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Luminescent solar concentrators are semi-transparent plates that are able to concentrate incident 
sunlight on its edge faces, where solar cells are attached. This work studies how the dominant 
loss mechanisms of conventional devices can be mitigated by embedding the luminescent mate-
rial in a photonic crystal to tailor its emission characteristics. In such a photonic luminescent solar 
concentrator emission is redistributed spectrally and directionally, which can strongly improve the 
guiding of light to the edge faces and thus increase the concentrator’s efficiency.

To quantitatively describe the effects of a photonic crystal on luminescent emission, new theo-
retical models are proposed in this work. This theoretical treatment provides significant physical 
understanding and insight in the interaction of light and matter, and is of large interest also for 
other applications that deal with the emission of light (e.g. LEDs, lasers). Furthermore, novel fa-
brication methods were developed to realize photonic crystals in form of Bragg stacks and opals 
with embedded organic dye molecules. Using dedicated photoluminescence measurements with 
angular resolution, an excellent agreement of calculations and experiments was found, which 
confirms the theoretical models presented in this work.
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Abstract

This work presents a comprehensive theoretical and experimental investigation of
photonic luminescent solar concentrators (PLSC). In these devices, the lumines-
cent material is embedded in a photonic crystal to tailor the emission of light. This
way the major loss mechanisms of conventional luminescent solar concentrators
(LSC) can be mitigated, namely the escape cone and reabsorption.
By combining the theory of photonic crystals and light-matter interaction, a

novel modeling method was developed that allows for the quantitative calculation
of the photonic-crystal-induced changes in the emission characteristics. The effects
on the absorption, emission and guiding of light were combined in an analytical
model to predict the overall performance of PLSCs. In particular, PLSCs realized
from 1D-periodic Bragg stacks and 3D-periodic opals were studied.
As shown in the calculations, these photonic crystals feature only rather small

variations in the density of photon states. Therefore only little spectral redis-
tribution and small changes in the emitter’s quantum yield were obtained. The
anisotropy of the dispersion relation, however, leads to strong directional redistri-
bution of emission. As a result, measured spectra in experiments can be heavily
distorted as typically only a subset of modes is detected, which explains previ-
ously not fully understood observations in literature. I show that in PLSCs, this
directional redistribution can drastically improve the efficiency of light guiding.
It is shown theoretically that opals are not able to outperform conventional

LSCs due to a lower light guiding efficiency. The Bragg stack, however, was iden-
tified as a very promising candidate for PLSCs: due to directional redistribution
of emission within the photonic band gap, the light guiding is strongly enhanced,
leading to a reduction of escape cone losses by 60% for a typical luminescent dye.
At the same time the calculated absorption of incident light was found to be in-
creased as well, which results in an estimated system efficiency 2.1-times larger
than in a comparable conventional LSC.
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Abstract

To study the predicted effects experimentally, new fabrication processes were
developed to obtain Bragg stacks and opals with embedded fluorescent dyes. While
the realization of defect-free opals was found to be challenging, Bragg stacks with
up to 29 layers and a peak reflectance of 98.9% were obtained using an optimized
spin coating process. Focusing on the promising Bragg stack, a very good agree-
ment between theoretical calculations and experimental results was obtained in
photoluminescence measurements with directional resolution. With the help of
appropriate experiments and reference samples, it was shown that the observed
spectral and directional redistribution indeed originates from the photonic crys-
tal’s influence on the emitter, as predicted in the calculations.
In a proof-of-principle experiment, the desired guiding of light to the edge faces

was demonstrated for a Bragg stack PLSC. A reliable quantitative investigation
of the predicted improvements in the quantum yield of the concentrator, however,
was limited by the weak absorption of the samples. In future work, the fabrication
process needs to be further optimized to embed additional dye layers.
To conclude, the very good agreement between emission experiments and calcu-

lations confirms the theoretical treatment presented in this work, which provides
fundamental insight into and understanding of the relevant physics of luminescent
emission in photonic structures. Besides the application in PLSCs, the findings
of this work are of large interest for other applications that deal with the emis-
sion of light, for example to model and design photonic crystal lasers and efficient
light-extraction structures in light emitting diodes.

Keywords: luminescence, fluorescence, photonic crystals, Bragg stack, opal,
light-matter interaction, Fermi’s golden rule, solar energy, photovoltaics, lumines-
cent solar concentrator
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Zusammenfassung

Die vorliegende Dissertation untersucht das Konzept photonischer Fluoreszenz-
konzentratoren theoretisch wie auch experimentell. In diesen Konzentratoren wird
der Fluoreszenzstoff in einen photonischen Kristall eingebettet, um die Emissi-
onscharakteristik zu beeinflussen. Dadurch können die in herkömmlichen Fluores-
zenzkonzentratoren dominierenden Verluste verringert werden, insbesondere die
unvollständige Lichtleitung im Verlustkegel und Reabsorption.
Durch die Kombination der Theorie von photonischen Kristallen und der quan-

tenmechanischen Licht-Materie-Wechselwirkung wurden die grundlegenden physi-
kalischen Effekte herausgearbeitet, die in solchen Strukturen auftreten. Erstmals
wurde der Einfluss des photonischen Kristalls auf das Emissionsverhalten eines
fluoreszenten Farbstoffs quantitativ modelliert und die Auswirkungen auf die Ef-
fizienz der Konzentratoren berechnet. Konkrete Betrachtungen wurden dabei für
1D-periodische Bragg-Stapel und 3D-periodische Opale angestellt.
Die Berechnungen zeigen, dass in beiden Strukturen die photonische Zustands-

dichte nur geringe Variationen aufweist und dadurch geringe Auswirkungen auf
die spektrale Verteilung der Emission und auf die Quanteneffizienz des Emit-
ters zu erwarten sind. Durch die anisotropen Dispersionsrelationen tritt jedoch
eine signifikante Umverteilung der Emission bezüglich der Abstrahlungsrichtung
auf. Dadurch können im Allgemeinen Messungen der Photolumineszenz trotzdem
starke spektrale Veränderungen aufweisen, da typischerweise nur ein Teil aller
emittierter Moden detektiert wird. Mit dieser Erkenntnis können bislang teilweise
unverstandene Beobachtungen in der Literatur erklärt werden. Für die Anwen-
dung des Fluoreszenzkonzentrators spielt die richtungsmäßige Umverteilung eine
zentrale Rolle, da so die Effizienz der Lichtleitung erheblich gesteigert werden
kann.
Die theoretischen Betrachtungen zeigen, dass der Opal auf Grund einer gegen-

über herkömmlichen Fluoreszenzkonzentratoren geringeren Lichtleiteffizienz für
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Zusammenfassung

diese Anwendung wenig aussichtsreich ist. Sehr vielversprechend ist hingegen der
Bragg-Stapel, für welchen eine erhebliche Verbesserung der Lichtleitung erzielt
werden konnte. Dadurch reduzieren sich die Verluste im klassischen Verlustke-
gel um 60%. Gleichzeitig kann eine verstärkte Absorption von einfallendem Licht
erzielt werden, wie Simulationen zeigen. Als Folge dieser vorteilhaften Effekte
fällt die berechnete Gesamteffizienz eines beispielhaften Bragg-Stapels mehr als
doppelt so hoch aus wie die eines vergleichbaren konventionellen Fluoreszenzkon-
zentrators.
Zur experimentellen Überprüfung wurden spezielle Verfahren entwickelt, um so-

wohl Bragg-Stapel als auch Opale mit eingebettetem Farbstoff herzustellen. Wäh-
rend die defektfreie Herstellung von Opalen eine große Herausforderung darstellt,
konnten Bragg-Stapel mit bis zu 29 Lagen und einem Reflektionsgrad von 98.9%
durch Rotationsbeschichtung realisiert werden. An Hand der vielversprechenden
Bragg-Stapel konnten die Ergebnisse der theoretische Modellierung der Emission
im Experiment nachgewiesen werden: Durch winkelaufgelöste Photolumineszenz-
messungen, welche sensitiv auf die spektrale und richtungsmäßige Umverteilung
der Abstrahlung sind, wurde eine sehr gute Übereinstimmung gefunden. Mittels
geeigneter Experimente und Referenzproben wurde gezeigt, dass die beobachteten
Effekte tatsächlich wie vorhergesagt auf Grund des Einflusses der photonischen
Kristalle auf die Emission des Farbstoffs auftreten.
Bei der Messung der Konzentrator-Quanteneffizienz konnte erstmals die ge-

wünschte Funktionalität in einem photonischen Fluoreszenzkonzentrator nachge-
wiesen werden: Einfallendes Licht wird absorbiert und daraufhin emittiertes Licht
wird zu den Kanten geleitet. Wegen der schwachen Absorption der Proben war je-
doch eine quantitative Überprüfung der vorhergesagten Steigerung der Gesamtef-
fizienz nicht zuverlässig möglich. Hierfür muss in Zukunft der Herstellungsprozess
weiter optimiert werden, um zusätzliche Farbstoffschichten einzubetten.
Zusammenfassend lässt sich sagen, dass die sehr gute Übereinstimmung der be-

rechneten und gemessenen Emissionscharakteristiken die in dieser Arbeit vorge-
stellten theoretischen Überlegungen und Modellierungsmethoden bestätigt. Ins-
besondere die theoretischen Betrachtungen liefern einen wichtigen Beitrag zum
grundlegenden Verständnis des Einflusses einer umgebenden Struktur auf die Ab-
strahlung von Licht. Neben der Anwendung als Fluoreszenzkonzentrator sind die
Ergebnisse und Methoden dieser Arbeit auch für andere Anwendungen von hohem
Interesse, die sich mit der Emission von Licht beschäftigen, wie z.B. in Lasern und
Leuchtdioden.

Stichwörter: Lumineszenz, Fluoreszenz, Photonische Kristalle, Bragg-Stapel,
Opal, Licht-Materie-Wechselwirkung, Fermis goldene Regel, Solarenergie, Photo-
voltaik, Fluoreszenzkonzentrator
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Chapter 1

Introduction

1.1 Motivation

The transformation of the world’s energy system towards renewable energy sources
is a major challenge of our time: currently the energy supply is based on fossil
fuels that are limited, involve risks for ecosystems (see the Gulf of Mexico oil
spill in 2010, for example) and threads to human health, and cause severe climate
changes [1]. The renewable energy source with the biggest potential is the radi-
ation from the sun: theoretically, in 1.5 hours the earth receives the amount of
energy mankind consumes in one year [2]; even the sustainably usable potential
is more than 20 times larger than the current consumption [3]. For electric power
generation, the technology of photovoltaics, i.e. the direct conversion from light to
electricity, has made enormous progress in the past decades in terms of efficiency
and cost due to experience curve effects.
One approach to further reduce the cost of photovoltaic systems is to con-

centrate the sunlight onto small solar cells to save semiconductor material, i.e.
resources and costs. This can be achieved with luminescent solar concentrators
(LSC), which are flat plates that concentrate incident light on its edge faces. In
contrast to mirror and lens based concentrator systems, LSCs are capable of con-
centrating not only direct but also diffuse radiation and therefore have no need for
tracking. Furthermore, they provide novel application possibilities such as build-
ing integrated photovoltaics [4] with colorful and semi-transparent designs (see
Fig. 1.1 (a)), or flexible modules [5, 6].
In detail, an LSC is a plate of a transparent matrix (e.g. glass or polymer) that

is doped or coated with a luminescent material, as illustrated in Fig. 1.1 (b). The
luminescent material absorbs incident light and emits at longer wavelengths. Most

1



1 Introduction

(b) Cross-section of a conventional LSC

Photonic crystal

(a) Different LSCs

Escape cone

Total internal reflection

Luminescent material

Solar
cell

Incident sunlight Escape cone loss

Figure 1.1: Luminescent solar concentrators (LSC) are semi-transparent plates doped
or coated with a luminescent material. They concentrate incident light on their edge faces,
as shown in (a) for different luminescent materials [Photograph courtesy of Luca Greco,
Fraunhofer ISE]. The cross-section of an LSC in (b) reveals, that most of the emitted
light is trapped inside the LSC plate and it is thus guided to the edge faces, where small
solar cell convert the concentrated light into electricity.

of the emitted light is trapped inside the plate by total internal reflection (TIR).
Consequently, it is guided to the plate’s edge faces. With a surface area larger
than the edge faces, a concentration of light can be achieved. The concentrated
light can then be converted to electricity by small solar cells attached to the edge
faces.
The concentration of light, however, is not perfect. The performance of conven-

tional LSCs suffers from several loss mechanisms:
• Not all emitted light is trapped by TIR: within the escape cone defined by

the critical angle, light can exit the LSC and is lost. Typically, emission
of the luminescent material can be assumed to be isotropic [7], thus the
fraction of light in the loss cone is given by

1−
√

1− (nout/nin)2 (1.1)

from geometrical considerations [8], where nout and nin are the refractive in-
dices of the surrounding medium and the LSC plate, respectively. Typically,
nout = 1 (air) and nin = 1.5 (polymer), thus 25.5% of emitted light is lost.

• Furthermore, the propagation of emitted light through the LSCs suffers from
parasitic absorption of the matrix material, and from scattering within the
LSCs. These losses increase with the path length to the edge faces and
therefore with the concentrator size.

• Additionally, emitted light can be reabsorbed on its path towards the edge
faces by another molecule of the same luminescent species. This occurs when

2



1.2 State of the art

the absorption and emission spectra of the luminescent material overlap. Re-
absorbed photons are not necessarily lost, as they can be emitted again. This
reemitted light, however, is also subject to the escape cone loss. Therefore,
reabsorption limits the performance of large size LSCs, as the probability of
reabsorption increases with the path length.

• Moreover, (re)absorbed photons may be lost due to non-radiative decay
processes in the luminescent material. In other words: not every absorbed
photon results in emission of a photon. The ratio of emitted photons and ab-
sorbed photons is defined as the photoluminescence quantum yield (PLQY)
and depends on the luminescent material as discussed below.

1.2 State of the art

Luminescent solar concentrators

LSCs for solar energy harvesting were proposed at the end of the 1970s [9, 10],
while the principle of trapping fluorescent light was studied earlier for scintillation
counters [11, 12]. In the 1980s, LSCs were extensively investigated both in the-
ory and experiments. Fundamentally, the performance of LSCs was theoretically
studied using optics [13] and thermodynamics [14–17]. Practically, the design of
concentrator system was investigated in detail including the geometrical form of
LSC plates [10], the stacking of multiple LSCs with different luminescent materials
to cover a broad spectral range of absorption [10], the use of mirrors and reflectors
at the back surface and at certain edge faces (e.g. [18]), placing solar cell at the
back surface instead of the edge faces [19], tapering the plate’s edges to further
increase concentration [20, 21], and using thin luminescent films on transparent
substrates (“thin film LSC”) instead of homogeneously doped bulk LSCs [22].
A main focus of research, however, were and still are the luminescent materials

as they strongly influence the performance of an LSC. In the beginning of LSC
research, mainly organic dyes and rare earth ions were studied. Organic dyes are
complex molecules that feature broad absorption spectra and high PLQYs above
95% in the visible spectrum, also when embedded in polymers such as Poly(methyl
methacrylate) (PMMA) [7, 23, 24]. In the near-infrared (NIR), however, the PLQY
of such molecules is limited for fundamental reasons [7]. Typically the absorption
and emission spectra exhibit a significant overlap, thus promoting reabsorption-
related losses. Utilized energy transfer [25, 26] from one dye to a second one can
help to reduce these losses in LSCs [27–29]. Using phosphorescence instead of
fluorescence also reduces reabsorption as a result of the larger Stokes shift but it
is typically associated with a lower PLQY [28].
As an alternative, lanthanide ions like Nd3+, Yb3+ [30, 31] or other ions like

Cr3+ or [UO2]2+ [32, 33] were studied. They are very stable and can be embedded

3



1 Introduction

in glass as they resist the high temperatures that occur during the fabrication of
glass. Their absorption and emission spectra typically feature several lines that are
relatively narrow. The small overlap reduces reabsorption, but only a small part
of the incident light can be absorbed in such LSCs. To broaden the absorption
spectra, energy transfer from one ion (“sensitizer”) to another ion (“emitter”) was
investigated [30, 31].
With the rise of nanotechnology, luminescent semiconductor nano-crystals in

form of quantum dots [34–41] and nano rods [42, 43] have been studied in the last
decade for the use in LSC. The broad absorption spectrum as well as the emission
can be tuned by the nano-crystal’s size and geometry. Up to now, however, the
PLQY of these materials is rather poor (< 60%) when embedded in solid matrices
like polymers [44].
Consequently, organic dyes are the preferred luminescent species for LSCs with

high performance. Recently, researchers reported novel materials with promising
features such as large Stokes shifts, which might help to reduce reabsorption while
maintaining broad band absorption and high PLQY in future LSCs [45–48].
The best performing LSC systems were realized in the past few years due to

the progress in solar cells from III-V semiconductors whose electric band gaps are
well suited to convert the emitted light to electricity. In 2008, Goldschmidt et al.
realized a stack of two plates with different organic dyes, attached to GaInP and
GaAs solar cells. They achieved a power conversion efficiency of 6.9%, which was
a record at that time [49, 50]. Shortly later, Slooff et al. reported an efficiency
of 7.1% for a system of two organic dyes mixed in one PMMA plate with GaAs
solar cells on all four edges [51]. Using (cheaper) solar cells of crystalline silicon,
Desmet et al. recently published a system efficiency of 4.4% for a stack of two
plates, which is lower than the other values due to the lower electronic band gap
of silicon and the therefore lower output voltage [52].
These record efficiencies were achieved for rather small systems of several cm2.

Larger systems that would be necessary for commercial applications suffer from
reabsorption as well as from parasitic absorption and scattering. To increase the
efficiency of (large) LSCs, Smestad et al. proposed to put a frequency-selective
reflector on their top surface [53]. Such a reflector should reflect the emitted light
to the reduce escape cone loss, while transmitting light in the spectral range of
the luminescent material’s absorption. This concept was investigated theoretically
and experimentally by different groups [16, 54–58]. Goldschmidt et al. obtained a
relative gain in system efficiency of 20% in experiments [59]. However, parasitic
reflection, especially at oblique incidence, limits the possible gain by such filters.
Furthermore, longer path lengths due to propagation at steep angles increase
path-length-dependent losses such as reabsorption or scattering.
In consequence, Goldschmidt et al. proposed the concept of “photonic lumi-

nescent solar concentrators” (PLSC) [60], which is investigated in this work in
detail. PLSCs aim at tackling the major shortcomings of conventional LSCs: in-
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1.2 State of the art

stead of using a plate of homogeneous material with macroscopic thickness, the
luminescent material is embedded into a photonic structure (Fig. 1.2 (a), (b)).
Such a structure features a variation of the refractive index on the length scale
of the wavelength of light. Therefore, the emission of light is subject to photonic
effects, which can be utilized to increase the concentrator performance by (i) re-
stricting emission to in-plane directions, thus circumventing the escape cone loss,
(ii) tailoring the emission spectrum to reduce the overlap of absorption and emis-
sion spectra to mitigate reabsorption, and (iii) enhancing radiative decay rates to
increase the PLQY.
Recently, other researchers followed this route of using photonic effects: Giebink

et al. proposed an LSC with a thin luminescent film that is resonantly coupled to
the underlying substrate via a low-refractive-index layer in between. By varying
the thickness of the luminescent film over the sample, the propagation of the
emitted light inside the substrate can be de-coupled from the luminescent film
to avoid reabsorption [61]. Rousseau and Wood calculated that patterning such a
luminescent film can increase the guided photon flux [62].

