure 10 it can be observed that for small linear attenuation
lengths w4, compared to the dimensions of the LSC, the light
transport efficiency goes down rapidly. However, because the
efficiency is a function of the proportion between the size of
the LSC and the linear attenuation length, the efficiency can
still be fairly high for small values of 1. Our 250 um sample for
instance has an La-value of 0.48, if we however scale up our
LSC to a size of one meter, its La-value would drop to 0.024,
decreasing its transport efficiency #; from 45% to only 2.8%.
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Table 1. The various measured efficiencies of the Lu,O5:Eu®" thin
film LSC.

3 um Lu,05:8%Eu’"

on 250 pm Al,O;
1-R 90%
1 LHE 87%
n LQE 43.8%
HsA 100%
7 Stokes 41%
New — 86%
N wG 45%
NQE 13%

It is instructive to summarize the efficiencies of the various
steps involved in the concentration of sunlight. In Table 1 it is
shown that the loss due to reflection is 10%, the light
harvesting efficiency is 87%, the luminescence quantum
efficiency is 43.8%, the trapping efficiency is 86%, and the
light transport efficiency 45%. One should note that the
measured linear attenuation length u and the calculated light
transport efficiency were non-specific in the sense that it is a
measurement of light transport in both the film and the film-
substrate-complex.

When these efficiencies are multiplied a quantum efficiency,
noe, of 13% follows at 250 nm excitation. The optical
efficiency can be calculated by multiplying nqg by the Stokes’
efficiency of 0.4, since the 250 nm light is converted to 611 nm
light of the Eu’" ions. This energy efficiency value is not very
useful, as our LSC was not intended to be a real solar
concentrating device, but rather an LSC in which fundamental
light transport can be studied without the well-known and
studied self-absorption.[19]
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Figure 10. Calculated light transport efficiencies are plotted as a
function of the dimensionless attenuation length La. The
efficiencies are plotted for different proportions of the windows
(blue, green and red), in which always W < H. The residual error
of the empirical fit of equation 4.3 is shown in the inset.

5. Discussion

From Table 1 it becomes clear that the optical efficiency of the
presented LSC is not 100%, mostly due to a low luminescent
quantum efficiency of the luminescent material (43.8%) and
the low light transport efficiency (45%). As the light transport
in our thin film LSC is only controlled by the linear attenuation
length that is not affected by self-absorption, the waveguide
loss must be due to scattering at the various interfaces.

One way to improve the waveguide efficiency is to better
match the refractive indices of the film and the substrate. In our
LSC are, as follows from formulas 3.2 and 3.3, 41% and 45%
trapped in respectively the film and the film-substrate-complex.
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Matching the refractive indices will result in a larger fraction of
light trapped inside the film-substrate-complex instead of in the
film. Lowering the refractive index of the film however would
result in a larger escape cone, as follows from formula 3.1, and
should therefore be treated carefully.

A second way is to use a thicker substrate with a more realistic
thickness for a window of 3 mm. Light trapped in the film-
substrate-complex, in that case, has less interaction moments
with the interfaces, while it zigzags along the LSC.

In order to have the highest possible trapping efficiency high
index of refraction film is desired, as follows from formula 3.1.
In that case it is important to investigate which physical
parameters controls the waveguide efficiency, like surface
roughness or perhaps low efficiency is caused by light
confinement issues that are not considered in this work, e.g.
limited waveguide modes.

For building integrated applications, where LSC sizes are
typically large (>1 m®), the linear attenuation should be in the
order of 1000 mm in order not to lose too much energy, and
have a light transport efficiency of about 50%.

As mentioned earlier for large LSCs only a certain edge region
contributes to the total concentrated light at the perimeter. For
large window sizes it is therefore a useful idea to only coat this
edge region with a luminescent layer and leave the central
region clear. This might not only save cost, but also opens up
the possibility to apply luminescent coatings that absorb not
only the UV spectral region, but also (part of) the visible region,
hereby generating much more electricity. The near-edge
regions of the window will then be coloured or even black,
where the central region is clear serving as a window for
daylight to enter the building.

Finally we present in Figure 11 the calculated power
efficiencies of an LSC device as a function of absorption edge
of the luminescent material. This is done for different LSC
sizes and attenuation lengths.

The reflection at the surface of the LSC is chosen to be
according the Fresnel equations, with an index of refraction of
the film of 1.93.

For incident light of energies exceeding the absorption edge,
the absorption by the luminescent material is taken 0.8 and
zero for lower energies.