Photonic crystals and their influence on emission of light

In PLSCs, photonic effects are utilized to tailor the emission characteristics of the
luminescent material. For the first time, Purcell pointed out in 1946 that the rate
of spontaneous emission is affected by the light source’s environment, specifically
inside resonant cavities [63]. The introduction of photonic crystals 40 years later
[64, 65] has drawn particular attention to this phenomenon. Being nanostructures
with a periodic modulation of the refractive index, photonic crystals offer fasci-
nating means for the manipulation of light [66]. In particular, photonic crystals
influence the emission of photons by embedded light sources as already pointed
out in the pioneering works of Yablonovitch [64] and Bykov [67]. As a result of a
modified local density of photon states (LDOS), the emitter’s electronic transition
probability for spontaneous emission is altered as described in detail in Sec. 2.2.2.
Several researchers reported on the calculation of the LDOS in photonic crystals
using different approaches, as discussed in Sec. 3.1.
In experiments, various light sources (rare earth ions [68, 69], organic dye

molecules [70–72], semiconductor quantum dots [73–76] and quantum wells [77])
were embedded in different photonic crystals to study the emission properties.
Furthermore, biological samples were investigated, such as wings of butterflies
that feature fluorescent materials within photonic structures [78, 79]. The shape
of the measured emission spectra was found to be strongly modified, which was
attributed to suppression of emission inside photonic band gaps and enhancement
at band edges. However, for the fluorescence lifetime, which is directly related to
the emission probability, only little effect was observed in time-resolved measure-
ments of “weak” photonic crystals, featuring no complete i.e. no omnidirectional
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band gaps [70–72]. In contrast, photonic crystals with complete band gaps (e.g.
woodpile or diamond structures from high permittivity materials) significantly
influenced the lifetime when emitters were embedded [75, 76].
Up to now, the experimental results have been compared only qualitatively

to theoretical calculations of the LDOS, e.g. by comparing the emission spectrum
with the LDOS spectrum [72]. However, a quantitative theoretical treatment of the
influence of the photonic crystal on the emission of a fluorescent material is missing
in current literature. In this work, I fill this gap and present a comprehensive model
that combines the theoretical LDOS in photonic crystals with a rate-equation
model for fluorescent emitters to quantitatively calculate the different effects. This
approach allows modeling of characteristics observable in experiments, such as the
emission spectrum, the PLQY and the fluorescence lifetime (see Sec. 3.2).

1.3 Scope of this work

The objective of this thesis is to investigate the novel concept of a “photonic lumi-
nescent solar concentrator” (PLSC) in both theory and experiment. As mentioned
above, the idea of PLSCs is to mitigate the major loss mechanisms in conventional
LSCs by embedding the luminescent material in a photonic crystal. The photonic
crystal allows influencing the directional and spectral distribution of the emitted
light to reduce the losses in the escape cone and due to reabsorption.
In this work, two different photonic crystals were considered, as proposed in

Ref. 60: on one hand, the so-called Bragg stack of alternating high- and low-
refractive-index layers features an one-dimensional periodicity, as illustrated in
Fig. 1.2 (a). The thickness of the layers dj is given by the Bragg condition
λdesign = dj/4nj where j indexes the two materials with refractive indices nj , and
λdesign denotes the center wavelength of the (first) photonic band gap, where a re-
flection peak occurs for incident light. On the other hand, small dielectric spheres
close-packed in a face-centered cubic (fcc) arrangement provide three-dimensional
periodicity, see Fig. 1.2 (b). This photonic crystal is called opal according to the
gemstone that exhibits the same structure [80].
The luminescent material is embedded in one or several layers of the Bragg

stack and inside the spheres of the opal. While the PLSC concept is independent
of the type of luminescent materials, this work focuses on fluorescent organic dyes
as they have proven to yield the best LSC performance. The presented theoretical
and experimental treatments, however, allow adaptation to other emitter species.
Due to the small feature sizes, light inside photonic crystals must be considered

as waves (not rays), which are reflected and scattered at the many interfaces
in the structure and interfere with each other. As a result, the propagation of
light is different from plane waves in homogeneous media. Technically, the photon
dispersion relation ω(k), which relates the frequency ω and the wave vector k,
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Figure 1.2: To tackle the major shortcomings of conventional LSCs, the luminescent
material is embedded into photonic crystals to influence its emission characteristics. Here,
such photonic LSCs (PLSCs) are studied in form of (a) the one-dimensional Bragg stack
and (b) the 3D-periodic opal that consists of an close-packed arrangements of spheres. The
dispersion relation of the Bragg stack features a photonic band gap in on-axis direction,
see (c). As shown for different directions of the first Brillouin zone in (d), the opal’s
dispersion relation exhibits a band gap in L-direction, i.e. normal to the top/bottom
surface. In both cases, the absence of photon states in direction of the classical escape
cone leads to suppression of emission in these directions, thus reducing escape cone losses.

becomes strongly non-linear in photonic crystals, as shown in Fig. 1.2 (c), (d).1
As a consequence, photons with certain energies may not be allowed to propagate
in certain directions. Analogously to solid-state physics, such forbidden photon
states give rise to photonic band gaps, as indicated in the figure.
The absence of photon states in a certain direction implies that photons cannot

be emitted in this direction, as explained in detail in Sec. 2.2.2. In the PLSC,
this effect is utilized to reduce escape cone losses by suppressing emission towards
1For the calculation of the dispersion relations, the refractive indices nlo = 1.5, nhi = 2 (Bragg
stack) and nsphere = 1.5, nvoid = 1 (opal) were used according to the (experimental) realiza-
tions investigated in this work.
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the top and bottom surface: in direction of the classical escape cone, both Bragg
stack (x-direction) and opal (crystallographic L-direction) feature a band gap, as
shown in Fig. 1.2 (c), (d). Instead, light is emitted in in-plane directions, which
is beneficial for the concentrator performance.
Being a central part of this work, the general interaction of a photonic crys-

tal and an embedded fluorescent emitter was studied in theory to promote the
understanding of the relevant processes. Based on these fundamentals, a model-
ing method was developed to quantitatively calculate the effects on the emission.
Besides PLSCs, this novel theoretical framework could be applied also to other
applications such as lasers [81–87] and (organic) light emitting diodes (LED) [88–
92], where emitted light needs to be extracted efficiently. Furthermore, the overall
performance of (P)LSCs was modeled considering the changes in absorption of
incident light as well as path-length-dependent losses due to reabsorption.
I will show in the following that all the desired benefits mentioned above can

be achieved with the Bragg stack PLSC: the escape cone loss can be reduced
as the light guiding efficiency is strongly enhanced, the emitted spectrum can
be reshaped to reduce reabsorption, and the PLQY can be slightly increased.
Additionally, absorption of incident light can also be enhanced, due to slow light
modes. All these effects promise large concentrators with superior efficiency.
Based on theoretical calculations, the opal PLSC, however, is expected not to

perform better than conventional LSCs due to a less efficient guiding of emitted
light. Therefore, advanced investigations were focused on the Bragg stack concept.
Both Bragg stack and opal were analyzed in experiments. Through developing

and evaluating different fabrication approaches, samples with embedded lumines-
cent material were realized. The samples were characterized using different, partly
newly developed optical measurements methods to study absorption, emission and
concentrator performance. By comparing the dye’s emission characteristics from
calculations and experiments, a very good agreement was found, which confirms
the theoretical models developed in this work.

1.4 Organization of this thesis

In the following Chapter 2, I briefly introduce the theoretical backgrounds of
photonic crystals, luminescence and light-matter interaction. Based on this theory,
the different modeling methods and approaches developed and applied in this work
are presented in Chapter 3. Being a key quantity, it is shown how the local density
of photon states can be calculated in photonic crystals. To quantify the changes
in emission induced by the photonic crystal, I propose a rate-equation model for
broad-band fluorescent emitters.
Chapter 4 introduces the fabrication and characterization methods used in this

work to experimentally investigate the PLSC concept. In detail, processes were
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developed for the fabrication of multilayer and opal samples with embedded lu-
minescent dyes. Furthermore, the most important characterization methods are
presented.
The results of theoretical calculations and experiments are presented in Chap-

ter 5 and 6 in two parts: Chapter 5 deals with the effects of the photonic crystal on
the fluorescent emission. Calculations for the influence of the Bragg stack and opal
on the emitted spectra, the PLQY, and the light guiding efficiency are presented.
Being very sensitive to photonic effects, the angular resolved photoluminescence
from the sample surface was chosen to compare theoretical calculations with ex-
perimental measurements of the fabricated devices.
Chapter 6 is focused on the effects of the photonic crystal on the overall per-

formance of PLSC devices. Therefore, the absorption of incident light is studied
in simulations and is combined with the modifications of emission from Ch. 5
in an overall performance model that accounts for reabsorption losses. Using this
model, the different effects of the photonic crystal are combined to predict the con-
centrator quantum yield. Both absorptance and concentrator quantum yield are
accessible in measurements. Thus, experimental results for the fabricated samples
are discussed and compared to the theoretical calculations.
In the concluding Chapter 7, the main results are summarized and discussed. In

a brief outlook, perspectives arising from the findings of this work are presented.
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Chapter 2

Theory

This chapter introduces the theory of the physics relevant for this work. First,
the existence and propagation of light in homogenous media and photonic

crystals, and its behavior at boundary interfaces are discussed. As the key quantity
for the interaction with matter, the local density of photon states is derived. In
the second part, the absorption and emission of light by matter in a photonic
environment, and the phenomenon of luminescence are discussed in detail.

2.1 Light
Light in form of waves can be described by the well-known Maxwell equations.
Using an harmonic ansatz for the time dependency of the fields, the wave equation
for the stationary magnetic field H

∇×
( 1
ε(r) ∇×H(r)

)
=
(
ω

c

)2
H(r) (2.1)

can be derived for a dielectric material that is non-magnetic, free of charges and
currents, and that features no material dispersion (see Appendix A.1). Note, that
the relative permittivity ε(r) can vary in space. This wave equation can be read as
an hermitian eigenvalue problem, where (ω/c)2 (with frequency ω and the speed
of light in vacuum c) is the eigenvalue and the field H(r) is the eigenvector [66].
For homogeneous media with constant permittivity ε 6= ε(r), the solution to

this problem are the plane waves

H(r) = H0 eikr, (2.2)

with wave vector k that is related to the frequency ω by the linear dispersion
relation ω = (c/n) |k| through the refractive index n =

√
ε.
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2 Theory

2.1.1 Photonic crystals

Photonic crystals feature a periodic modulation of the relative permittivity ε (and
the refractive index n). Analogous to “real” crystals in solid state physics, their
spatial structure can be described by a Wigner-Seitz unit cell (WSC) [93]. With
a lattice vector R being a linear combination of the primitive lattice vectors, the
translation symmetry can thus be expressed as ε(r) = ε(r + R).
Equation (2.1), which in the field of photonic crystals is sometimes called “mas-

ter equation”, can therefore be solved according to the Bloch theorem using the
ansatz

Hb,k(r) = eikrub,k(r) (2.3)

with the function ub,k(r) = ub,k(r + R) being periodic on the crystal lattice. In
this way, the wave vector k and the band index b are introduced. Inserting this
ansatz in Eq. (2.1) yields

(ik + ∇)× 1
ε(r)(ik + ∇)× ub,k(r) =

(
ω(k)
c

)2
ub,k(r), (2.4)

which is again an hermitian eigenvalue problem. This problem can be solved nu-
merically using the plane wave expansion method, as implemented in the MIT
Photonic-Bands (MPB) package that was used for the calculations in this work
[94].
In photonic crystals, the dispersion relation ω(k) becomes anisotropic and non-

linear. Typically, it is studied along certain directions in k-space, as shown in
the “band diagrams” in Fig. 1.2 (c), (d). In fact, in this reciprocal space a first
Brillouin zone (FBZ) can be constructed in the same way as in solid state physics.
For the fcc lattice of the opal, the established crystallographic orientations are
used to refer to major direction in its FBZ, as shown in Fig. 1.2 (d).1
In the dispersion relation, photonic band gaps become visible, such as at the

border of the FBZ in on-axis direction of the Bragg stack, and in L-direction of
the opal, see Fig. 1.2 (c), (d). They result from the fact that for wave vectors k
in this direction there are no solutions Hb,k(r) to Eq. (2.1) that have frequencies
inside the gap. At the edges of band gaps, the dispersion relation is typically bent.
These “flat band” conditions give rise to slow light modes as the group velocity
vg = ∇k ω(k) decreases [96, 97].
When a band gap exists in all directions, it is called complete or omnidirec-

tional. The photonic crystals studied in this work feature incomplete band gaps
due relatively small refractive index contrasts.2 For the desired directional redis-
tribution in PLSCs, however, incomplete band gaps are needed so that emission is
1For a better understanding of the opal’s FBZ I recommend to build a 3D model according to
the template from Ref. 95, p. 175.

2In some publications, the term “band gap” is used only for complete band gaps and incomplete
band gaps are called “stop bands”.
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2.1 Light

inhibited only in certain, lossy, directions, and gets redirected in other directions
(e.g. in-plane).
To study emission inside photonic crystals, it is necessary to examine the lo-

cal density of photon states (LDOS) that appears in Fermi’s golden rule (see
Sec. 2.2.2). Mathematically, the LDOS is defined via [98]

ρ(r, ω) =
∑
b

∫
FBZ
|Eb,k(r)|2 δ(ω − ωb,k)dk, (2.5)

which can be understood as “counting” all photon states in the FBZ with a certain
frequency, weighted with the mode’s3 individual field distribution.4 It is the field
term |Eb,k(r)|2 that introduces the spatial dependence of the LDOS.
In contrast, the (total) density of states (DOS)

%(ω) =
∑
b

∫
FBZ

δ(ω − ωb,k)dk (2.6)

counts all states with same weights.
The DOS and LDOS are connected via spatial integration over the Wigner-Seitz

unit cell [98, 99]:
%(ω) =

∫
WSC

ε(r)ρ(r, ω)dr. (2.7)

Even in photonic crystals with weak refractive index contrast, the LDOS typ-
ically depends strongly on the actual emitter position r, and differs significantly
from the DOS [98, 100]. For the emission process, the LDOS is the relevant quan-
tity rather than the DOS, as discussed in Sec. 2.2.2.
Furthermore, a fundamental “sum rule” was found [101, 102], which states that

the total number of photon states is conserved and a reduction of the LDOS for
some region of the spectrum must be compensated by an enhancement at other
frequencies.
In general, both DOS and LDOS vanish in complete band gaps, and they are

enhanced at band edges due to the flattening of the bands. In photonic crystals
with incomplete band gaps, the DOS and typically also the LDOS do not drop to
zero as there are modes with frequencies in the band gap in other directions, as
observed for the Bragg stack and the opal (see Sec. 3.1.1).

3Throughout this work, the terms “state” and “mode” are used as equivalents, denoting a
solution to Eq. (2.1)

4Note that in literature the field Eb,k in Eq. 2.5 is typically normalized so that the integral of
its energy density in the WSC is unity (

∫
WSC ε(r) |Eb,k(r)|2 dr = 1), which was also done in

this work. Thus, the in this way defined LDOS and DOS both have no units.
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2.1.2 Light at interfaces

In the previous section, homogeneous or periodic media were considered to be
extended infinitely. In reality, however, finite systems have boundaries to other
media. In general, light at such interface has to obey the following criteria to be
able to couple from one medium to the other: (i) conservation of the frequency ω
(conservation of energy), and (ii) conservation of the wave vector component k‖
parallel to the interface as a result of translational symmetry [66, 103].
For plane waves at the interface of two homogeneous materials, these criteria

and the linear dispersion relation yield Snell’s law of refraction, stating

ni sin(φi) = nt sin(φt), (2.8)

where ni, nt denote the refractive indices of the medium of incidence and trans-
mission, respectively, and φi, φt are the corresponding propagation angles defining
the k-vectors in both media, as shown in Fig. 2.1 (a). When ni > nt, total in-
ternal reflection (TIR) occurs for incident angles larger than the critical angle
φc = sin−1(nt/ni), determining the escape cone loss in conventional LSCs.
In contrast, light in photonic crystals is described as Bloch modes, i.e. their

fields are products of a plane wave and a periodic Bloch function u. As there is
no trivial dispersion relation ω(k), it is necessary to consider k‖, rather than the
angle ϕk of a mode’s wave vector inside the photonic crystal. In fact, the angle ϕk
is not suitable to express the propagation direction of light in photonic crystals:
the propagation direction of electromagnetic energy is given by the group velocity
vg that generally does not point in the same direction as k in photonic crystals.5
This effect is known in literature as “beam steering” [66, 104–106].
Consequently, the condition for out-coupling of light from photonic crystals to

a homogeneous medium is given by

|k‖| ≤ ω nout/c, (2.9)

where nout is the refractive index of the surrounding medium, see Fig. 2.1 (b).
Typically, only part of the photonic crystal’s modes meet this condition, the other
modes are guided inside the photonic crystal (similar to total internal reflection).
For modes that are able to couple out, the wave vector kout of the out-coupled
plane wave is given by the components parallel and perpendicular to the interface

kout,‖ = k‖, (2.10)

kout,⊥ =
√

(ω nout/c)2 − |kout,‖|2 n/|n|, (2.11)

where n is the normal vector of the interface.
5The group velocity vg is a normal to the iso-frequency curve (surface in 3D). In photonic
crystals the iso-frequency curve (surface) is no longer simply a circle (sphere) due to the
non-linear dispersion relation, as shown in Fig. 2.1 (b) for an arbitrary case. Therefore, the
direction of the normal does not necessarily coincide with k as in homogeneous media.
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(b) Out-coupling from photonic crystal(a) Interface of two homogenous media
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Figure 2.1: Light at interfaces has to obey the conservation of frequency (i.e. energy) and
of the interface-parallel wave vector component k‖. (a) For an interface of two homogenous
media, the propagation angles of the incident and transmitted plane waves are therefore
connected via the refractive indices of the two materials, which is known as Snell’s law
of refraction. (b) At interfaces between a photonic crystal and a homogeneous medium,
there is no general connection between the angles of the wave vectors due the non-linear
dispersion relation. Instead, the wave vector kout of out-coupled light is given by k‖ and
the frequency ω. Similar to total internal reflection in refraction, however, not all modes
in the photonic crystal are able to couple out.

The considerations above yield the propagation direction of the out-coupled
light. The field amplitudes or the fractions of power that are transmitted or re-
flected at the interface, however, are determined by the boundary conditions of
the electromagnetic fields at the interface, including the polarization of the in-
cident light. Note that the definitions of polarizations are different for interfaces
and in photonic crystals, as explained in Appendix A.2.

At interfaces between two homogeneous materials, the continuity of the tan-
gential field components [107] yield the well-known Fresnel equations for the re-
flectance and transmittance, as listed in Appendix A.3. At the interface of a
photonic crystal, however, the reflected and transmitted field amplitudes depend
on the exact surface termination and require a detailed investigation of Maxwell’s
equations at the interface. In this work, the worst case scenario for a (P)LSC was
examined: all modes that are able to couple out are assumed to be lost. With
a non-zero out-coupling efficiency, this assumption corresponds to a large con-
centrator where light may interact many times with the surfaces while bouncing
through the concentrator.
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2.2 Light-matter interaction
Light and matter interact: most prominently light can get absorbed by matter,
and matter can emit light. While photons are annihilated and created during these
processes, energy is conserved as matter (for example an atom or a molecule)
changes from one to another state with different energy. Einstein introduced rate-
equations for these transitions based on the quantum theory of light, as shown
in the following. Subsequently, the influence of a photonic environment on the
transition rates of absorption and emission is discussed in detail. In the last part
of this section, the phenomenon of luminescence is introduced, where absorbed
and emitted photons typically have different energies.

2.2.1 Transition rates and Einstein coefficients

In his fundamental work, Einstein considered the transitions between two discrete
energy level of an atom [108]. Let there be Ntot atoms with the two energy levels
Ei, Ef (Ei < Ef) of the respective states i (ground state), f (excited state), which
have the degeneracies Gi, Gi. Through absorption of a photon an atom undergoes
a transition from state i to state f, while emission of a photon corresponds to the
transition of an excited atom to the lower state i. In both cases, conservation of
energy requires the photon to have the energy ~ωfi = Ef − Ei.
There are three types of transitions: absorption, stimulated emission, and spon-

taneous emission, as indicated in Fig. 2.2. While spontaneous emission requires no
external influence,6 absorption and stimulated emission result from an incoming
photon. This incoming photon can be described in terms of the spectral energy
density u(ω).
To model the probability of these transitions, Einstein introduced coefficients
Bif, Bfi, Afi. In case of absorption, the transition probability PABS is proportional
to u(ωfi), and depends on the Einstein coefficient Bif via

PABS = Bif u(ωfi). (2.12)

Similarly, the probability of stimulated emission is described by

PSTE = Bfi u(ωfi) (2.13)

with Einstein coefficient Bfi. The transition probability of spontaneous emission
is given by the Einstein coefficient Afi:

PSPE = Afi. (2.14)

6In quantum electrodynamics, where not only atomic levels but also the electromagnetic field is
quantized, spontaneous emission can be explained with zero-point fluctuations of the vacuum
(arising from Heisenberg’s uncertainty relation). In this picture, virtual photons trigger the
transition.
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Figure 2.2: An atom can absorb light through the transition from one state to another
with higher energy E . Such an excited atom can decay via stimulation by an incident
photon (stimulated emission) or spontaneously. The rates, at which these three transitions
occur, can be described with the Einstein coefficients as described in the text.

In real atoms or molecules, energy levels are not perfectly discrete due to homo-
geneous broadening (e.g. natural broadening) or inhomogeneous broadening (e.g.
Doppler broadening). To account for these effects, line shape functions can be used
to describe the spectral shape of the transitions. The shape of such a function gl(ω)
depends on the broadening mechanism (e.g. Lorentzian for natural broadening,
Gaussian for Doppler broadening [109]), while the spectral integral of gl(ω) is nor-
malized to unity (

∫∞
0 gl(ω)dω = 1). The probability of the transition is then given

by the spectral integral of the product of the Einstein coefficient and the line shape
function: for example for spontaneous emission PSPE =

∫∞
0 Afi gl(ω)dω = Afi.

The rate Γ of an atomic transition is given by the product of the transition
probability and the population of the corresponding state Ni or Nf, i.e. the number
of atoms found in the respective state. Accordingly,

ΓABS = Ni PABS, ΓSTE = Nf PSTE, ΓSPE = Nf PSPE. (2.15)

In steady-state, absorption is balanced with emission. Thus,

ΓABS = ΓSTE + ΓSPE ⇔ Nf
Ni

= Bif u(ωfi)
Bfi u(ωfi) +Afi

. (2.16)

At the same time, the population of the states in thermal equilibrium according
to Boltzmann is given by

Nf
Ni

= Gf
Gi

exp
(
−~ωfi
kBϑ

)
(2.17)

with the Boltzmann constant kB and Temperature ϑ. Comparison of Eqs. (2.16)
and (2.17) yields

u(ωfi) = Afi/Bfi
(Bif/Bfi) GiGf exp

(
~ωfi
kBϑ

)
− 1

. (2.18)

17



2 Theory

On th other hand, the spectral energy density u(ω) is given in general by the
product of the photon energy ~ω, the density of photon states %(ω), and the
Bose-Einstein distribution (as photons are bosons):

u(ω) = ~ω %(ω) 1
exp

(
~ω
kBϑ

)
− 1

. (2.19)

With the DOS for the case of a homogeneous medium, this equation yields the
well-known Planck’s law for the black body radiation, as often stated in text-
books at this point. In this work, photonic structures are considered that have a
disturbed DOS, therefore the general case needs to be discussed.
Comparing Eqs. (2.18) and (2.19) reveals

Bif = Gf
Gi
Bfi, (2.20)

Afi = ~ωfi %(ωfi)Bfi. (2.21)

Thus the Einstein coefficients of absorption and stimulated emission differ only
by the ratio of the energy level’s degeneracies; for non-degenerate levels Bif = Bfi.
The Einstein coefficient for spontaneous emission A and the B-coefficients are
related by the DOS.
While Bif and Bfi are material properties determined by the states’ quantum

mechanical wave functions, the probability of spontaneous emission additionally
depends on the DOS. Thus the rate of spontaneous emission can be influenced by
the surrounding structure, it is no inherent property of the emitting atom.
In non-homogeneous media, the spectral energy density and also the relevant

photonic states depend on the atom’s position in space. Thus the local absorption
due to the local field distribution, as well as the local density of photon states
(LDOS) need to be considered as discussed in the following.

2.2.2 Emission rate: Fermi’s golden rule

The mechanisms that determine the transition rates, i.e. the Einstein coefficients,
can be revealed by a quantum mechanical analysis of the atom-field interaction.
In the following, I will present a brief summary of the concepts and the main
results that are relevant for this work, while a detailed derivation can be found in
textbooks like Refs. 110–112.
Using time-dependent perturbation theory, the absorption and emission of light

is considered as a perturbation Vfi in the Hamiltonian of the emitter’s Schrödinger
equation. As a consequence, the probability to find the emitter either in its ground
or excited state (i.e. the populations Ni, Nf) can be solved as a function of time.
Depending on the intensity of the light field, the two regimes of weak coupling
and strong coupling are distinguished. Strong coupling applies to high fields such
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2.2 Light-matter interaction

as found in powerful laser beams, and it can cause oscillations in the populations
(so-called Rabi oscillations). In this work, I consider the weak coupling regime,
reflecting the relatively low intensities in PLSCs. This regime is characterized by
Ni >> Nf, i.e. that the excited state population is relatively small. As a result,
a steady-state for the populations and transition rates is found that is consistent
with Einstein’s treatment [109].
Furthermore, a relation between the transition probability of spontaneous emis-

sion PSPE and the local density of photon states ρ(r, ω) can be found that is known
as Fermi’s golden rule [99, 113]:

Pfi(r) = 2π
~
|〈f|Vfi|i〉|2 ρ(r, ωfi), (2.22)

where the matrix element 〈f|Vfi|i〉 of the transition from state f to state i (in bra-
ket notation) is determined by the interaction part Vfi of the Hamiltonian coupling
the emitter to the electromagnetic field.
Accordingly, the probability for the radiative transition is proportional to the

LDOS ρ(r, ωfi), as a photon with energy ~ωfi can be emitted only if there is an
appropriate photon state it can populate. Note, that it is the LDOS, not the DOS,
that determines the transition probability: given a mode with a field pattern being
zero at a certain position (due to a node, for example), an emitter at that position
cannot excite this mode. Consequently, the transition probability (i.e. in Einstein’s
picture the A-coefficient) becomes a function of r.
Furthermore, the transition probability depends on the emitter’s dipole orienta-

tion arising from 〈f|Vfi|i〉. In this work emission from an ensemble with randomly
oriented dipole moments is considered. However, the influence of the emitter ori-
entation could be easily implemented in the proposed model following Ref. 114.
When an emitter is embedded in a photonic environment, the rate of sponta-

neous emission mainly changes due to the modified LDOS. The influence of the
surrounding on the electronic configuration of the emitter, i.e. on 〈f|Vfi|i〉, can be
neglected as the typical feature size of photonic structures in the range of 100 nm
is much larger than the range of the interaction forces that determine the emitters
wave functions.
In the extreme case, spontaneous emission is fully suppressed if the structure

features a complete band gap at the transition frequency. This is not the case
for the photonic crystals investigated in this work. Due to their incomplete band-
gaps, emission is partly suppressed in certain spatial direction, while enhanced
in others. Even though the (total) transition rate is not changed significantly,
this effect of directional redistribution can strongly improve the light guiding in
PLSCs, as shown in Sec. 5.1.
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2.2.3 Local absorption

In Einstein’s picture, absorption of light by matter is described by the micro-
scopic coefficient B. Coming from the phenomenological side, absorption can be
quantified using the absorption coefficient α, the imaginary part of the complex
refractive index κ = αλ0/4π, or the imaginary part of the relative permittiv-
ity ε′′ = 2nκ. These rather macroscopic quantities can be linked with Einstein’s
B-coefficient, given the number of emitters in a certain volume [115].
For light traveling through homogeneous media, the loss in intensity7 I due to

absorption can be described via the well-known Lambert-Beer law:

I(x) = I0 e−αx, (2.23)

where x is the propagation direction of light and I0 denotes the initial intensity
(at x = 0).
In non-homogenous media like photonic crystals, interference of waves traveling

in different directions result in a certain distribution of the electromagnetic energy,
for example in form of nodes and anti-nodes of standing waves. Furthermore, the
absorption coefficient may vary spatially as the structure consists of different
materials. To determine the amount of light absorbed by an atom or molecule at
a certain position r, the spatial field distribution needs to be considered.
Based on Poynting’s theorem, the power absorbed in the infinitesimal volume

dV at position r can be expressed as [116]

dPABS(r) = 1
2 ω ε0 ε

′′(r) |E(r)|2 dV. (2.24)

Accordingly, the local absorption is proportional to the imaginary part of the
relative permittivity ε′′(r) and to the magnitude of the local electric field |E(r)|2.
This expression is consistent with Einstein’s treatment, where the transition rate
depends on the spectral energy density u, which is also proportional to |E|2 [109].
In this work, the concept of local absorption is used to calculate the absorp-

tance by emitters at certain positions in PLSCs (see Sec. 6.1.1). Considering
non-homogenous media under external illumination of intensity I0, the local ab-
sorptance, i.e. the fraction of incident light absorbed within the distance dx in
propagation direction x, is given by

dA

dx
(r) = 1

I0

1
2 ω ε0 ε

′′(r) |E(r)|2 = 1
I0
α(r) I(r) (2.25)

in units of 1/m. Accordingly, local absorption is directly proportional to the in-
tensity

I(r) = 1
2 ε0 c n(r) |E(r)|2 (2.26)

of plane waves.
7The term intensity is used for the power per area (with units W/m2), which is sometimes also
referred to as “irradiance”.
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2.2 Light-matter interaction

2.2.4 Photoluminescence

In general, luminescence is the emission of photons not resulting from heat radi-
ation, but from a transition from an excited state to a lower-energy state. In par-
ticular, photoluminescence is defined by the excitation via absorption of photons.
Typically, such materials are characterized by a spectral separation of absorption
and emission: light is emitted at longer wavelengths than previously absorbed,
as shown in Fig. 2.3 (a) for a typical fluorescent dye. This spectral difference is
known as the Stokes shift (named after the 19th century scientist Sir G. G. Stokes)
and arises from non-radiative internal conversion processes before emission.
The phenomenon of photoluminescence is divided into two categories, particu-

larly for organic dyes: fluorescence and phosphorescence, depending on the elec-
tronic structure of the material and therefore the decay dynamics. Fluorescence
describes the emission from an excited singlet state, thus return to the ground
state is spin-allowed. Consequently, emission rates are rather high (around 108 s−1

[117]), i.e. the average time between excitation and decay - the lifetime - is in the
range of nanoseconds. Phosphorescence, in contrast, is characterized by the decay
from an excited triplet state. As the transition to the ground state is forbidden, the
decay happens much slower. Typical lifetimes range from milliseconds to seconds,
or even longer as known from “glow-in-the-dark” materials [117].

400 500 600 700 800

(a) Typical absorption and emission
spectra of a fluorescent dye

(b) Energetic structure of a fluorescent dye
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Figure 2.3: In luminescent materials, light is typically emitted at smaller energies,
i.e. longer wavelengths, compared to the previously absorbed light. As an example, the
spectra of the organic dye “Lumogen F Red 300” are shown in (a), where the spectral
separation of absorption and emission, known as the Stokes shift, is visible. The reason
for this phenomenon are non-radiative internal conversion processes in the material as
illustrated in (b): while light can excite the material into different energetic levels of
the excited state, fast vibrational relaxations occur so that emission can be assumed to
originate only from the lowest level of the excited state.
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There are different material classes that exhibit photoluminescence, and that
are therefore interesting for the application in LSCs, such as lanthanide ions,
semiconductor nano-crystals, and organic dyes. As mentioned in Sec. 1.3, this
work focuses on fluorescent organic dyes as they have shown best results in terms
of the performance of LSCs.
These organic molecules typically feature rather complex energetic structures

that can be described by an electronic ground state and one (or more) excited
states, as illustrated in Fig. 2.3 (b). These electronic states are split up into a
number of vibrational energy levels, which are further subdivided into rotational
energy levels of the molecule. As a result, absorption and emission spectra are
relatively broad.
The absorption of a photon with appropriate energy promotes the molecule

from its ground state to one of the vibrational levels of an electronic excited
state. This excited molecule subsequently undergoes vibrational relaxations to
the lowest level of the (first) excited state. From this level, it can radiatively (or
non-radiatively) decay to one of the ground state levels. Therefore, emitted pho-
tons have lower energy than the absorbed ones (Stokes shift). As the vibrational
transitions (∼ 10−12 s) are much faster than the radiative decay (∼ 10−9 s), emis-
sion can be assumed to originate only from the lowest level of the excited state
[117].
Not all excited molecules emit a photon when decaying to the ground state:

non-radiative decay, also referred to as quenching, can occur for example through
energy transfer to other atoms or molecules in the vicinity [25]. Being a key
characteristics of luminescent materials, the photoluminescence quantum yield
(PLQY) Φ denotes the ratio of emitted to absorbed photons, i.e. the probability
that a photon is emitted after a photon was absorbed. Given the transition rates
of absorption ΓABS and spontaneous emission ΓSPE, the PLQY is thus defined as

Φ = ΓSPE
ΓABS

. (2.27)

As mentioned above, the fluorescence lifetime is a measure for the decay dy-
namics. In lifetime experiments, the decay of fluorescence is analyzed after the
excitation has been turned off. Given that return to the ground state is possi-
ble through either spontaneous emission (with transition probability PSPE) or
non-radiative decay (transition probability PNRD), the corresponding differential
equation for the population of the excited state “2”

Ṅ2(t) = −N2(t) (PSPE + PNRD) (2.28)

can be solved with the exponential ansatz N2(t) = N2(0) e−t/τ , where

τ = (PSPE + PNRD)−1 (2.29)

is called fluorescence lifetime.
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Chapter 3

Modeling methods

Several modeling methods were developed in this work to theoretically in-
vestigate the influence of a photonic crystal on the fluorescent emission and

light guiding. As a key quantity, the photonic crystal’s local density of photons
states (LDOS) was obtained from eigenmode calculations, as described in the
first part of this chapter. In the second part, a rate equation model for fluores-
cent emitters is proposed that allows calculating the LDOS-induced changes in
the emitted and detected spectra, the photoluminescence quantum yield, and the
fluorescence lifetime. In the last part, different methods are presented that deal
with the propagation of light in finite structures. They allow for modeling realistic
structures and were used to predict certain measurement results for comparison
with experiments.

3.1 Local density of photon states

The local density of photon states (LDOS) of a certain structure can be obtained
using different approaches. For ideal, i.e. infinitely extended photonic crystals,
the LDOS can be calculated from the eigenmodes [72, 98, 100, 118], as mentioned
in Sec. 2.1.1. Finite and non-periodic structures can be treated with the Green’s
function approach [114, 119–121], the transfer matrix [122] and scattering matrix
method [79] or using finite-difference time-domain (FDTD) calculations [123, 124].
These methods, however, require typically much more computational effort than
the efficient eigenmode approach, as all emitted modes need to be considered
in extensive three-dimensional calculations to obtain the LDOS. An additional
advantage of the eigenmode approach is that it allows the extraction of directional
information since each eigenmode belongs to a certain wave vector k. Thus, a
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3 Modeling methods

specific fractional LDOS (FLDOS) can be calculated from a subset of all modes.
For these reasons, I obtained the LDOS in this work from the photonic crystal’s

eigenmodes. In the following, the corresponding numerical approach is presented,
focusing on the 1D-periodic Bragg stack and the 3D-periodic opal that were intro-
duced in Sec. 1.3. Subsequently, the appropriate “sampled” LDOS in homogeneous
media is derived theoretically for comparison with the photonic-crystal LDOS to
obtain the changes in the transition rates of an emitter. In the third part, nu-
merical results for the Bragg stack are presented as an example that helps to
understand the distribution of eigenmodes in such a structure. The last part of
this section explains the calculation of the FLDOS from eigenmodes.

3.1.1 LDOS in photonic crystals from eigenmodes

An eigenmode is obtained from numerically solving the master equation (Eq. (2.1))
for a certain wave vector kj as an input, yielding its frequency ωb,kj and field
distribution Hb,kj (r) for the band b. To calculate the LDOS of the photonic
crystal ρPC(r, ω) from such eigenmodes, the integral from Eq. (2.5) is translated
to the sum ρ̂PC(r, ω) over discrete wave vectors kj :1

ρ̂PC(r, ω) =
∑
b

∑
kj∈Kb,ω

|Eb,kj (r)|2

with Kb,ω =
{
k ∈ FBZ

∣∣∣ ω −∆ω/2 ≤ ωb,k < ω + ∆ω/2
}

(3.1)

and the binning width ∆ω. In this “histogramming” approach all the sampled
eigenmodes, of which the frequency ωb,kj lies within a certain frequency bin, are
counted with their individual distribution of the electric field |Eb,kj (r)|2. Analo-
gously, the sampled DOS %̂PC(ω) is given by the sum

%̂PC(ω) =
∑
b

∑
kj∈Kb,ω

1. (3.2)

Rather than calculating only some modes along certain directions (as for the
dispersion relations in Fig. 1.2 (c), (d)), for the (L)DOS one needs to consider
all FBZ wave vectors kj on an equidistant grid in k-space.2 Accordingly, a finite
set of eigenmodes needs to be calculated, depending of the discretization of the
FBZ in reciprocal space. Here, the FBZ of the opal and the Bragg stack were
sampled in different ways for an efficient computation of the LDOS, as shown in
the following.
1Alternatively, the integrals for the LDOS and DOS could be discretized using the tetrahedron
method by linearly interpolating the dispersion relation [98, 125, 126]. The histogramming
method used here, however, is more comprehensible and allows for convenient calculation of
the FLDOS as explained later (Sec. 3.1.4).