Furthermore the self-absorption is assumed to be zero.
Therefore, the emission is shifted 10 nm outside the absorption
region of the luminescent material.

This refractive index of the film determines the trapping
efficiency, which is calculated with equations 3.2 and 3.3.
Furthermore, a luminescent quantum efficiency is chosen of
0.8. And finally the source has been assumed to be a solar
AM1.5 spectrum [29].

The internal quantum efficiency (IQE) curves of InGaN/GaN
[30], CGS [31], Si [32], and CIS [33] have been used to
calculate the power efficiency of the cells at the emission
wavelength of the luminescent material.

From the calculations follow that for fully transparent glass
(absorption up to 400 nm) a power efficiency of the order of
only 2% is achievable, corresponding to 20 Wpm™. If, however,
one would accept coloured glass, power efficiencies can go up
significantly, for yellow or red glass to 5% and 10%
respectively. One should note that for achieving such
efficiencies when sunlight is collected at an area of the order of
1 m* an area of the order of only 0.01 m” of solar cell is needed.
As the luminescent material was freely chosen, and is probably
not available as such, Figure 11 only gives an indication of
what efficiencies are possible to achieve.
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6. Conclusion

We have identified the different loss processes in luminescent
solar concentrating. The accompanying efficiencies have been
determined for a thin film LSC, based on Eu’** doped Lu,0s.
The attenuation length has been determined, which is a
measure for the losses due to self-absorption and scatter losses.
We have shown how to calculate the light transport efficiency
of the LSC based on the easy to perform attenuation
measurement.

The light transport efficiency has been fitted with an easy to
calculate empirical formula, making calculation of the light
transport efficiency for different sizes of LSCs comfortable.
The LSCs studied in this paper have shown to have low optical
efficiencies, mainly due to due to a low luminescent quantum
efficiency of the luminescent material and the low light
transport efficiency.

Finally, achievable power efficiencies have been calculated for
a variety of LSC dimensions and attenuation lengths using
common photovoltaic cells, showing power efficiencies of up
to 17%.
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Figure 11. Calculated power efficiencies for LSCs connected to
InGaN/GaN, CGS, cSi, and CIS solar cells. The efficiencies are
plotted for different sizes and attenuation lengths of the LSC. For
incident light of energies exceeding the absorption edge, the
absorption by the luminescent material is taken to be 0.8 and zero
for lower energies.

A. Light Transport efficiency for

circular LSCs

Whereas equation 4.1 gives the light transport efficiency for a
rectangular LSC, equation A.1 gives the equation for the light
transport efficiency for circular LSCs. The function d gives the
distance from the infinitesimal area rdrdé to the perimeter of
the LSC.

27 D2 271
2

d
T cirewlar = 7~ 2 I 7 exp {— M} dédrd
(D”) 0 0 0 H

A.l
with
d(r,0,&)= \/DTZHZ {(cosfcos0+sin§sin ) 71}
—r(cos&cos@+sinésinf)
B. Light Transport efficiency
coefficients

In Table 2 coefficients for calculation of the light transport
efficiency using equation 4.3 are given for three different
proportions of LSCs.
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Table 2. K and n values for different proportions of LSCs.

10.

11.

12.

13.

14.

15.

16.

W:H K n

1:1 0.547 1.117

2:3 0.673 1.113

1:2 0.760 1.106
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Appendix B

Refraction of escape cone

The angle of the escape cone of the film-air interface is given by equa-
tion 2.10.

Cc,film,air = arcsin (77«17,7”) (Bl)
N film
The ‘¢’ denotes that the angle is the critical angle, ‘film,air’ denotes that
the incoming light ray travels from the film to the air. Using the Snell’s
law, equation 2.9, the angle of the refracted beam in the substrate A is
determined to obey equation B.2.

A = arcsin [nﬂlm sin a} (B.2)
Nsub

As a equals (. fiim,air, €quations B.1 and B.2 result in an equation de-
scribing the angle of the refracted beam, equation B.3.