2It is possible to use only wave vectors of an irreducible symmetry element of the FBZ (such
as the one indicated in the inset of Fig. 1.2 (d)). However, this requires an additional trans-
formation as the fields do not necessarily exhibit the same symmetry as the k-vectors [118].
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3.1 Local density of photon states

Opal (full-3D)

For the opal, the whole FBZ was sampled in all three dimensions to simplify the
evaluation of LDOS and FLDOS. The discretization of the opal’s FBZ is illustrated
in Fig. 3.1 (a) with a very large spacing ∆k for the purpose of illustration. The finer
the grid, i.e. the smaller ∆k, the higher the resolution and accuracy of ρ̂(r, ω) since
the binning noise is reduced. As a trade-off between accuracy and computational
effort, I calculated all modes within the FBZ with ∆k = 0.1/a (resulting in 994233
k-vectors) up to the 8th band to obtain all states with normalized frequency
ωa/2πc < 1 and used a binning width of ∆ω = 0.01 2πc/a. The 3D unit cell was
discretized using 16× 16× 16 points.

Bragg stack (quasi-3D)

To calculate the LDOS of the Bragg stack efficiently, I exploited the structure’s
in-plane symmetry: as indicated in Fig. 3.1 (b), the reciprocal space was sampled
only in one quadrant of the two-dimensional xy-plane rather than in all three
dimensions. To obtain the 3D LDOS, each mode was weighted with the circum-
ference of a circle around the x-axis through the point described by its kj . This
length is given by 2πkj,y (kj,y being the y-component of kj). It quantifies how

(b) Quasi-3D LDOS of Bragg stack through
weighting of 2D-sampled k-space

(a) Discretized FBZ of opal

kz

-ky

kx

kx

ky-kz

kj
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kx
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∆k/2

Figure 3.1: To calculate the LDOS in photonic crystals, their eigenmodes were computed
on a finite and equidistant grid in reciprocal space. For the opal, the full FBZ was sampled,
as shown in (a). For the Bragg stack, only the wave vectors in one quadrant of the two-
dimensional xy-plane were calculated to reduce computational efforts, see (b). Due to the
structure’s in-plane symmetry, the “quasi-3D” LDOS was obtained from weighting each
mode with the circumference of a circle around the x-axis through its kj . This length
quantifies the number of equivalent modes in the 3D k-space. In both (a) and (b), a grid
spacing ∆k much larger than in the calculations was used for the purpose of illustration.

25
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many modes equivalent to this wave vector kj would exist in full-3D calcula-
tions, all of them having the same field distribution |Eb,kj (r)|2. Accordingly, the
“quasi-3D” (q3D) LDOS ρ̂PCq3D(r, ω) and DOS %̂PCq3D(ω) are given by

ρ̂PCq3D(r, ω) =
∑
b

∑
kj∈Kb,ω

2πk̃j,y |Eb,kj (r)|2, (3.3)

%̂PCq3D(ω) =
∑
b

∑
kj∈Kb,ω

2πk̃j,y, (3.4)

where the normalized wave vector k̃j,y = kj,y a/2π was used for weighting to obtain
ρ̂PCq3D and %̂PCq3D(ω) normalized with respect to the unit cell size a (cf. Eqs. (3.12) and
(3.13)). Benchmarking this quasi-3D approach with full-3D calculation yielded the
same LDOS and DOS results at a much lower computational effort but with a
higher accuracy. Furthermore, all calculations were consistent with the relation of
the LDOS and the DOS given by Eq. (2.7).
Please note, that sampling only one quadrant of the xy-plane requires to con-

sider the symmetry-induced multiplicity: the smallest kj of the grid should not
lie at x = y = 0. Instead it needs to be shifted by ∆k/2, as shown in the in-
set of Fig. 3.1 (b). Otherwise the kj-vectors lying on the axes have double the
multiplicity of the other kj-vectors yielding erroneous results, especially at small
frequencies.
For most Bragg stack calculations in this work, ∆k = 0.001 2π/a was used

to sample the k-space up to the FBZ border at kx = π/a. As the FBZ is not
restricted in y-direction, wave vectors in this direction were sampled according to
the condition |k| ≤ 1.2 2π/a. In this way, all modes with normalized frequency
ωa/2πc < 0.58 were obtained, considering the first two bands of both polariza-
tions. Histogramming was performed with a binning width of ∆ω = 0.001 2πc/a.
The 1D unit cell was discretized using 32 points.

LDOS ratio

To calculate the changes in emission induced by a photonic crystal, the ratio
γ(r, ω) of the LDOS in a photonic crystal and the LDOS in a homogeneous
medium was calculated:

γ(r, ω) = ρ̂PC(r, ω)
ρ̂0(ω) , (3.5)

where ρ̂0(ω) is the corresponding “sampled” LDOS in a homogeneous medium,
as presented in the following section. The homogeneous-medium LDOS does not
depend on r. As it depends on the refractive index, however, the local n = n(r)
needs to be chosen for comparison in the corresponding material. The LDOS ratio
γ(r, ω) is as an input parameter to the rate-equation model of fluorescent emission,
as presented in Sec. 3.2.
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3.1 Local density of photon states

3.1.2 Sampled LDOS in homogeneous media

To investigate the photonic crystal’s influence on an emitter, the LDOS in the
photonic crystal needs to be compared to that in a homogeneous medium, which
serves as a reference for undisturbed emission. Therefore, it needs to be considered,
that the LDOS in the photonic crystal is obtained from a finite set of eigenmodes
as explained above. Consequently, calculating the LDOS in homogeneous media
needs to account for the discretization of k-space. In the following, the appropri-
ate expressions for the homogeneous-medium (L)DOS are derived for the full-3D
calculations of the opal as well as for the quasi-3D approach used for the Bragg
stack.

Full-3D calculations (opal)

Considering the three-dimensional k-space, the number of sampled modes M(kg)
with |k| ≤ |kg| = kg can be approximated by the ratio of the volume of a sphere
with radius kg and the volume of one sampled mode that is given by a cube with
side length of ∆k:

M(kg) = 2
4
3πk

3
g

∆k3 , (3.6)

where the factor of two accounts for the two linearly independent polarizations.
From this equation and using the linear dispersion ω = (c/n) k in homogeneous

media, the density of states (per angular frequency ω) is given by

%0(ω) = dM(k(ω))
dω

= dM(k(ω))
dk

dk(ω)
dω

= 8πk2(ω)
∆k3

n

c
= 8πn3

c3∆k3 ω
2, (3.7)

depending quadratically on ω.
The local density of states ρ0(ω) can be derived from this DOS using Eq. (2.7):

ρ0(ω) = 1
n2 %

0(ω) = 8πn
c3∆k3 ω

2. (3.8)

1D and 2D LDOS and DOS

In the example in Sec. 3.1.3, also the 1D and 2D (L)DOS are discussed. In homo-
geneous media, they can be obtained similar to the 3D (L)DOS: in 1D one needs
to consider the number of modes along a line: M1D(kg) = 4kg/∆k → %0

1D(ω) =
4n/c∆k and ρ0

1D(ω) = 4/nc∆k. Consequently, the resulting 1D DOS and LDOS
are independent of ω.
In 2D, the modes within a circle need to be considered:M2D(kg) = 2πk2

g/∆k2 →
%0
2D(ω) = 4πn2ω/c2∆k2 and ρ0

2D(ω) = 4πω/c2∆k2. Thus the 2D (L)DOS increases
linearly with ω.
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Quasi-3D calculations (Bragg stack)

For comparison with the quasi-3D (L)DOS calculations of the Bragg stack, the
corresponding quasi-3D (L)DOS in a homogeneous medium needs to be computed
using the same conversion: from the modes in the 2D k-space, the 3D (L)DOS is
obtained by weighting each mode with its individual 2πk̃y = a |k| sinϕk, where ϕk
denotes the internal angle as depicted in Fig. 2.1 (b). Due to the linear dispersion
relation ω ∝ |k|, the homogeneous-medium modes within a certain frequency
interval have equal magnitute k = |k| and lie on a circle in the 2D xy-plane,
uniformly distributed with respect to θk. Consequently, the average weight of
these equivalent modes is given by

1
π/2

∫ 90◦

0◦
a k sinϕk dϕk = 2a

π
k = 2an

πc
ω. (3.9)

Accordingly, the theoretical quasi-3D DOS is obtained as the product of the 2D
DOS from above and this average weighting factor:3

%0
q3D(ω) = πn2ω

c2∆k2 ×
2an
πc

ω = 2an3

c3∆k2 ω
2 (3.10)

The corresponding LDOS ρ0
q3D(ω) can again be obtained by dividing the DOS

%0
q3D(ω) by n2, thus

ρ0
q3D(ω) = 2an

c3∆k2 ω
2. (3.11)

Conversion of the (L)DOS to another denominator

Note that the (L)DOS is typically stated as the (L)DOS per normalized frequency
ω̃ = ωa/2πc, not per ω as in the derivations above. Accordingly, the LDOS is
commonly plotted versus ω̃, see for example Fig. 3.2. When converting the (L)DOS
from ω to ω̃ or other quantities like ν or λ, not only the ω in the equation needs
to replaced, but also the corresponding differential needs to be considered. For
instance, the quasi-3D DOS of the Bragg stack per ω̃ is thus given by

%0
q3D,ω̃(ω̃) = dM

dω̃
= dM

dω
× dω

dω̃

= %0
q3D(ω = 2πc ω̃/a)× 2πc

a
= 16π3n3

a2∆k2 ω̃
2. (3.12)

When in this equation also the k-grid spacing ∆k is written in normalized units
(∆k̃ = ∆k a/2π), it becomes visible that this DOS is independent of the unit cell
size a due to weighting with k̃y instead of ky (see Eq. (3.3)):

%0
q3D,0,ω̃(ω̃) = 4πn3

∆k̃2 ω̃2. (3.13)

3Here, the 2D LDOS was divided by 4 since in the LDOS calculations for the Bragg stack only
one quadrant of the xy-plane was sampled for symmetry reasons.
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3.1 Local density of photon states

Frequency-binning of the homogeneous-medium (L)DOS

To compare the homogeneous-medium (L)DOS to the “binned” LDOS of the
photonic crystal from histogramming, the theoretical (L)DOS needs to be binned
as well to obtain accurate results. Due to the non-linear dependence on ω, the 3D
(L)DOS needs to be integrated within the corresponding frequency bins. As an
example, the binned theoretical 3D LDOS for the opal calculations (see Eq. (3.8))
is thus given by

ρ̂0(ω) =
∫ ω+∆ω/2

ω−∆ω/2
ρ0(ω) dω = 8πn∆ω

c3∆k3

(
ω2 + ∆ω2

12

)
. (3.14)

The 1D and 2D (L)DOS, however, can simply be multiplied with ∆ω for binning
due to the non-quadratic dependence on ω.

3.1.3 Example: 1D, 2D, and 3D (L)DOS of Bragg stack

To promote the understanding of the eigenmode distribution in a Bragg stack,
the one-, two-, and three-dimensional LDOS and DOS are shown in Fig. 3.2.
As an example, a Bragg stack with refractive indices nlo = 1.5, nhi = 2 was
used corresponding to the investigated PLSC structure. Although the 1D and 2D
(L)DOS have no physical meaning with regard to Fermi’s golden rule, they help to
understand the resulting 3D LDOS that determines an emitter’s transition rates.
For the 1D LDOS, k-space was sampled only on the kx-axis (in on-axis direc-

tion).4 The 2D LDOS was obtained as in Eq. (3.3), but without the weighting
factor 2πk̃j,y. The DOS in homogenous media were calculated as explained above,
using the Bragg stack’s volume-averaged effective refractive index

neff =
∫
WSC

n(r)ρ(r, ω)dr = 2nlonhi
nlo + nhi

= 1.714 . (3.15)

In 1D, the LDOS in homogeneous media is constant with respect to ω, Similar,
the LDOS and DOS of the Bragg stack are constant apart from the band gap:
within the band gap (0.265 < ωa/2πc < 0.318) no modes exist at all, thus both
LDOS and DOS drop to zero. At the band edges, however, the DOS is strongly
enhanced: the singularity at the edge arises from the flat bands from the dispersion
relation, see Fig. 1.2 (c). The LDOS is enhanced at the lower-frequency band edge
inside the high-refractive-index material and at the upper-frequency band edge
inside the low-refractive-index material. This distribution is a result of the spatial
distribution of the electromagnetic fields of the “slow light” modes at the band
edges: it is well known that modes at the lower band edge concentrate in the nhi
4In contrast to the other Bragg stack calculations, an increased k-space resolution of ∆k =

10−5 2π/a was used to obtain satisfactory accuracy of the 1D LDOS.
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Figure 3.2: The 1D, 2D, and 3D LDOS and DOS of the Bragg stack help to understand
the distribution of eigenmodes. Though, only the 3D LDOS has physical meaning with
regard to Fermi’s golden rule. (a) The 1D (L)DOS in on-axis direction drops to zero
within the band gap due to the absence of modes. The enhancement at the band edges
arises from the band flattening and occurs differently in the high- and low-refractive-index
material, according to the field concentration of the modes near the lower and upper band
edge. In (b) 2D and (c) 3D, the influence of the band gap vanishes as many off-axis modes
contribute to the (L)DOS. Apart from the band gap, the DOS in 1D, 2D, and 3D agrees
well with the DOS of homogeneous media with the Bragg stack’s effective refractive index.
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3.1 Local density of photon states

regions (dielectric modes) while the ones above the band gap have a larger fraction
of their energy in the nlo regions (air modes) [66].
As in theory, the 2D (L)DOS of the Bragg stack increases linearly with ω apart

from the band edges. The influence of the band gap, however, strongly decreases:
along the off-axis directions, numerous modes exist with frequencies within the
band gap that contribute to the (L)DOS in the same way as the on-axis modes.
As a result, the (L)DOS is reduced only slightly. The spatial distribution of the
LDOS at the band edges corresponds to the 1D on-axis LDOS that, however, is
strongly attenuated. Inside the gap, more modes exist at the lower- than at the
upper-frequency band edge. This asymmetry arises from the shift of the band gap
to higher frequencies for wave vectors tilting from on-axis to off-axis directions,
which reduces the number of modes with frequencies near the upper-frequency
band edge.
In 3D, both DOS and LDOS of the Bragg stack feature the quadratic depen-

dence on ω as expected from theory. The band gap vanishes even more than in
2D, as there are much more off-axis modes, which do not experience any band
gap, than on-axis modes. In the calculation these off-axis modes are counted with
much larger weights 2πk̃y. For (fluorescent) emission, it is the 3D LDOS that is
the relevant quantity. For emitters in the low-refractive-index layers, results are
discussed in detail in Sec. 5.1.1.

3.1.4 Fractional LDOS

For the change in emission rates according to Fermi’s golden rule, the LDOS of
all eigenmodes of the photonic crystal is relevant, as the emitter will emit in all
those modes. Only some of these modes, however, are able to escape from the
photonic crystal and merely few modes are typically detected in common setups
for photoluminescence measurements.
To model the light guiding efficiency, i.e. the fraction of emitted light that

is guided inside the photonic structure, or to theoretically calculate the results
to expect from PL measurements, a subset Fb,ω of all modes needs to be consid-
ered that satisfies certain conditions, as explained below. Accordingly, a fractional
LDOS5 (FLDOS) ρ̂PCf is defined by restricting the LDOS analysis from Eq. (3.1)
to Fb,ω ⊂ Kb,ω:

ρ̂PCf (r, ω) =
∑
b

∑
kj∈Fb,ω

|Eb,kj (r)|2, (3.16)

and analogous for the quasi-3D LDOS from Eq. (3.3).
In the following, I discuss the calculation of ρ̂PCf for the two cases mentioned

above that are relevant in the context of this work: the light guiding efficiency and
5I use the term “fractional” LDOS (FLDOS) as introduced in Ref. 72 and used in Refs. 127, 128.
With the same meaning, also other terms like the “reduced” DOS [103] are found in literature.
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3 Modeling methods

the theoretical angular resolved surface PL. The concept of the FLDOS presented
here and the combination with the emitter model in Sec. 3.2.3, however, can be
used similarly for other cases.

Light guiding efficiency

Most relevant for the LSC application is the fraction of the emitted light that is
trapped in the concentrator as it is not able to couple out. In photonic crystals
the out-coupling depends on the eigenmode’s wave vector component k‖ parallel
to the surface of interest, as discussed in Sec. 2.1.2. The subset of eigenmodes that
are not able to escape from the photonic crystal is thus given by

Fb,ω =
{
k ∈ Kb,ω

∣∣∣ |k‖| > ωb,k nout/c
}
. (3.17)

As for (P)LSCs the surrounding medium is typically air, nout = 1 was used in
the calculations. The surface-parallel wave vector k‖ can be calculated by the
projection of k on the considered surface specified by its normal n according to

k‖ = k − k ·n
n ·n

n. (3.18)

The light guiding efficiency (LGE) σPC in a photonic crystal is consequently
defined as the ratio of the FLDOS of these guided modes to the LDOS of all
emitted modes:

σPC(r, ω) = ρ̂PCf (r, ω)
ρ̂PC(r, ω) (3.19)

The LGE is thus a local quantity in the same way as the LDOS and the FLDOS,
i.e. it depends on the location of the emitter in the WSC. Note, that the LGE is
always referred to a certain surface of out-coupling that needs to be specified. In
Sec. 5.1.3 results for the LGE of the opal and Bragg stack are presented.
For emission in a homogeneous medium with refractive index nin the LGE σ0

is determined by TIR. It is the fraction not lost in the escape cone, thus

σ0 =

√
1−

(
nout
nin

)2
, (3.20)

which is typically 74.5% in conventional LSCs (nin = 1.5, nout = 1).