.| Nfilm . . Nair
A = arcsin | ——— S1n < arcsin
Nsub N film

. Nair
= arcsin | ——

Nsub

= Cc,sub,air (B3)

From equation B.3 we see that the refracted critical beam of the film
exactly corresponds to the critical angle of the substrate.
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Appendix C

FT-IR data
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Figure C.1: Emittance of the Bruker sources in FT-IR spectrometry. [43]
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C. FT-IR data
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Appendix D

Energy distribution

Obviously a photon trapped inside the film, if no losses are considered,
will eventually reach the side of the LSC without entering the substrate.
But it is less self-evident in which layer to find a photon trapped in both
layers. So consider such photon from the yellow part of figure 2.9. When the
photon is incident on the interface between the film and the substrate, there
is a certain chance the photon reflects and one minus that chance that it is
transmitted into the substrate. Suppose it is reflected, then it will reflect at
the top surface (the face), as it was trapped inside the waveguide system.
After this reflection the photon will again hit the interface of the film and
substrate. And this process goes on and on. So the chance the photon has
never been in the substrate after n reflections is R".

| | Itop =0.18 IO
[ [
lo 1 2 3 /4 5 6 | 17 8 9
\ \ top layer
R=05 : :
IV [
‘ ‘ sub layer
\ v x
| |
| 2 |
< 5 > 1

Figure D.1: Energy distribution over the film and the substrate of light emit-
ted by a luminescent center in an LSC. The light is emitted such that it is
trapped in the two layers combined. Due to multiple reflections in the film
per reflection in the thick substrate, the energy is located more and more in
the substrate. In this figure the reflection between the film and the substrate
is taken to be 0.5. The gray shades give the intensity of the light beams.

Now suppose we have two emitted photons, with same angles of incidence
on the interface, for which the chance is half' for being reflected. Assume
that one is reflected, and the other is transmitted. Now, due to the fact
that the thickness of the luminescent layer is very small compared to that
of the substrate, the reflected photon will reach the interface closer than

!The chance of one half is arbitrary, but gives insight in the process.
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D. Energy distribution

the transmitted photon, see for example figure D.1. So the reflected photon
again has chance one half of being transmitted. Repeating this a few times
will lead to the highest chance to find both photons in the substrate. For
very thin films, this process goes fast, resulting in a negligible part in the
thin film, and therefore all in the substrate.

Of course this can all be expressed mathematically. Suppose, for sim-
plicity, that the distance traveled parallel to the LSC in the sub layer per
reflection on the sub interface, do in figure D.1, is a whole number times the
distance traveled parallel to the LSC in the film per reflection on the top
interface, dy in figure D.1. That ratio, IV, is given by equation D.1.

=2 (D.1)

With this ratio one can determine an expression for the intensity at point
n in the film, which is given by equation D.2.

n—1
~ —1

Iy=RI, 1+ (1—R)? D R (ir1)n+1) (D.2)
i=0

Writing out a few terms of this expression for the case of figure D.1,
with ratio IV is three, may give an understanding that this is indeed the
correct expression. Choosing Iy unity, and all I before are defined zero,
gives at position 1 for the intensity Iy = R, just as expected. At position
2, Iy = RI;, which equals, as expected, R?. This goes on till the first
transmitted ray comes back to the substrate-film interface. One expects
an additional term, next to the power term, equal to the transmitted part
squared, (1 — R)2, as the light had to transit the interface twice. Filling in

the equation gives indeed

wlw
—

Ii=RI3+(1-R?>Y R
=0

~

= R'+ (1 - R)?

The term I3; equals unity, as 7 equals zero.

To give more insight in this equation values are plotted in figure D.3.
In this calculation the thickness of the film was taken 3 um, with optical
properties similar to LupO3:Eu™, the substrate was 250 ym thick, and had
properties of AloOg. The reflectivity is calculated with the Fresnel equations
2.27. The intensity Iy is taken unity. The data displayed is for an angle of
50 degrees incidence in the film. With this settings the figure gives the part
of the light ‘located’ in the film.

In the figure one sees periodically sharp peaks, these peaks correspond
to multiples of distance ds, see figure D.1. Every distance do part of the
light in the substrate is transmitted in the film, resulting in an increase of
light in the film, thus in an increase of the part in the film.
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Figure D.2: Intensity in film plotted according equation D.2 as a function of
distance. Thickness film is 3 ym, thickness substrate is 250 ym. The refractive
indices are 1.9 and 1.5 for respectively the film and the substrate. The data is
plotted for an angle of incidence of 50 degrees on the film-substrate interface.

The data given in figure D.2 is for one point source. In reality there are
many more, giving rise to averaging out the sharp peaks. This is done in
figure D.3. In this figure the mean intensity as function of size is plotted for
different angles of incidence in the film of size of the LSC. Of course close to
zero the intensity goes to unity, but for clarity this exponential drop in the
first tenth of a millimeter has not been plotted. The behaviour of the mean
intensity for changing angle for an LSC size of ten cm is displayed in the
inset. One sees that at most a fraction of a percent of the light is located in
the film.
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Figure D.3: Mean intensity in the film as function of size of the LSC. Plotted
for different angles. Inset: Mean intensity as function of angle for a size of 10
cm.
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Appendix E

3D directional output
function

Ititm (¢,0) = (1 / 4) * PO * (1-cos(phi)"2 * n2°2 * sin(theta)
n1"2)"(1 / 2) * (abs(sin(phi) * (n2°2 * sin(theta)"2 / n1"2)"(1 /
(sin(phi) * n2°2 * sin(theta) * cos(theta) / ((n2°2 * sin(theta)"2 / n1"2)"(
/ 2) * (1-cos(phi)"2 * n2°2 * sin(theta)"2 / n1°2)"(1 / 2) * n1"2)+sin(phi
* (n2°2 * sin(theta)"2 / n1°2)"(1 / 2) * cos(phi)"2 * n2°2 * sin(theta)
cos(theta) / ((1-cos(phi)“2 * n2°2 * sin(theta)"2 / n1°2)"(3 / 2) * n1"2)) /
((1-cos(phi)“2 * n2°2 * sin(theta)"2 / n1°2)"(1 / 2) * (1-sin(phi)"2 * n2"2
* sin(theta) 2 / (n1°2 * (1-cos(phi)"2 * n2°2 * sin(theta)"2 / n172)))" (1
/ 2)))+abs(cos(phi) * n2°2 * sin(theta) * cos(theta) * (cos(phi) * (n2°2 *
sin(theta)"2 /n1°2)"(1 / 2) / (1-cos(phi)"2 * n2°2 * sin(theta) "2 / n1°2)"(1
/ 2)-sin(phi)“2 * (n2°2 * sin(theta)"2 / n1°2)"(1 / 2) * cos(phi) * n2°2 *
sin(theta) 2 / ((1-cos(phi)"2 * n2°2 * sin(theta)"2 / n1°2)"(3 / 2) * n1"2))
/ ((n2°2 * sin(theta)"2 / n1°2)"(1 / 2) * n1"2 * (1-cos(phi)"2 * n2°2 *
sin(theta)"2 / n1°2)"(1 / 2) * (1-sin(phi)"2 * n2"2 * sin(theta) "2 / (n1°2 *
(1-cos(phi)"2 * n2"2 * sin(theta)"2 / n1°2)))"(1 / 2)))) / (Pi * sin(theta))

"2
2)
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Figure E.1: The intensity emitted from the film as function of ¢ and ¢
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E. 3D directional output function

Ty (9,0) = (1 / 4) * PO * n0 * (1-cos(phi)"2 * n2°2 * sin(theta) 2 /
n0°2)"(1 / 2) * (abs(cos(phi) * n2°2 * sin(theta)"2 * sin(phi) * (sin(phi) *
n2°2 * sin(theta) * cos(theta) / ((n2°2 * sin(theta)"2 / n0°2)"(1 / 2) * (1-
cos(phi)“2 * n2°2 * sin(theta)"2 / n0°2)"(1 / 2) * n0"2)+sin(phi) * (n2°2 *
sin(theta)"2 / n0°2)"(1 / 2) * cos(phi)"2 * n2°2 * sin(theta) * cos(theta) /
((1-cos(phi) "2 * n2"2 * sin(theta) "2 /n0°2)"(3 / 2) *n0"2)) / (n0 * nl1 * (1-
cos(phi)“2 * n2°2 * sin(theta)"2 / n0°2)"(1 / 2) * (1-n0"2 * (1-cos(phi)"2
* n2°2 * sin(theta)"2 / n0°2) / n1°2)"(1 / 2) * (1-sin(phi)"2 * n2°2 *
sin(theta)"2 / (n0"2 * (1-cos(phi)"2 * n2°2 * sin(theta)"2 / n0°2)))"(1 /
2)))+abs(cos(phi)“2 * n2°2 * sin(theta) * cos(theta) * (cos(phi) * (n2°2
* sin(theta)"2 / n0°2)"(1 / 2) / (1-cos(phi)"2 * n2°2 * sin(theta)"2 /
n0°2)"(1 / 2)-sin(phi)"2 * (n2°2 * sin(theta)"2 / n0°2)"(1 / 2) * cos(phi)
*1n2°2 * sin(theta) "2 / ((1-cos(phi)"2 * n2°2 * sin(theta) 2 / n0°2)"(3 /
2) * n0°2)) / (n0 * nl * (1-cos(phi)"2 * n2°2 * sin(theta)"2 / n0"2)"(1
/ 2)* (1-n0°2 * (1-cos(phi)"2 * n2°2 * sin(theta)"2 / n0"2) / n1°2)"(1 /
2) * (1-sin(phi)"2 * n2"2 * sin(theta)"2 / (n0"2 * (1-cos(phi)"2 * n2°2 *
sin(theta)"2 / n0°2)))"(1 / 2)))) / (Pi * nl * sin(theta))