Angular resolved surface PL

To compare theory and experiment of the emission in photonic crystals, the PL
escaping from a sample’s surface was measured as a function of the detection angle,
as described in Sec. 4.3.3. To obtain the corresponding spectra from theory, the
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3.1 Local density of photon states

FLDOS was calculated according to the measurement setup and used as an input
to the modeling of the detected emission spectrum, as presented in Sec. 3.2.3.
Therefore, the FLDOS was obtained by selecting the modes, that lie within a

detection cone with half-angle θd that is tilted by the detection angle φd with
respect to the surface normal, as illustrated in Fig. 3.3. First, to escape at all
from the photonic crystal at the surface, the criterion |k‖| > ω nout/c needs to be
satisfied.
Second, the wave vector of the out-coupled light kout, as given by Eq. (2.10) and

(2.11), needs to lie within the detection cone. This can be checked by comparing
the cone’s half-angle θd with the angle included between kout and the direction
vector d of the cone using their dot product via

^(kout,d) = cos−1
(

kout ·d
|kout| × |d|

)
≤ θd. (3.21)

The subset of modes fulfilling these conditions, contributes to the FLDOS for a
given detection angle φd. This evaluation, however, is only applicable for full-3D
calculations, as done for the opal.
For the quasi-3D approach of the Bragg stack calculations, the FLDOS calcu-

lation needs to consider the three-dimensionality of the detection cone. To obtain

(b) Evaluation scheme for quasi-3D FLDOS(a) Detection cone in 2D plane
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Figure 3.3: To calculate theoretical results for the angular resolved PL measurements,
the FLDOS were calculated for the modes within the corresponding detection cones. For
the quasi-3D evaluation of the Bragg stack, first all modes of the 2D xy-plane were selected
that are able to couple out and lie inside the cone, as shown in (a). As illustrated in (b),
these modes contribute to the FLDOS according to the ratio of the arc length la and the
circumference length lc, which gives the detectable fraction of the symmetric modes along
the circumference. In both (a) and (b), a large half-angle θd of the detection cone was
chosen for illustration purposes. In experiments and calculations, it was θd = 0.6◦.
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the appropriate quasi-3D FLDOS, the out-coupled modes need to be selected,
which lie within the detection cone in the xy-plane, see Fig. 3.3 (a). These modes
can be found by simply checking

φd − θd < φk < φd + θd, (3.22)

where φk = sin−1(|k‖|/|kout|) is the angle of kout with respect to the surface
normal. According to the experiments, light escaping from the surface parallel to
yz-plane (plane with surface normal in on-axis direction) is considered as illus-
trated in Fig. 3.3 (a). Given a selected kout in the xy-plane within the detection
cone, not all of the symmetric k along the circumference are being detected, only
those that lie in the 3D cone (see Fig. 3.3 (b)). The detectable fraction of the
symmetric modes is given by the fraction of the circumference that lies within the
cone. Thus, the length of the arc was calculated that is defined by the intersection
points D and D′ of the circumference and the cone boundary.6 The ratio of this
arc length la and the total circumference length lc gives the fraction of detectable
symmetry modes. Accordingly, the quasi-3D FLDOS is determined by

ρ̂PCf,q3D(r, ω) =
∑
b

∑
k∈Fb,ω

la
lc
× 2πk̃y |Eb,k(r)|2, (3.23)

where Fb,ω contains the selected modes according to Eq. (3.22).
To predict the detected spectra in PL measurements for conventional LSCs, the

corresponding FLDOS was also calculated for undisturbed emission in a homoge-
neous medium with refractive index nin = 1.5. In this case, the angular FLDOS
distribution does not depend on the frequency ω because at the interface light is
classically refracted according to Snell’s law due to the linear dispersion relation
in homogeneous media. Corresponding to an arbitrary frequency, a finite set of k-
vectors on the xy-plane with same |k| was constructed, with uniform distribution
of their internal angles representing the isotropy of emission.7
On this set of modes, the same selection procedure was performed as above for

the Bragg stack’s quasi-3D FLDOS, yielding the subset F . Due to the frequency-
independence mentioned above, it is convenient to calculate the ratio of FLDOS
and LDOS

χ := ρ̂0
f (ω)
ρ̂0(ω) (3.24)

that holds for every ω. Accordingly, this ratio for the quasi-3D treatment here is
6Technically, the points of intersection were obtained from solving for the angles, by which the
kout-vector needs to be rotated around the x-axis to intersect with the edge of the detection
cone, i.e. to find D so that the included angle between D and d is θd.

7Here, 90000 k-vectors with internal angles from 0–90◦ were used (although only modes with
angles up to the critical angles are able to escape).
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3.2 Model of fluorescent emission

given by

χ =
∑

k∈Fb,ω (la/lc)× 2πk̃y∑
k∈Fb,ω 2πk̃y

. (3.25)

For other detection configurations less complex than the oblique detection cone
considered here, simple analytical expressions can be found. For instance, the
fraction of the LDOS detected in a cone normal to the surface is given by χ =
1−

√
1− (sin(θd)nout/nin)2 from geometric reasoning. This expression yields the

same result as Eq. (3.25) for the case of φd = 0◦.
Note that only tiny fractions of all emitted modes are detected with the ex-

perimental setup used in this work (e.g. χ = 2.4 × 10−5 for φd = 0◦), due to the
small half-angle θd = 0.6◦ of the detection cone. By varying φd, this characteriza-
tion method therefore allows for accurately probing the photonic crystal’s effect
on emission and compare it to theoretical calculations, which can be obtained by
combining the FLDOS with the emitter model as described in Sec. 3.2.3. Results
of both theory and experiments and presented and discussed in Sec. 5.1.4.

Summary of Section 3.1

In this section, I showed how the LDOS of a photonic crystal can be obtained
from its eigenmodes, and proposed the very efficient quasi-3D approach for 1D-
periodic structures like the Bragg stack. The LDOS example demonstrated that an
incomplete band gap typically does not heavily alter the (3D) LDOS. Such band
gaps can, however, strongly influence the FLDOS that was derived above in terms
of the light guiding efficiency and the detected emission in PL measurements. By
deriving the appropriate theoretical LDOS and FLDOS in homogenous media, the
changes in LDOS and FLDOS induced by a photonic crystal were determined,
which serve as inputs to the emitter model presented in the following.

3.2 Model of fluorescent emission
To calculate the influence of the photonic crystal on the emission of a fluorescent
dye, I propose in the following a rate equation model for such emitters. It combines
the electronics transitions and the changes of the LDOS to quantitatively calcu-
late the experimentally observable modifications of emission in terms of emission
spectrum, photoluminescence quantum yield and fluorescence lifetime.8

3.2.1 Emitter model

Fluorescent dye typically feature rather complex energetic structures as discussed
in Sec. 2.2.4. To study their emission inside photonic crystals I propose a model
8Parts of this section are adopted from my publication, Ref. 129.
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(a) Quasi-two-level emitter model
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Figure 3.4: To study the influence of a photonic crystal on the emission of a fluorescent
dye, its electronic structure was modeled with a quasi-two-level rate-equation model, as
shown in (a). As indicated in (b) for a fictive dye, the numerous individual transition
from and to vibrational and rotational energy levels (dashed curves) are aggregated in
“spectral shape functions” (solid curves) to account for the spectral widths of absorption
and emission. The linewidths of the individual transitions are typically much smaller than
illustrated (see Appendix A.4).

with a reduced electronic structure, as shown in Fig. 3.4 (a). This quasi-two-
level model consist of a ground state (with population N1) and an excited state,
which is split up in state 2 and state 2′ to account for the Stokes shift. Due to
quasi-instantaneous vibrational relaxation (transition rate Γ2′2 ≈ ∞), however,
all excited emitters are assumed to be in state 2, thus N2′ = 0.
To account for the numerous vibrational levels and thus the spectral widths of

absorption and emission, “spectral shape functions” were employed (comparable
to line shape functions used for single atomic transitions).9 These functions aggre-
gate all transitions to the different energy levels of the ground state (for emission)
and of the excited state (for absorption), as illustrated in Fig. 3.4 (b).

Transition probability of emission

Following Einstein’s treatment of transition rates (see Sec. 2.2.1), the rate of
spontaneous emission ΓSPE is the product of the population N2 and the transi-
tion probability PSPE. Using the spectral shape function g0(ω) of emission, this
transition probability is given by

P 0
SPE =

∫
A0

21g
0(ω)dω, (3.26)

9I use the term “spectral shape function” to avoid confusion with the classical understanding
of line shape functions (for example from the line broadening of discrete atomic transitions).
Technically, the spectral shape function can be implemented analogously since it describes
just the sum of numerous different transitions.
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3.2 Model of fluorescent emission

with the corresponding Einstein coefficient A0
21. The spectral shape function is

normalized via
∫
g0(ω)dω = 1 analogous to a classical line shape function (see

Sec. 2.2.1). The superscript “0” denotes undisturbed emission in a homogeneous
medium as a reference case. The function g0(ω) can be obtained from appropriate
PL measurements,10 using a confocal setup, for example, to minimize reabsorption
artifacts. For that purpose, the PL spectrum needs to be obtained as “photons
per second (per area per frequency interval)” corresponding to the units of the
transition rates. In this work, this was achieved by spectral calibration of the used
measurement setup.
Inside a photonic crystal, the spontaneous emission probability is modified via

the LDOS ratio γ(r, ω) (Eq. (3.5)) according to Fermi’s golden rule (Eq. (2.22)):

PPC
SPE(r) =

∫
A0

21g
0(ω)γ(r, ω)dω = ψ(r)P 0

SPE, (3.27)

where the emission probability enhancement factor

ψ(r) =
∫
g0(ω)γ(r, ω)dω (3.28)

is introduced that describes the absolute change in the transition probability.
The spectral shape function

gPC(r, ω) := γ(r, ω)
ψ(r) g0(ω) (3.29)

describes the spectral distribution of the emitted light and is defined so that∫
gPC(r, ω)dω = 1. Note that inside a photonic crystal the emission probability

and the emitted spectrum depends on the emitter location r as a result of the
local density of states.
In Eq. (3.27) the rather small effects of the photonic crystal on natural broaden-

ing and Lamb shift of each individual transition within the emission spectrum are
neglected as the total spectral shape is typically much broader than these effects
(see Appendix A.4).
The spontaneous emission rate ΓPC

SPE(r) = NPC
2 PPC

SPE(r) is a measure of the in-
tensity of emission (“number of photons per second”). It includes the number of
excited emitters NPC

2 that might be different from N0
2 . The steady-state popula-

tion of the electronic states, however, depends also on the rate of absorption, as
discussed in the following.

Influence of absorption on transition rates

According to Sec. 2.2.1, the absorption rate is given by ΓABS = N1B12′u(ω12′).11
While the corresponding Einstein coefficient B12′ does not change due to LDOS
10For conversion to wavelengths: gλ(λ) = gω(ω(λ))× dω/dλ = gω(ω(λ))× | − 2πc/λ2|
11In fact, accounting for the typically broad absorption spectra as well as for broad-band exci-

tation: ΓABS = N1
∫
B12′ (ω)u(ω)dω
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effects, the excitation through the spectral energy density u(ω) depends on many
factors: where does the light come from (from outside a finite photonic crystal,
for example) and how is the electromagnetic field distribution within the photonic
crystal as a function of r? The modified local spectral energy density uPC(ω, r)
in photonic crystals could be calculated only for a specific geometry, for example
using numerical methods like finite-difference time-domain [130, 131], rigorous
coupled wave analysis [132] or the scattering matrix formalism [133].
Assuming such calculations yield a local absorption probability enhancement of

β(r) = uPC(ω12′ , r)/u0(ω12′),12 we can express the transition rates of an emitter
inside a photonic crystal as

ΓPC
ABS = β(r)(NPC

1 /N0
1 ) Γ0

ABS, (3.30)
ΓPC
SPE = ψ(r)(NPC

2 /N0
2 ) Γ0

SPE, (3.31)
ΓPC
NRD = (NPC

2 /N0
2 ) Γ0

NRD, (3.32)

with the non-radiative decay rate ΓNRD = N2PNRD, whose transition probability
PNRD is not influenced by the photon LDOS as it represents electronic transitions
without emission of a photon (that would require a photon state). Assuming a
relatively low spectral energy density (weak-coupling regime), stimulated emission
processes are neglected.
When comparing the steady state rates

Γ0
ABS = Γ0

SPE + Γ0
NRD, (3.33)

ΓPC
ABS = ΓPC

SPE + ΓPC
NRD

⇔ β(r)N
PC
1
N0

1
Γ0
ABS = NPC

2
N0

2
(ψ(r)Γ0

SPE + Γ0
NRD), (3.34)

we find the change of the ground and excited state populations:

NPC
1
N0

1
= 1
ξ(r)(1−N0

1 /Ntot) +N0
1 /Ntot

≈ 1, (3.35)

NPC
2
N0

2
= ξ(r)

1 + (ξ(r)− 1)N0
2 /Ntot

≈ ξ(r) (3.36)

with ξ(r) = β(r)
1 + Φ0(ψ(r)− 1) , (3.37)

with PLQY Φ0 = Γ0
SPE/Γ0

ABS and Ntot = N1 + N2. The approximations in
Eqs. (3.35) and (3.36) correspond to the weak-coupling regime, where N0

1 � N0
2

[109]. In fact, the approximations are equal to the zeroth-order Taylor expansion
around N0

1 = Ntot (Eq. (3.35)) and N0
2 = 0 (Eq. (3.36)).

12With broad-band: β(r) =
∫
B12′ (ω)uPC(ω, r)dω/

∫
B12′ (ω)u0(ω)dω
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3.2 Model of fluorescent emission

These results for the populations yield the change in transition rates due to the
photonic crystal

ΓPC
ABS/Γ0

ABS ≈ β(r), (3.38)

ΓPC
SPE/Γ0

SPE ≈
ψ(r)β(r)

1 + Φ0(ψ(r)− 1) , (3.39)

ΓPC
NRD/Γ0

NRD ≈
β(r)

1 + Φ0(ψ(r)− 1) . (3.40)

Note that all three transition rates and also the populations in a photonic crystal
are functions of the emitter position r, although not explicitly denoted.
Hence, the absolute intensity of emission depends on the enhancement of the

probabilities of absorption β(r) and emission ψ(r) as well as on the quantum
yield Φ0 of the emitter. In the absence of non-radiative decay channels (Φ0 = 1),
the rates of both absorption and emission would be enhanced by the same factor
β(r). This factor β(r) depends on the specific geometry, the source of excitation
and needs to be obtained separately as mentioned above. Independent of the
absorption rate, however, one can calculate how many of the absorbed photons
are emitted, i.e. the PLQY inside the photonic crystal ΦPC, as shown in the
following.

3.2.2 Emission spectrum, PLQY and fluorescence lifetime

Emission spectrum

Spontaneous emission from emitters with broad emission spectra may be spec-
trally redistributed in a photonic crystal, as excited emitter can decay to different
ground state levels: emission at frequencies with a relatively low LDOS ratio is
suppressed and instead light is emitted at frequencies with higher LDOS ratios.
The spectral distribution of the emitted light is given by the spectral shape func-
tion. Based on the undisturbed emission spectrum g0(ω) as an input parameter,
the emission spectrum in the photonic crystal gPC(r, ω) was calculated for the
Bragg stack and the opal, as presented in Sec. 5.1.2.
In the photonic crystal, the emission spectrum depends on the exact emitter

position. To model a particular spatial distribution of emitters, the emission spec-
trum for each emitter positions needs to be calculated individually. In general it
is not correct to first average the LDOS over all relevant r, and to subsequently
use this averaged LDOS for further calculations. Due to differences in local ab-
sorptance (β(r)) and PLQY, the amount of emission, i.e. the rate ΓPC

SPE(r) and
thus the contribution to the ensemble’s emission spectrum varies with position r.
Accordingly, the emitted spectrum gPCtot (ω) from multiple emitters at different rj
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is given by the sum

gPCtot (ω) = κ
∑
j

β(rj)
ΦPC(rj)

Φ0 gPC(rj , ω) (3.41)

where the normalization factor κ ensures
∫
gPCtot (ω)dω = 1, and ΦPC/Φ0 denotes

the change in PLQY of an emitter inside the photonic crystal as discussed in the
following.

Photoluminescence quantum yield

As the transition rates of radiative and non-radiative decay are modified in the
photonic crystal, also the PLQY changes. In general, we can write Eq. (2.27) for
the steady state ΓABS = ΓSPE + ΓNRD as

Φ = ΓSPE
ΓABS

= PSPE
PSPE + PNRD

. (3.42)

Applying this equation to the cases of a homogeneous medium and the photonic
crystal, we find

ΦPC(r) = ψ(r)P 0
SPE

ψ(r)P 0
SPE + PNRD

= Φ0ψ(r)
1 + Φ0(ψ(r)− 1) . (3.43)

When the undisturbed PLQY Φ0 of a fluorescent species in homogeneous media
is known, the modified quantum yield in a photonic crystal environment can be
described solely by the emission probability enhancement factor ψ(r), which is
independent of the absorption process.
Note that the PLQY inside the photonic crystal depends on the emitter location

r. To calculate the PLQY ΦPC
tot of a group of emitters, the individual ΦPC(ri) need

to be averaged, weighted with the local absorption:

ΦPC
tot =

∑
j ΦPC(rj)β(rj)∑

j β(rj)
. (3.44)

Furthermore, I want to mention that the PLQY is not only affected by the
LDOS but also by the chemical environment of the emitter, for example due to
quenching of the fluorescence (see e.g. [117, 134–138]). It is therefore necessary
to determine Φ0 under the same chemical conditions as in the photonic crystal
(same host material for embedding).

Fluorescence lifetime

Due to the changes of the transition rates, also the fluorescence lifetime τ is
different in photonic crystals. Using Eqs. (2.29) and (3.43), we can write

τ = (PSPE + PNRD)−1 = Φ/PSPE. (3.45)
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3.2 Model of fluorescent emission

Comparing the lifetime τPC inside a photonic crystal to the lifetime τ0 in homoge-
nous media, we find

τPC(r) = τ0 1
1 + Φ0(ψ(r)− 1) . (3.46)

This means that the relative change in fluorescence lifetime depends only on
the quantum yield Φ0 and the emission probability enhancement factor ψ(r), i.e.
on the LDOS.
I want to emphasize the dependence on the quantum yield Φ0: doing experi-

ments with low quantum yield emitters will result in very small changes in lifetime,
even if the photonic crystal provides a large LDOS effect. This can be one rea-
son for the small changes in lifetime reported in previous studies [70, 71, 73],
additional to small LDOS changes by the studied photonic crystals.
When studying multiple emitters, the observed decay kinetics arise from the

sum of the individual decays of emitters at positions rj :

ΓPC
tot (t) =

∑
j

ΓPC
SPE(rj) e−t/τ

PC(rj) ≈
∑
j

ψ(rj)β(rj)Γ0
SPE

1 + Φ0(ψ(rj)− 1) e
−t/τPC(rj) (3.47)

Thus, the decay becomes non-single-exponential. To calculate the contribution of
each emitter, i.e. the pre-exponential factors, local absorption needs to be consid-
ered.

3.2.3 Detected spectrum

In PL experiments, typically only a subset of all emitted modes is detected, de-
pending on the specific measurements setup. To model the spectra obtained in
such measurements, I introduce fractional transition rates and probabilities based
on the fractional LDOS (FLDOS) of detectable modes presented in Sec. 3.1.4.
The fractional transition rate accounts only for those transitions, which emit

modes that can be detected. Accordingly, in homogeneous media it is defined as

P 0
SPE,f =

∫
A0

21g
0(ω) ρ̂

0
f (ω)
ρ̂0(ω)dω = χP 0

SPE (3.48)

with the ratio χ of FLDOS and LDOS from Eq. (3.24), depending on the geom-
etry of the measurement setup. For emission in homogeneous media, the spectral
distribution of detected light g0

f (ω) is the same as for the emitted light g0(ω) as
χ is constant for all frequencies.
In photonic crystals, the fractional transition probability is given by

PPC
SPE,f(r) =

∫
A0

21g
0(ω) ρ̂

PC
f (r, ω)
ρ̂0(r, ω) dω = χψf(r)P 0

SPE (3.49)
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with
ψf(r) :=

∫
g0(ω)γf(r, ω)dω and γf(r, ω) := ρ̂PCf (r, ω)

ρ̂0
f (r, ω)

. (3.50)

The shape of the detected spectrum from emission in a photonic crystal is thus

gPCf (r, ω) = g0(ω)γf(r, ω)
ψf(r) . (3.51)

In contrast to the homogeneous medium case, this detected spectrum can differ
very strongly from the spectral distribution of the totally emitted light gPC(r, ω),
as it arises usually only from a small subset of all modes. Thus it can be more
distorted in terms of suppressions due to band gaps and enhancements at band
edges, when a band gap lies in the direction of detection. One can therefore not
draw non-ambiguous conclusions about the emitted spectrum based on a measured
spectrum that was obtained from only a narrow angular range. Furthermore,
the detected spectrum depends on the exact measurement configurations: in the
angular resolved surface PL measurements (see Sec. 4.3.3), for instance, gPCf (r, ω)
typically varies with the detection angle φd due to the non-isotropic dispersion
relation in photonic crystals.
The “intensity” of the detected signal (“number of photons per second”) can be

obtained from the corresponding fractional transition rates

Γ0
SPE,f = N0

2P
0
SPE,f = χΓ0

SPE, (3.52)
ΓPC
SPE,f(r) = NPC

2 PPC
SPE,f(r) = χψf(r)ξ(r) Γ0

SPE. (3.53)

Note that the fractional emission rate in the photonic crystal ΓPC
SPE,f(r) depends

not only on the FLDOS (through ψf(r)) but also on the LDOS via ψ(r) in ξ(r) as
the population NPC

2 is determined by all transitions (not only the detected ones).
Furthermore, the rates depend on the local absorption β(r) in ξ(r) that needs to
be considered when multiple emitters at different positions are studied.
These fractional transition rates allow the comparison of the absolute values of

the detected spectra, for example for different detection cone angles. The detected
spectrum Πf is given by the product of the fractional transition rate and the
spectral shape function:

Π0
f (ω) = Γ0

SPE,f × g0
f (ω), (3.54)

ΠPC
f (r, ω) = ΓPC

SPE,f(r)× gPCf (r, ω). (3.55)

Accordingly, the expected results of angular resolved surface PL measurements
were theoretically calculated, as presented in Sec. 5.1.4.
Table 3.1 summarizes the transition probabilities and rates as well as the spec-

tral distributions (spectral shape functions) for both emitted and detected light
as used in this work.
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3 Modeling methods

3.3 Propagation of light
In this section different modeling methods are presented that are related to the
propagation of light in homogeneous and structured media with finite size. Besides
the established transfer and scattering matrix methods, new theoretical models
were developed to compute the optical properties of thick layers incoherently, to
calculate the angular and spectral distribution of light escaping from samples with
certain surface reflectivity, and to derive the angular distribution of light at the
edges of an LSC.