0=0

0=m/3

(
¢=0-12 10 ° b=r/2

Figure E.2: The intensity emitted from the substrate as function of § and ¢

p=m/2

Figure E.3: The intensity emitted from the film and the substrate combined
as function of 6 and ¢
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Appendix F

Directional output fit

In this chapter both the equations for the ideal and the extended model
are given. Both were given in a compact form in equations 2.53 and 2.56.
The equations in the sections F.1 and F.2 are given in a form compatible
with the mathematical program ‘Maple’. Table F.1 shows the meaning of
the parameters occuring in the fitting formulas given in this chapter.

Table F.1: Descriptions of the parameters in the directional output models.

Fitting parameters Description

A intensity factor of the substrate profile
B intensity factor of the film profile

C A6 correcting for an offset in 6

mul 1/ ﬂsub

mu?2 L/ fipitm

Known parameters Description

n0 Neub, refractive index substrate
nl N tilm, refractive index film
n2 Ngir, refractive index air

F.1 Ideal model fit

Ligeat (0 =0,0 =2) = (1 / 4) * abs(A * n0 * (1-n2"2 * sin(x+C)"2 /
n0°2)"(1 / 2) * abs(n2"2 * sin(x+C) * cos(x+C) * (n2°2 * sin(x+C)"2 /
n0°2)°(1/2) / (n0 *nl * (1-n2°2 * sin(x+C)"2 / n0"2) * (1-n0"2 * (1-n2°2
*sin(x+C)"2 / n0°2) / nl1"2)"°(1 / 2))) / (nl * sin(x+C))) / Pi+(1 / 4
*abs(B * (1-n2°2 * sin(x+C)"2 / n172)"(1 / 2) * abs(n2°2 * sin(x+C) *
cos(x+C) / (n1"2 * (1-n2°2 * sin(x+C)"2 / n1"2))) / sin(x+C)) / Pi
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F. Directional output fit

F.2 Extended model fit

Iwt (0 =0,0 =z) = (1 / 4) * abs(A * exp(-4.000000000 * mul / abs(n0
*(1-n2°2 * sin(x+C)"2 / n0°2)"(1 / 2) / (n2 * sin(x+C)))) * n0 * (1-n2"2
*sin(x+C)"2 / n0°2)"(1 / 2) * abs(n2"2 * sin(x+C) * cos(x+C) * (n2°2 *
sin(x+C)"2 /n0°2)"(1 /2) / (n0 *nl * (1-n2"2 * sin(x+C)"2 / n0"2) * (1-
n0"2 * (1-n2°2 *sin(x+C)"2 /n0°2) /nl1"2)"(1 / 2))) * (2 *n0 * (1-n2"2 *
sin(x+C)"2 /n0°2)"(1 / 2) * n2 * cos(x+C) / (n2 * cos(x+C)+n0 * (1-n2°2
*sin(x+C)"2 /n0°2)"(1 /2))"242*n0 * (1-n2°2 * sin(x+C)"2 /n0"2)"(1 /
2) *n2 * cos(x+C) / (n0 * cos(x+C)+n2 * (1-n2"°2 * sin(x+C)"2 / n0"2)"(1
/2))°2) / (nl *sin(x+C))) / Pi+(1 / 4) * abs(B * exp(-166.6666667 * mu2
/ abs(nl * (1-n2°2 * sin(x+C)"2 / nl1"2)"(1 / 2) / (n2 * sin(x+C)))) *
(I-n2°2 * sin(x+C)"2 / nl1"2)"(1 / 2) * abs(n2"2 * sin(x+C) * cos(x+C) /
(n1"2 * (1-n2°2 * sin(x+C)"2 / n1"2))) * (2 * n1 * (1-n2"2 * sin(x+C)"2 /
n1°2)"(1/2) *n2 * cos(x+C) / (n2 * cos(x+C)+nl * (1-n2°2 * sin(x+C) "2
/ nl1°2)°(1 / 2))"242 * nl * (1-n2°2 * sin(x+C)"2 / n1"2)"(1 / 2) * n2 *
cos(x+C) / (nl * cos(x+C)+n2 * (1-n2°2 * sin(x+C)"2 / n1"2)"(1 / 2))"2)
/ sin(x+C)) / Pi
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