3.3.1 Transfer and scattering matrix methods

The transfer and scattering matrix methods are well-known formalisms to calcu-
late the optical properties of finite structures that consist of layers with certain
thicknesses and (complex) refractive indices [133, 139–141]. While details can be
found in literature, here I want to briefly illustrate the basic concepts.
Both matrix methods provide exact steady-state solutions to Maxwell’s equa-

tions in layered media. Given incident light with certain angle of incidence from
top and/or bottom as boundary conditions, the reflectance, transmittance and
absorptance of a stack can be calculated. Furthermore, the local fields and thus
the local absorptance can be extracted according to Eq. (2.25). Due to a wave-
optical treatment based on perfectly coherent plane waves, interference effects due
to reflections at all layer interfaces are considered.
In detail, the transfer matrix method examines the tangential field components

E‖ and H‖ at each interface between layers of different refractive indices, as il-
lustrated in Fig. 3.5 (a). These tangential field components are continuous across
the interfaces, i.e. E‖ and H‖ are equal in both materials at the interface [107].
With the ansatz of a plane wave propagating in one direction and a second one in
opposite direction, the fields in the layer are given by the sum of these two waves.
Accordingly, the tangential field components E‖,j and H‖,j at one interface of the
jth layer can be linked with E‖,j+1 and H‖,j+1 at the other interface via a transfer
matrix T j via (

E‖,j
H‖,j

)
= T j

(
E‖,j+1
H‖,j+1

)
. (3.56)

The 2 × 2 matrix T j of layer j accounts for the phase shift due to propagation
and for absorption in between the interfaces according to the thickness dj and
the complex refractive index ñj of the layer, depending on the polarization of
the considered fields. As the tangential field components are conserved at the
interfaces, multiple layers can be connected by multiplying their matrices, e.g.(

E‖,1
H‖,1

)
=

 J∏
j=1

T j

(E‖,J
H‖,J

)
(3.57)
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(a) Transfer matrix method

Superstrate
(“layer” 0)

Substrate
(“layer” J)

Layer j
(refractive index ñj)

Interface j

Interface j + 1

...
...

...
...

(b) Scattering matrix method

a0 b0

aJ bJ

aj bj

E‖,j

E‖,j+1

xj

xj+1

dj

x

H‖,j+1

H‖,j

Figure 3.5: Both transfer and scattering matrix method provide the same exact solution
of Maxwell’s equations in layered stuctures, but with different mathematical treatments.
(a) The transfer matrix method links the tangential field components E‖ and H‖ at the
interfaces using a transfer matrix T j for each layer j accounting for propagation and
absorption inside the layer. (b) In the scattering matrix method, the amplitudes a and
b of forth and back propagating waves (from which the fields can be easily derived) are
connected via a scattering matrix S(j → j + 1) for each interface.

for the complete stack from superstrate to substrate.
In contrast, the scattering matrix approach considers the amplitudes a of the

wave propagating in one direction and b of the wave in opposite direction inside
the layers. The construction as two-component vectors allows solving for both po-
larizations at the same time. For these amplitudes, the components of the electric
and magnetic fields can be easily derived.13 According to the conservation of the
tangential field components at the interfaces, a scattering matrix S(j → j + 1)
for interface j can be found to link the amplitudes in adjacent layers via(

aj+1
bj

)
= S(j → j + 1)

(
aj
bj+1

)
. (3.58)

To link the amplitudes across multiple layers, such as with S(0 → J) for the
complete stack, the scattering matrix is not given by a product of individual
13For instance, Ej,y(x) = aj,y exp(i ñjk0,x(x − xj)) + bj,y exp(i ñjk0,x(xj+1 − x)) with aj =

(aj,y, aj,z)T, bj = (bj,y, bj,z)T according to the directions on-axis x and in-plane y, z (see
Fig. 3.5).
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3 Modeling methods

matrices as in the transfer matrix method. Instead, it can be obtained recursively
based on the thicknesses and refractive indices of the layers.
Both methods are mathematically different but physically equivalent treat-

ments. As described in Refs. 133, 141, the scattering matrix method is numerically
more stable than the mathematically more intuitive transfer matrix method. In
this work, both methods were used for different problems in form of an self-written
transfer matrix algorithm following Ref. 139 and an implementation of the scat-
tering matrix method by Florian Bödicker [142].

3.3.2 Incoherent treatment of thick layers

In reality, samples typically contain or consist of a relatively thick layer (thickness
d >> λ), such as conventional LSCs or samples with photonic structures on
a (glass) substrate. To model their optical properties, the reflections from the
back surface need to be considered. When using such thick layers in the transfer
or scattering matrix method, the resulting spectra highly oscillate due to Fabry-
Pérot resonances. These strong oscillations, however, are typically not observed in
experiments due to the non-coherence of incident light as well as a limited spectral
resolution of measurement setups. To compare the calculations with experiments,
the simulated spectra could be smoothed by spectral averaging, which however is
inexact and may introduce artifacts.
For a proper incoherent treatment of a thick layer, I traced the forth and back

bouncing light as illustrated in Fig. 3.6. The total fractions of reflected, trans-
mitted, and absorbed light R, T , and A are given by the superposition of the
individual power (not field) terms and can be expressed using geometric series as

R = R1 + q2T1R3T2 + q4T1R
2
3R2T2 + q6T1R

3
3R

2
2T2 + . . .

= R1 + q2T1T2R3

∞∑
j=0

(q2R2R3)j = R1 + q2T1T2R3
1− q2R2R3

, (3.59)

T = qT1T3 + q3T1R3R2T3 + q5T1R
2
3R

2
2T3 + . . .

= qT1T3

∞∑
j=0

(q2R2R3)j = qT1T3
1− q2R2R3

, (3.60)

A = 1−R− T, (3.61)

where R1 and T1 denote the reflectance and transmittance at the top surface
for incident light from above and R2 and T2 for light from opposite direction.
Analogous, R3, T3 and R4, T4 are defined for the bottom surface, as shown in
Fig. 3.6. The term q = exp(−αd) models Lambert-Beer absorption from single-
path propagation though the layer with absorption coefficient α.
For oblique incidence with incident angle φi, Tj → Tj(φi), Rj → Rj(φi), and

q → exp(−αd/
√

1− (sin(φi)nout/nin)2) with refractive indices nin of the thick
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R1 q2T1R3T2 q4T1R
2
3R2T2 q6T1R

3
3R

2
2T2

T1 q2T1R3

qT1T3 q3T1R3R2T3 q5T1R
2
3R

2
2T3

q4T1R
2
3R2 q6T1R

3
3R

2
2

qT1 q3T1R3R2 q5T1R
2
3R

2
2

R1

T1

T2

R2
...

R3

T3

T4

R4

Incident

light

nout

nin

Figure 3.6: To calculate the reflectance, transmittance, and absorptance of a thick layer
without interference effects (i.e. incoherently), the contributions of forth and back bounc-
ing light to reflectance and transmittance need to be added (power terms, not fields).
Tracing the individually ray as shown in the figure allows finding analytical expressions
for the total reflectance, transmittance, and absorptance depending on the surfaces’ re-
flectances and transmittances, which are given by Fresnel equations for simple dielectric
interfaces or from the transfer/scattering matrix method if the surface represents a pho-
tonic multilayer structure, for example.

layer and nout of the surrounding medium. Note that in this case R2, R3 and T2,
T3 need to be calculated for the internal angle corresponding to φi.
For surfaces that are interfaces between two dielectrics, the Rj and Tj can be

obtained from the (power) Fresnel equations (see Appendix A.3). Accordingly,
R1 = R2 = 1 − T1 = 1 − T2 and R3 = R4 = 1 − T3 = 1 − T4, with R1 =
R3 if the surrounding medium is the same at the top and bottom. This case
corresponds to a conventional LSC, being a simple plate of PMMA or glass in air.
Combining Eqs. (3.59) and (3.60), the absorption coefficient α can be expressed
in term of R and T , which is useful to extract α from reflectance and transmission
measurements, see Eq. (4.5).
More generally, the surfaces can also be understood as imaginary interfaces

representing a photonic multilayer structure on a substrate, for example. The
reflectances and transmittances at such surfaces are given by the optical properties
of the multilayer structure that can be calculated separately, for axample with the
transfer or scattering matrix method. In such cases, the reflectance R1 and R2
(as well as R3 and R4) are not necessarily equal, since absorption can appear
within the multilayer structure, for example. The transmittances, however, are
equal for reverse direction (T1 = T2, T3 = T4) due to reciprocity in optics (at least
in non-magneto-optic materials) [143, 144].
Here in this work, this approach was used to calculate the local absorptance
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in a multilayer stack on top of a thick glass substrate, as presented in Sec. 6.1.1
(Fig. 6.1 (a) shows the multilayer structure). The back side reflections were con-
sidered by performing two separate scattering matrix calculations: one where light
was incident from the top (air), and one with incidence from the bottom of the
stack (from glass). To obtain the total local absorptance inside the multilayer
stack, the two resulting local absorptances were added, where the result for inci-
dence from glass was weighted with the fraction of incident light that hits the top
surface in Fig. 3.6.14

3.3.3 Ray tracing light in LSCs

In this work the spectrum of escaping light from the surface of a sample was
studied angular resolved with the measurement setup presented in Sec. 4.3.3. The
theoretical spectra for the PLSC and LSC were calculated using the FLDOS in
combination with the emitter model as explained in Sec. 3.1.4 and 3.2.3. Using this
approach, the efficiency of out-coupling is not considered: all modes that are able
to couple are assumed to couple out, which is for example valid for conventional
LSCs due to the small Fresnel reflectance of only 4% at the surfaces.
For a third type of samples named “TSR” (triple stack reference), consisting

of an LSC with highly reflective filter structures on the top and bottom surfaces
(see Fig. 5.6), however, the limited out-coupling efficiency due to the high re-
flectance needs to be considered. While emission inside the TSR is assumed to be
isotropic, the out-coupled light varies with wavelength and angle due to the trans-
mission function at the surface determined by the filters. To predict these spectral
and angular resolved spectra, the emitted light was “ray-traced” as illustrated in
Fig. 3.7 (a). This geometric optical approach corresponds to an incoherent treat-
ment of the “thick” body of the sample, similar to the previous section.
An emitting dye layer was assumed in the center of a sample with thickness d,

as realized with the fabrication method of filter bonding (Sec. 4.1.2). The exact
vertical position of this dye layer, however, has no significant effect on the results,
thus this model is also valid for the slightly asymmetric samples obtained from spin
coating (Sec. 4.1.1). The reflectance R and the transmittance T at the interfaces
are determined by the filter structures (see Fig. 3.7 (b)), and were calculated using
the transfer matrix method. It was assumed that both interfaces are equal and no
(re)absorption occurs (cf. Fig. 3.6 with R2 = R3 = R, T2 = T3 = T , and q = 1).
To model the light detected in the experiments, the rays exiting the sample

within a spot with radius ld were calculated. The corresponding total transmit-
tance function Ttot(λ, φd) for this light can be obtained by summing up the indi-

14This fraction is given by q2T1R3 + q4T1R
2
3R2 + q6T1R

3
3R

2
2 + . . . = q2T1R3

1−q2R2R3
with T1, R2 from

the stack’s reflectance (calculated with scattering matrix method) and R3 according to the
Fresnel equation for the glass-to-air interface on the back.
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(b) Reflectance and transmittance
at surfaces (of TSR samples)

d

φin

T TR TR2 TR3 TR4 nout = 1 (air)

nin = 1.5 (glass)

φin

φd

R

T

(a) Ray tracing model: angular resolved spectra
of out-coupled light for certain detection spot size

ld
(detection spot radius)

Dye-
doped
layer

Figure 3.7: To model the angular resolved PL escaping from a finite surface spot, the
emitted light was “ray-traced” inside the sample, as shown in (a). This is necessary for
samples with highly reflective surfaces such as the TSR samples in this work (LSC with
filters on top and bottom): light in the escape cone may exit the sample not directly
at the first reflection event but after several times “bouncing” through the sample. For
this purpose the reflectance and transmittance of the filters were used for the optical
properties of the sample’s surface, as indicated in (b).

vidual contributions within this spot, as shown in Fig. 3.7 (a). Thus,

Ttot(λ, φd) = T
Jf∑
j=1

R2(j−1) + TR
Jb∑
j=1

R2(j−1) (3.62)

with the two sums corresponding to the blue and green rays in Fig. 3.7 (a). The
number of summands is given by

Jf =
⌊

ld
2d tanφin

+ 3
4

⌋
and Jb =

⌊
ld

2d tanφin
+ 1

4

⌋
, (3.63)

where bxc gives the greatest integer less than or equal to x.
Note that R, T and Jf, Jb depend on the angle of the emitted light. It must be

distinguished between the internal angle φin and the external angle φd that are
connected via Snell’s law. As we want to model angular PL measurements that
measure external angles, the transmission function is expressed in φd and R, T ,
Jf, Jb need to be calculated for the corresponding φin.
The detected angular resolved PL spectrum Πd(λ, φd) is the “filtered” angular

emission spectrum Π0(λ, φd), given by the product

Πd(λ, φd) = Π0(λ, φd)× Ttot(λ, φd). (3.64)
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The angular emission spectrum Π0(λ, φd) is the product of the undistorted emis-
sion spectrum g0(λ) and the angular distribution function fφd(φd). In the case
of isotropic emission, i.e. the uniform distribution of emission with respect to the
internal angle φin, the angular distribution function is given by

fφd(φd) = nout
nin sin−1(nout/nin)

cos(φd)√
1−

(
nout
nin

)2
sin(φd)

(3.65)

in terms of the external angle φd, as derived in Appendix A.5.
With this approach, also the angular integrated surface PL as well as the spec-

trum of light guided to the edge face (“edge PL”) according to the experiments
from Sec. 4.3.4 can be modeled. The integrated surface PL Πs(λ) is given by the
integral over the angular resolved surface Πd(λ, φd), weighted with sinφd:

Πs(λ) =
∫ 90◦

0◦
sin(φd) Πd(λ, φd) dφd. (3.66)

The weighting factor sinφd arises from the fact that the angular resolved measure-
ment probes the escaping light only along a 2D plane. Given rotation symmetry
with respect to the surface normal, the light detected at a certain “zenith” φd
also escapes in other directions with same φd but other azimuthal angles that lie
outside the detection cone. The larger φd, the smaller the detected fraction, which
can be understood with the length of the circumference on a sphere similar to that
in Fig. 3.3 (b). Accordingly, the “multiplicity” of the light detected at φd can be
approximated by sinφd as the half-angle of the detection cone used in this work
is quite small (θd = 0.6◦).
Note that an appropriate value for ld needs to be used for the calculation of

Πs(λ): to obtain the spectrum of all light escaping from the whole sample surface
(as in the integrated PL experiments), Πd(λ, φd) needs to be calculated for ld
given by the surface dimensions of the sample.
The (integrated) edge PL Πe(λ) is determined by both the guided light due to

TIR (given by the LGE σ0) as well as the light in the escape cone that was not
lost due to the filter’s reflectance:

Πe(λ) = σ0g0(λ)︸ ︷︷ ︸
TIR guided

+ (1− σ0) g0(λ)
∫ 90◦

0◦ sin(φd) Πd(λ, φd) dφd∫ 90◦
0◦ sin(φd) Π0(λ, φd) dφd︸ ︷︷ ︸

Filter reflection

. (3.67)

Note that here Πd(λ, φd) needs to be calculated for the appropriate value of ld
given by the distance from point of excitation to the edge face.
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3.3.4 Angular pattern of light out-coupled at edge face

In the experiments, the light guided to the samples’ edge faces was measured as
a function of the internal propagation angle using a glass half-cylinder coupled to
the edge faces, as described in Sec. 4.3.3. The angular distribution of the light at
the edge reveals interesting information about the light guiding mechanisms as
discussed in Sec. 5.2.2. In general, this angular distribution is strongly non-uniform
and depends on the type of concentrator (bulk or thin film LSC), its geometry
(e.g. thickness), and the way of excitation (e.g. spot vs. full area excitation). It
was studied previously in theory and experiments [18, 145–147].
Here, I want to derive the characteristic angular distribution of a thin film LSC

resulting from excitation at a single point (using a laser as in the experiments in
this work, for example) to motivate the measurement results. In detail, a sample
of thickness d with a dye-doped layer on top is studied, that is excited at a point
with distance le to the edge face, as illustrated in Fig. 3.8 (a). For a qualitative
treatment, reabsorption and parasitic absorption were neglected.
The in-plane rays with isotropic angular distribution can be divided into dif-

ferent subsets: first, part of emission features angles within the escape cone (gray
area in the figure). This fraction is assumed to be lost on the way to the edge
face and does not contribute the angular distribution at the edge face. Second,
the guided light exits at the edge face propagating up- or downwards, depending
on the number of reflection events it encounters on the path through the concen-
trator, as indicated by the red ray bundles in Fig. 3.8 (a). The angles where the
out-coupling direction flips, i.e. the angles of the limiting rays of the bundles, are
given by

φd,j = 90◦ + tan−1
(
j
d

le

)
(j ∈ Z). (3.68)

The possible angles φd,j are limited by the bounds {φc, 180◦ − φc} due to the
escape cone of TIR (with critical angle φc).
Accordingly, the angular distribution is given by a pattern of “on”/“off” regions,

as shown in Fig. 3.8 (b) for different d/le ratio (i.e. different sample thicknesses).
The smaller this ratio, i.e. the thinner the sample (d) and/or the longer the dis-
tance from excitation to the edge (le), the more “on”/“off” regions occur with
smaller spacing due to the increasing number of possible reflection events on the
way through the sample.
The asymmetry around φd = 90◦ arises from the modeled sample’s asymmetry

(dye layer on top). Shifting the vertical position of the dye layer moves the pattern
on the φd axis, and it is symmetric for a dye layer in the center. The characteristic
pattern spacing, however, is similar for all vertical positions. When the emitting
dye is not confined in a single layer, but distributed in a volume as in bulk LSCs, for
example, the “on”/“off” pattern is smoothed. The typical “oscillations”, however,
can still be observed as reported in Refs. 18, 146.
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3 Modeling methods

(a) Angles at the edge face (b) Angular patterns for different d/le ratios
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Figure 3.8: (a) At the edge face of a thin film LSC guided light exits up- or downwards,
depending on the sample thickness d and distance le between the point of excitation and
the edge face. (b) The angular distribution is thus determined by a “on”/“off” pattern,
as shown for different thicknesses d with respect to le (nin = 1.5, nout = 1). Light emitted
with angles within the escape cone (gray shaded areas) is lost on the way to the edge face.
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Chapter 4

Experimental methods

Based on the theoretical considerations it is expected that the embedding of a
fluorescent dye in a photonic crystal changes the emission of light in terms

of spectral and directional redistribution, and thus influences the performance of
a PLSC. To examine these effects in experiments, several samples were fabricated
and characterized. In the first part of this chapter, different approaches and newly
developed processes for the fabrication of multilayer and opal photonic structures
with embedded dyes are presented.1 In the second part, the most important mea-
surement methods and characterization setups used in this work are introduced.

4.1 Fabrication of multilayer structures

To fabricate photonic multilayer structures, thin layers (around 100 nm) of alter-
nating high- and low-refractive-index materials need to be stacked. All materials
should be transparent in the absorption and emission range of the dye to avoid
parasitic absorption. Furthermore, the dye needs to be embedded in one or more
layers of the stack. In this work the perylene-based Lumogen dyes from BASF
were used as well-known LSC dyes with high photoluminescent quantum yield Φ
(PLQY). In particular, the dyes Lumogen F Yellow 083 (Φ = 91% [150]) and F
Red 300 (Φ = 98% [151]) were studied in detail. To remain the high PLQY the
dyes were embedded in the polymer Poly(methyl methacrylate) (PMMA), which
is known to be a stable host material for organic dyes [7, 152].

1The former diploma students I supervised during my PhD, Janina Posdziech and Janina Löffler,
both significantly contributed to this part on the fabrication methods, see Refs. 148, 149.
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4 Experimental methods

(a) Spin coated multilayer structures (b) Bonding of undoped filters with dye-doped
polymer layer
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Figure 4.1: Sketches of the two approaches pursued in this work to fabricate dye-doped
multilayer structures: (a) spin coating of alternating titania and PMMA layers, where the
dye could be embedded in multiple polymer layers. (b) Second, thin film filters fabricated
with conventional technologies were bonded together using a dye-doped polymer layer.

The use of dye-doped PMMA, however, is mostly incompatible with established
thin film deposition technologies such as sputtering or chemical vapor deposition,
e.g. due to high processing temperatures. Thus, two approaches were chosen in
this work to fabricate multilayer structures with embedded dye layers.
On the one hand, a spin coating process was developed to deposit stacks of

alternating layers (Fig. 4.1 (a)). Spin coating is a well-known process for the
deposition of polymers. In this way, the dye can be easily embedded in one or
more layers. The challenge of this approach is the deposition of high-refractive-
index layers, which was solved by using a titania (titanium dioxide) sol-gel route
as described below.
On the other hand, multilayer structures without dye were deposited using the

established thin film technologies of plasma-enhanced chemical vapor deposition
(PECVD) at Fraunhofer ISE and ion beam sputtering (IBS) at Laseroptik GmbH
(Fig. 4.1 (b)). Subsequently, a dye-doped PMMA layer was spin coated on these
“filters”, which were then bonded together using heat, pressure and vacuum, as
described below.

4.1.1 Spin coated multilayer structures

Multilayer structures were fabricated by spin coating alternately PMMA and ti-
tania layers. It is important that the deposition of one layer does not dissolve or
damage the previously deposited layer underneath. In this regard the solvents play
a crucial role. Here, PMMA was dissolved in toluene, while an ethanol-based tita-
nia sol-gel was found to yield the best results. Stacks were spin coated on highly
transparent glass substrates (Menzel-Gläser Superfrost Plus from Thermo Scien-
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4.1 Fabrication of multilayer structures

tific, cut to 25× 25× 1 mm3) after cleaning them with ethanol. The table-top
spin coater G3P-8 from SCS was used inside a fume hood environment.

Low-refractive-index layers (PMMA)

For the low-refractive-index layers, PMMA (avg. Mw ≈ 350000, Aldrich 445746)
was dissolved in toluene (ROTISOLV HPLC, > 99.9%, Carl Roth 7346) under
stirring for several hours at 60 ◦C. The resulting layer thickness and surface to-
pography depend on several parameters. Most importantly, the thickness can be
tuned with the polymer-to-toluene concentration ζp of the solution (in weight-%)
and the spin speed Ω (in revolutions per minute (RPM)), as shown in Fig. 4.2 (a):
the faster the substrate rotates and the lower the amount of PMMA in the so-
lution, the thinner the layer. The resulting thickness dp can be described well
with the model dp(Ω, ζp) = 355 nm (ζp/w%)1.60 (Ω/RPM)−0.30, as adopted from
Walsh and Franses [153]. The fit parameters were determined from a systematic
variation for single PMMA layers on glass.
Furthermore, the influence of the acceleration (ramp up time) and the spinning

duration (plateau time) were investigated. The acceleration time was found to have
no effect on the layer thickness unless it is longer than 2 s. As also mentioned in
Ref. 154, long acceleration times are expected to cause complete evaporation of
the solvent before the final spinning speed has been reached. Thus the thickness
is in this case not determined by the final speed. Due to the fast evaporation,
the layer is formed after a few seconds of spinning. A variation of the spinning
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Figure 4.2: (a) The PMMA film thickness increases with decreasing spin speed Ω
and increasing polymer-to-toluene concentration ζp. The experimental results (points)
were fit with d(Ω, ζp) = 355 nm (ζp/w%)1.60 (Ω/RPM)−0.30 (plane). (b) The refractive
index as a function of wavelength for the spin coated PMMA layers, modeled using the
Cauchy approach. Both thickness and refractive index were extracted from spectroscopic
ellipsometry measurements.
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duration from 30 to 120 s showed that the layer thickness is not affected. Tem-
pering the polymer films resulted in a slightly smaller layer thickness, indicating
the evaporation of solvent residuals. Optical absorption measurements, however,
revealed no influence of tempering on the optical quality of the films. The spin
coating process parameters were optimized to obtain layers with low roughness
(checked with atomic force microscopy), low waviness (measured using a stylus
profilometer) and homogeneous thickness distribution over the sample.
The thickness was measured using spectroscopic ellipsometry. For that pur-

pose the back surface of the glass substrate was roughened to minimize backside
reflections. These thickness measurements could be confirmed by destructive pro-
filometer measurements (by partly removing the polymer layer). Furthermore, the
refractive index was extracted from the ellipsometry measurements. The material
dispersion was fit using the Cauchy model as absorption was found to be negligi-
ble in the relevant spectral range of 400–1000 nm. The resulting refractive index
np(λ) = 1.485 + 0.0041 µm2/λ2 + 0.00003 µm4/λ4 is shown in Fig. 4.2 (b).

Dye-doped PMMA layers

The Lumogen dyes F Yellow 083 and F Red 305 (referred to as LY and LR,
respectively) dissolved easily in the PMMA-toluene solution for the deposition of
dye-doped layers. The concentration of the dye in the polymer, however, needs to
be chosen carefully: on the one hand, the samples should absorb a large part of the
incident light. As the total thickness of all dye-doped layers is limited for practical
reasons, the highest dye concentrations possible are beneficial for the absorptance.
On the other hand, high dye concentrations promote both reabsorption and self-
quenching of luminescence and should be avoided with regard to the PLSC device
performance.
Different theories exist for the phenomenon of self-quenching, i.e. the increase

of non-radiative decays and thus the decrease of the PLQY: aggregation of single
molecules [155], the formation of non-fluorescent dimers [156], energy transfer
[157] and collisional interactions [158]. As only very few and incomplete data on
self-quenching of the Lumogen dyes in PMMA are available [135, 159], samples
with different dye concentrations were fabricated to study this effect.
A PMMA-to-toluene concentration of ζp = 5 w% was chosen and the dye con-

centrations ζdye (in weight-% with respect to the amount of PMMA in the solution)
were varied. For the LY dye, concentrations up to only 5 w% could be achieved
due to the solubility of the dye in toluene, whereas for LR solutions with up to
ζdye = 50 w% could be prepared. This difference in toluene-solubility is consistent
with literature[160]. The solutions were spun at 1000 RPM onto glass substrates
so that a film thickness of roughly 500 nm was obtained.
As these samples represent thin film LSCs[22], the absorptance by the dye

Adye and the concentrator quantum yield (CQY) η were measured according to
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4.1 Fabrication of multilayer structures
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Figure 4.3: Typical dye absorptance curves (Adye) for (a) Lumogen F Yellow 083 (LY)
and (b) F Red 305 dye (LR) samples together with their concentrator quantum yield (η)
and the dye’s emission spectrum. (c) Adye and η were evaluated at the corresponding peak
absorption wavelength (dotted in (a), (b)) for different dye concentrations. (d) The ratio
η/Adye decreases for dye concentrations larger than 1–2 w%, indicating self-quenching of
the luminescence. Error bars arise from the propagation of measurement uncertainties of
the spectrophotometer setup.

Sec. 4.3.1. The CQY is a measure for the LSC performance and contains both
reabsorption and self-quenching related losses. Figure 4.3 (a) and (b) show typical
dye absorptance curves for an LY and an LR sample, respectively, along with their
CQY and the corresponding photoluminescence spectrum. The LY dye covers the
range from 400–500 nm and the LR dye the range 500–600 nm with significant
absorption in the violet/blue (400–450 nm).
To investigate the effect of the dye concentration, Adye and η were evaluated

at the absorption peak wavelength (LY: 475 nm, LR: 575 nm, see dotted line in
Figure 4.3 (a), (b)) and plotted in Figure 4.3 (c). As expected, the higher the dye
concentration, the more light is absorbed in the layer. Also the collection efficiency
increases as more photons are absorbed. For high concentrations, however, the two
curves decouple. This can also be seen from their ratio η/Adye in Figure 4.3 (d).2
For dye concentrations higher than 1–2 w%, the ratio significantly decreases, in-
2Note that the error bars for small concentration values are large, as the used spectrophotometer
setup has an absolute error of 1%, causing large uncertainties for small signals, especially when
calculating ratios.
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4 Experimental methods

dicating self-quenching. The analysis of such high LY and LR concentrations in
PMMA has not been reported before. Wilson, however, fabricated samples with
much lower dye concentrations of up to 0.08 w% (LY) and 0.16 w% (LR) without
observing quenching [159].
Based on this concentration study, the dye concentration ζdye = 1 w% was

chosen for the fabrication of PLSCs to avoid self-quenching. Further experiments
were restricted to the LR dye due to the slightly higher PLQY and because the
emission could be studied using a green excitation laser (λ = 532 nm).

High-refractive-index layers (titania)

To obtain spin coated layers with a high refractive index, a titania sol-gel pro-
cess was used. In short, sol-gel processes are able to produce solid material from
colloidal dispersions (sol) that form a network (gel). In the first stage, precursor
molecules such as titanium isopropoxide undergo hydrolysis and polycondensation
reactions to form colloids. Depending on solvents, catalysts, other additives and
reaction conditions, the morphology of this solid phase ranges between discrete
colloidal particles and networks [161]. Subsequent thermal treatment densifies the
gel, thus increasing its refractive index. Heating first removes solvent residuals
(drying). Higher temperatures of several 100 ◦C typically lead to sintering and
growth of crystalline grains in the amorphous films.
In this work, a sol-gel process based on the recipe from Ref. 162 was optimized
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Figure 4.4: (a) The titania sol-gel film thickness reduced with increasing spin speed.
Error bars indicate the standard deviation of thickness measurements at 9 different spots
on the samples (on a 5 mm spaced square grid). The thickness model proposed by Walsh
and Franses [153] was fit to the measurement data (orange line). (b) A titania refractive
index of ca. 1.8 at λ = 650 nm was obtained (Cauchy model) using a low-temperature
tempering process. Both thickness and refractive index were obtained using spectroscopic
ellipsometry.
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4.1 Fabrication of multilayer structures

to obtain homogeneous, crack-free titania layers compatible with the deposition
of PMMA layers. The titania sol was prepared by first mixing 0.574 mL of hy-
drochloric acid (2.0 M, Fluka 35327) with 20 mL of ethanol. Separately, 5.4 mL
of the precursor titanium isopropoxide (Aldrich 377996) was mixed with 20 mL
of ethanol. In both cases, pure ethanol (ROTIPURAN ≥ 99.8%, Carl Roth 9065)
was used, as solvent-grade ethanol contains a significant amount of water, which
drastically changes the kinetics of the reaction and thus the properties of the
resulting titania gel. Finally, the mixture of hydrochloric acid and ethanol was
added to the other mixture and stirred for 5 min.
As for the polymer films, the layer thickness dTiO mainly depends on the spin

speed Ω. The thickness results of a spin speed variation was fit with the func-
tion dTiO(Ω) = 1853 nm (Ω/RPM)−0.36 (see Fig. 4.4 (a)). Tempering the titania
layer decreased the thickness and increased the refractive index due to densifi-
cation of the gel. Refractive indices of up to 2 (at λ = 600 nm) were obtained
for temperatures of 300 ◦C. As the titania layers need to be optimized for stack-
ing with PMMA layers, however, a relatively low temperature of 40 ◦C was cho-
sen, as discussed below. Thus a refractive index of ca. 1.8 was obtained in the
range of interest at 650 nm. The material dispersion was extracted from ellip-
sometry measurements by employing the Cauchy model as the absorption could
be neglected for the relevant spectral range (400–1000 nm), yielding nTiO(λ) =
1.718 + 0.033 µm2/λ2 + 0.00112 µm4/λ4 (see Fig. 4.4 (b)).

Spin coated stacks

Based on the results for the single layers, stacks of alternating PMMA and titania
layers were fabricated. For a given desired wavelength of the reflection peak λdesign,
the target film thicknesses are given by the Bragg condition λdesign = d/4n. For the
LR dye an optimum λdesign = 645 nm was found in calculations (see Sec. 6.1.2),
thus dp = 108 nm for PMMA and dTiO = 90 nm for titania. In general, the film
thicknesses need to be controlled very well: a thickness variation of only 7.7%,
i.e. 8 nm for PMMA and 7 nm for titania, corresponds to a shift of the stack’s
reflectance peak by 50 nm.
The stacks were spin coated on glass substrates, beginning with the titania

layer. A PMMA bottom layer would have had no significant optical effect as the
refractive indices of glass and PMMA are very similar. To obtain strong construc-
tive interference, i.e. maximum peak reflectivity, the top λdesign/4-layer (deposited
last) should have the higher refractive index and should thus be made of titania.
Consequently, the stacks had an odd total number of individual layers.
In first experiments with only few layers, the samples were tempered at 140 ◦C

to obtain a high refractive index of titania. After this heating step, however,
many cracks were found in the titania layers (see Fig. 4.5 (a)). This observation
was attributed to the significant difference between the coefficients of thermal
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4 Experimental methods

(a) Titania on PMMA, tempered at 140 ◦C (b) Optical micrograph of four-layer stack

500 µm

Figure 4.5: Several defects in the spin coated stacks were found for a non-optimized
process: (a) shows a SEM graph of a titania layer on top of a PMMA layer. Tempering the
sample for one hour at 140 ◦C caused many cracks in the titania layer as its coefficient of
thermal expansion is much smaller than the one of PMMA. The cracks could be minimized
by using lower temperatures. (b) The optical micrograph of a four-layer stack shows
typical defects of spin coated films, most relevantly “striations” and “comets”. Filtering
the solutions before deposition and dynamic dispensing helped to reduce these effects.

expansion of PMMA (70–93 10−6 K−1 [163]) and titania (6–10 10−6 K−1 [164]):
when heating the samples, the PMMA layers tend to expand more than the titania
layers, thus stretching and breaking them. The crack density could be drastically
reduced by lowering the temperature, at the expense of a slightly smaller refractive
index of the titania layers. In the optimized process, the samples were tempered
at 40 ◦C for 5 min after each layer deposition, mainly to remove solvent residuals.
Further optimization was done to increase the layer quality. The optical mi-

crograph of a four-layer stack in Fig. 4.5 (b) shows typical defects of spin coated
films, most relevantly “striations” and “comets”, which are well-known in litera-
ture [154, 165]. These defects could be reduced by filtering the solutions prior to
deposition (using MN 615 1/4 filter paper) and by dispensing the PMMA solution
dynamically (on the already rotating sample), in contrast to the static dispensing
of the titania sol.
When measuring the reflectance of the spin coated stacks, deviations from the

expected reflectance were found. The reflectance peak was shifted, which means
that the thicknesses of the individual layers in the stack were different from the
expected thicknesses derived from the analysis of the single layers. A reason for
the deviation could be that single layers were deposited on glass surfaces while the
stack layers were deposited on underlying layers of PMMA or titania. The results
of a thickness study of double layers of titania on PMMA and PMMA on titania,
however, did not support this hypothesis. Furthermore, in several stack fabrication
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4.1 Fabrication of multilayer structures

experiments it was found that the reflectance peaks and thus the layer thicknesses
were not reproducible to a satisfactory degree: within the same “batch” (same
solutions, same day of processing) different samples with identical spin parameters
featured the same optical properties. Differences, however, occurred for different
batches (different solutions, other days of processing). The reproducibility was
investigated in several experiments.
The strongest influence on the layer thicknesses originates from the solutions

themselves. In a detailed study it was found that the titania sol “ages” over
several days, probably due to on-going chemical reactions, leading to different layer
thicknesses. Thus, later on the sol was synthesized just prior to the deposition. The
PMMA solution was found to yield similar results even after one week of aging,
but deviations were found after several weeks. A further influence on PMMA layer
thickness could be that the polymer-to-toluene concentrations were not exactly
identical in each experiment: since PMMA hardly dissolves in toluene, different
techniques were used to support this process (ultrasonic bath, heating, stirring...).
Another influence may have come from the temperature and humidity variation
in the lab, which was not kept constant. For a detailed discussion of the processes
and a comparison with simulations see Löffler [149].
The individual layer thicknesses inside a stack of several layers are not directly

accessible: ellipsometry gives unreliable results due to the complex modeling, and
SEM leads to degradation of the polymer layers (even at low voltages), making
it hard to extract absolute measurements with high accuracy. Thus reflectance
measurements of the stacks were used to find the optimum process parameters
listed in Tab. 4.1. Increasing the spin speed for both materials decreased the peak
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Figure 4.6: (a) The peak of reflectance shifts to shorter wavelengths for increasing
spin speeds of titania and PMMA, indicating smaller layer thicknesses (results for 7-
layer stacks). (b) Increasing the number of layers increases the absolute peak height of
reflectance and improves the spectral selectivity.
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Table 4.1: Spin coating process parameters for the deposition of multilayer stacks from
PMMA and titania used to obtain a reflectance peak at λdesign = 645 nm (optimum for
LR dye).

General

Ramp up time (acceleration) 1 s
Spinning duration (plateau time) 60 s
Tempering 5 min at 40 ◦C after each layer

PMMA layers

Spin speed Ω 3000 RPM
Polymer concentration ζp 2.5 w%
Dye concentration ζdye 1 w% (with respect to PMMA)
Dispensed volume 200 µL
Dispensing mode dynamic

Titania layers

Spin speed Ω 4500 RPM
Dispensed volume 300 µL
Dispensing mode static

wavelength (Fig. 4.6 (a)). Here, the reflectance peak was varied from the blue to
the NIR, but in principle it could be shifted even further for other applications.
As expected, increasing the number of layers led to a higher reflectance, as shown
in Fig. 4.6 (b). For more than 23 layers, the reflectance peaks at values close to
100% with high spectral selectivity, superior to other spin coated stacks reported
in literature [154, 166–170].
Consequently, stacks with up to 29 individual layers were fabricated. In Fig-

ure 4.7 (a) an SEM graph of such a structure is shown. As mentioned above,
the exact thickness could not be measured due to insufficient resolution and elec-
tron beam induced degradation and shrinkage of the polymer layers. Furthermore,
breaking the sample to obtain a cross-section resulted in rough edges of the poly-
mer layers. Nevertheless, from the SEM it can be seen that the individual layers
are regularly distributed with homogeneous thicknesses throughout the stack.
Accordingly, dye-doped 29-layer stacks were fabricated. The dye LR was em-

bedded in multiple layers to increase the samples’ absorptance of incident light.
As the photonic effects are reduced in the outer layers, only the inner 10 of the
14 PMMA layers were doped (ζdye = 1 w%). Reflection measurements revealed
a near-unity peak reflectance of 98.9% and a good match with the dye’s emis-
sion spectrum (Fig. 4.7 (b)). These samples were used to study the effect of the
photonic crystal on the dye’s emission and the concentrator performance.
In this work the maximum layer number of 29 was chosen for practical reasons.

In principle, more layers can be deposited using the spin coating process developed
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4.1 Fabrication of multilayer structures

(a) Cross-section of a 29-layer stack (b) Reflectance of optimized 29-layer stack
Titania PMMA (degrading)
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Figure 4.7: Spin coated stacks with up to 29 layers were fabricated. (a) The cross-section
SEM image shows regularly and homogeneously distributed layers of titania and PMMA.
The irregularities in the PMMA layers arise from the sample preparation through break-
ing. Exact thickness measurements of the layers were not possible due to the insufficient
resolution and electron beam induced degradation and shrinkage of the polymer layers.
(b) The reflectance of optimized 29-layer stacks with and without embedded dye matched
the targeted characteristics, where the onset of reflection coincides with the cross-over of
the dye’s absorption and emission spectra.

in this work as no limitations were found in this regard. More layers would increase
the absorptance and the strength of the photonic effect on emission. For further
device optimization, the absorptance can be increased by depositing a λdesign/8
thick layer of PMMA on top of the top titania layer to reduce parasitic reflection
of incident light in the dye’s absorption range [139, 149].

4.1.2 Thin film filters bonded with a dye-doped layer

As an alternative to the spin coated stacks, multilayer structures were fabricated
with established thin film technologies that allow for homogeneous films with good
thickness control. To embed a dye in these “filters”, two samples were bonded with
a dye-doped layer in between, as illustrated in Fig. 4.1 (b).
As one option, filters with silicon oxide (SiO2, n ≈ 1.5) and silicon nitride

(SiNx, n ≈ 2) were deposited using plasma-enhanced chemical vapor deposition
(PECVD) in-house at Fraunhofer ISE. To optimize the optical properties of a 30-
layer stack, i.e. to achieve low reflectance in the dye’s absorption range and high
reflectance in the emission range, an evolutionary algorithm was used. This way,
the individual layer thicknesses were randomly varied in a iterative procedure
to match the calculated reflectance with the targeted curve. When fabricating
the optimized stack, a good agreement of the simulated and measured reflectance
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Figure 4.8: (a) The refractive indices of the two materials used to fabricate 33-layer
stacks by ion beam sputtering (IBS) were specified by Laseroptik GmbH for certain wave-
lengths (lines are guides to the eye). (b) Due to the high refractive index contrast and the
exact thickness control, the filters feature the desired low reflectance in the dye’s absorp-
tion range, high reflectance in the emission range, and a steep transition at λ = 600 nm
where the absorption spectrum crosses the emission spectrum.

could be obtained. Absorption measurements of the stacks, however, revealed large
parasitic absorption of the stacks in the absorption range of the dye (up to 80%
at λ = 400 nm). This absorption was caused by the SiNx layers, even though
process parameters optimized for low absorption were used. This finding could
be confirmed in calculations using an advanced optical model for SiNx including
absorption (Tauc-Lorentz model). Details about these PECVD experiments can
be found Ref. 149. In this work these samples were not considered further since
the large parasitic absorption is detrimental to the use as PLSCs.
As another option, filters were fabricated externally at Laseroptik GmbH. Based

on the specifications of the desired optical properties (low reflectance for λ = 400–
600 nm, high reflectance for λ = 600–750 nm, no absorption in these ranges),
Laseroptik GmbH designed and fabricated filters with 33 layers using ion beam
sputtering (IBS). While the two materials used in the stack were not stated
by the company, their refractive indices were specified for different wavelengths
(Fig. 4.8 (a)). The stacks were deposited on the same 25× 25× 1 mm3 glass sub-
strates as used for the spin coated stacks.
Due to the large refractive index contrast, high spectral selectivity of the re-

flectance was obtained for the filter’s reflectance (Fig. 4.8 (b)). The steep transition
from transmission to reflectance at λ = 600 nm matches very well with the cross-
over wavelength of the dye’s absorption and emission spectrum. In the relevant
spectral region λ > 400 nm no parasitic absorption was found, making it suitable
for the application as PLSCs.
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Bonding process

To incorporate the luminescent dye in these multilayer structures, two filters were
bonded with a dye-doped layer in between. Such a bond needs to provide me-
chanical stability and good optical contact of the two filters. The thickness of the
intermediate layer determines the strength of the photonic effect [171] and the ab-
sorptance of incident light. For comparing measurement results with calculations,
a good control of the thickness is desired. As a trade-off between photonic effects
and absorption of incident light, a target layer thickness of 800 nm was chosen.
Different approaches to establish such a bond were investigated: using silicone

provided good optical contact but poor solubility for the dye. In-situ polymer-
ization of the monomer methyl methacrylate (MMA) using the thermal initiator
azobisisobutyronitrile (AIBN) also provided good optical contact. Both methods,
however, offer no exact thickness control. As an alternative, dye-doped PMMA
layers were deposited on the filters using spin coating followed by thermal bonding.
This way, the thickness can be controlled over the thickness of the polymer layer.
Best results were obtained using PMMA with Mw ≈ 120000 (Aldrich 182230)
with a polymer-to-toluene concentration of 10 w%. Films with 400 nm thickness
were deposited on each of the two filters by spinning at 8000 RPM.
In a first experiment, these coated filters were bonded by heating on a hot-

plate at 180 ◦C with a weight of 800 g on top for 15 min. Better optical contact
and a more reliable process, however, were found using the platen press P 200
MV from Dr. Collin GmbH at the Freiburg Materials Research Center (FMF).
This machine allows evacuating the bonding chamber, which helped to reduce
unwanted gas inclusions. Best results were obtained as follows: the samples were
pre-heated to 100 ◦C before increasing the pressure to 10 MPa and holding it con-
stant for 12 min. Subsequently, the temperature was slowly reduced stepwise to
room temperature with pressure still being applied. To avoid damage to the sam-
ples (especially at the edges), two elastic polytetrafluoroethylene (PTFE) sheets
were used between the platens and the samples.
The optical quality of the different bonding procedures was evaluated using

reflectance measurements of glass samples bonded with undoped PMMA, as shown
in Fig. 4.9 (a). An intact bond was indicated by a reflectance similar to that of
a single glass substrate. In this case no optical interface was introduced inside
the bonded sample where reflection occurs, as the refractive indices of glass and
the bonding layer are similar. In samples without good contact, an additional
reflecting interface was formed in between the two samples, resulting in higher
reflectance, as shown for the hotplate process.
Best results were obtained for the platen press process with good optical contact

and thickness control. As shown in Fig. 4.9 (b), however, the bond was not suc-
cessful over the entire sample surface: interference fringes at the edges indicated
poor optical contact. Furthermore, a slight extension of these regions after a cou-
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(a) Reflectance of bonded glass samples (b) Photograph of bonded glass substrates

Interference fringes
(no optical contact)

300 400 500 600 700 800
0

5

10

15

20

R
efl
ec
ta
nc
e
[%

]

Wavelength, λ [nm]

Hotplate + weight

Single glass substrate

MMA bond
Platen press (10 MPa, 100 ◦C)

Figure 4.9: (a) Different bonding techniques were evaluated by measuring the reflectance
of two glass substrates bonded with an undoped PMMA layer. Good optical contact is
indicated by a reflectance similar to that of a single glass substrate (no additional reflecting
interfaces inside). Best results were obtained for the platen press process, which also allows
controlling the thickness of the bonding layer. (b) The bond was, however, not successful
at the sample’s edges, as seen from interference fringes.

ple of days was observed, presumably due to stress relief processes. To increase the
long-term stability, further optimization of the bonding process is needed. For the
characterization of the samples in this work in terms of emission and concentrator
performance, however, the bond quality is sufficient as long as only the bonded
regions are analyzed.

4.2 Fabrication of opal structures

In addition to multilayer photonic structures, opals were investigated as a poten-
tially cost-effective approach to realize three-dimensional photonic crystals. Opals
consist of colloids that are close-packed in a face centered cubic (fcc) arrangement.
They can be obtained from the self-assembly of colloids using different techniques
and have been studied intensively in literature [172–176].
Here, the organic dye Rhodamine B was embedded in PMMA colloids, synthe-

sized by Lorenz Steidl within a cooperation with the group of Prof. Rudolf Zentel
at University of Mainz: the colloids were fabricated by a two stage seeded polymer-
ization under similar conditions as described for the preparation of large PMMA
beads by surfactant-free emulsion polymerization [177]. In a first step PMMA col-
loids with a diameter of about 200 nm doped with Rhodamine B (about 30 mmol
dye per kg polymer) were synthesized using potassium peroxodisulfate as an ini-
tiator [178]. A small portion of sodium dodecyl sulfate (about 2 mmol/L) was
added to prevent coagulation of the emulsion due to the high dye content. To
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4.2 Fabrication of opal structures

shift the opal’s band gap and thus the resulting reflection peak to the emission
wavelength of the dye, the diameter of the colloids was increased by polymerizing
MMA onto these particles. The size of the colloids was adjusted by the ratio of
monomer to seed particles according to

dc = ds
3

√
1 + mmCp

ms
, (4.1)

where dc denotes the aspired colloidal diameter, ds the diameter of the seed par-
ticles, ms the mass of the seed particles, mm the mass of the added monomer and
Cp the conversion of the polymerization. The final diameter dc of the colloids was
determined based on the spectral position of the reflectance peak λpeak, which are
related by

dc = 0.634√
2
λpeak (4.2)

for the first band gap in L-direction (centered at ωa/2πc = 0.634 with a =
√

2dc).
Colloids with a final diameter of dc = 267 nm were used to match the emission
spectrum of Rhodamine B.
For the preparation of opal films from the colloids, three different methods

based on self-assembly were evaluated in this work: dip coating, spin coating and
evaporation (see Figure 4.10).
Dip coated samples were obtained by pulling a glass substrate slowly out of

an aqueous colloidal solution. During this process, the colloids aggregate at the
meniscus and form a layer on the substrate surface due to adhesion and cohesion.
The colloids thereby tend to form the thermodynamically favorable closest pack-
age of spheres (fcc). The number of sphere layers and the quality of the opal film

(b) Spin coating(a) Dip coating (b) Evaporation

Figure 4.10: Sketches of the different methods evaluated in this work that were used
to obtain opal film from an aqueous colloidal solution: (a) using dip coating, a glass
substrate is slowly pulled out of the solution. (b) In the case of spin coating the solution
is dispensed on the substrate and spread during the rotation process. (c) By wetting the
substrate with the colloidal solution, the water slowly evaporates, yielding an opal film.
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Figure 4.11: (a) Photographs of opal films from dip coating, spin coating and evapo-
ration using PMMA colloids doped with the organic dye Rhodamine B (sample size of
2.5× 2.5 cm2). The film thickness and its homogeneity over the sample strongly depend
on the process (parameters), as explained in detail in the text. (b) The colloid diameter
was adjusted to match the reflectance peak (due to the opal’s first band gap) with the
emission spectrum of the dye.

mainly depend on the pulling speed and the colloid concentration, but also on the
temperature, the humidity and the atmospheric pressure [179]. The dip coated
samples used in this work were fabricated by Steidl at University of Mainz [180].
In the spin coating process, the aqueous colloidal solution was dispensed on a

glass substrate and spread over the complete surface during the rotation process.
During and after the spin coating process the water evaporates, resulting in an opal
film. The thickness and quality of the films depend on the colloid concentration,
the acceleration and final spin speed [172].
In the evaporation approach the colloid solution was dispensed to wet a glass

substrate. The water then evaporated slowly over several days. The film thickness
and quality depend on the concentration and volume of colloid solution as well as
the surrounding temperature and humidity [177, 181]. To stabilize the humidity
conditions, the samples were covered with a petri dish.
For the spin coating and the evaporation approach, the 25× 25× 1 mm3 glass

substrates were hydrophilized using a sodium hydroxide solution (25 %) previous
to the deposition of the opal films. The film quality was found to be enhanced
when the colloidal solution was put in an ultrasonic bath for ca. 2 h before the
deposition to break up aggregated colloids.
The fabricated samples were characterized by means of optical measurements.

Typical reflectance curves for the different processes are shown in Fig. 4.11 (b).
The reflectance of opals features a strong specular reflection peak related to the
first band gap. Towards shorter wavelengths the reflectance typically increases
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(b) SEM graph of opal (by evaporation)(a) Optical micrograph of dip coated opal

Drying cracks

50 µm

Drying crack

Figure 4.12: Opal films typically feature cracks from shrinking due to the evaporation
of the water. (a) Using optical microscopy, the crack density and film quality in terms of
orientation defect could be assessed in a non-destructive way. The color of the micrograph
is due to the selective reflectance and the emission of the embedded dye. (b) Higher
resolution and detailed information were obtained using SEM, which allowed for the
imaging of single colloids.

due to scattering effects. This increase was found only in the diffuse, not in the
specular reflectance, which confirms that it arises from diffuse scattering.
Furthermore, optical microscopy was found to be able to examine crystalline

defects in a non-destructive way (in contrast to SEM, for example). As a well-
known phenomenon, opal films feature cracks that arise from shrinking due to the
evaporation of the water (or other solvents), as shown in Fig 4.12. These cracks
were found to be very detrimental to the use of these opal films as LSCs due to
unwanted out-coupling of light, as discussed in Sec. 6.2.2.
The processes of spin coating and evaporation were optimized in a comprehen-

sive study to obtain homogeneous films of high quality with low crack density.
Table 4.2 summarizes the process parameters that yielded the best results for the
different processes. While the detailed analysis and process development can be
found in the thesis of Posdziech [148], the main findings are summarized in the
following.
Dip coating was able to produce samples with relatively low crack density:

ordered regimes with a size of up to 100 µm were found. A peak reflectance of
around 60 % could be achieved with low diffuse part, i.e. low scattering due to
crystalline defects. The homogeneity of the film over the sample (ca. 2.5 cm),
however, was rather poor (see Fig. 4.11 (a)).
Spin coated samples featured many cracks with ordered regimes of only 10 µm.

Some of the grains were grown in other orientations than the desired 〈111〉. A low
peak reflectance of merely up to 30 % was obtained, though with a low fraction
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Table 4.2: Optimized process parameters for the fabrication of opal film using the spin
coating and evaporation methods.

General

Glass hydrophilization 2 h in 25 % sodium hydroxide solution
Colloidal solution treatment 2 h in ultrasonic bath before deposition

Spin coating

Spin speed Ω 500 RPM
Spinning duration (plateau time) 120 s
Ramp up time (acceleration) 10 s
Colloid concentration 18.4 w%
Dispensed volume 200 µL
Dispensing mode static

Evaporation

Colloid concentration 9.2 w%
Dispensed volume 100 µL

of scattered light. The reason for the low reflectance is the small thickness of the
film, which can be increased with a higher colloid concentration of the solution
and lower spin speed. While the maximum concentration available in this work
was 18.4 w%, low spin speeds resulted in artifacts at the edges of the substrate
surface, as shown in Fig. 4.11 (a). Nevertheless, apart from the edges the film was
found to be homogeneously distributed.
Samples from evaporation featured a low crack density similar to that of dip

coated samples (ordered regimes of 100 µm). Due to the thick films, large re-
flectance (ca. 70 %) were found, but with a large fraction of scattered light, indi-
cating many small defects in the crystalline structure. The homogeneity of the film
over the sample was also rather poor as the solution did not dry homogeneously,
but retracted with time to one point of the sample (Fig. 4.11 (a)).
Overall, the best results were obtained using the dip coating process due to

the low crack density and low scattering. The quality of the samples in terms of
cracks and homogeneity, however, was not satisfactory. Further work is necessary
to improve the processes. Possible approaches to reduce the crack density could be
the use of fluid substrates for crystallization [182] or the preparation of inverted
opals with low-shrinking material [183]. Large area opals have been obtained using
melt compression [176, 184] and spray coating [185]; however, they are still not
free of defects.
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4.3 Characterization

This section covers the essential methods for the investigation of the optical prop-
erties of the fabricated samples. I focus on methods and setups that were used
and developed specifically for the purpose of this work, omitting common and
well-known techniques such as scanning electron microscopy (SEM), atomic force
microscopy (AFM), etc..

4.3.1 Reflectance, transmittance, absorptance and concentrator
quantum yield

The reflectance R(λi), transmittance T (λi) and absorptance A(λi) of a sample
state the fraction of incident light that is reflected, transmitted and absorbed,
respectively, as a function of the incident wavelength λi. These optical properties
were obtained using the commercial spectrophotometer Cary5000 from Varian
with an integrating sphere. In this setup, monochromatic light is selected from
a “white” light source using a double grating monochromator to illuminate the
sample with a spot size of ca. 1× 1 cm2 in reflectance, transmittance or center-
mount configuration (Fig 4.13).
The inner surface of the sphere diffuses all light inside the sphere, where its

intensity is detected by a photomultiplier or InGaAs-detector (depending on the
spectral range of interest). Alternately measuring the sample beam and a ref-
erence beam at each incident wavelength allows one to correct for the spectral
intensity and temporal stability of the light source. Using a reference sample with
known optical properties, the detector signal can be calibrated for the spectral
characteristics of the integrating sphere and the detector sensitivity, which allows
for the measurement of absolute fractions of the incident light.
The reflectance can be measured in two configurations: as the sample is slightly

tilted with respect to the sample beam (ca. 7◦), both specular (Rs) and diffuse
reflectance (Rd) are detected. The diffuse reflectance can be measured when a
small port of the sphere is removed so that the specular reflection beam leaves the
integrating sphere undetected. Similarly, the specular (Ts) and diffuse (Td) parts
of transmittance can be separated by an additional transmittance measurement
without the integrating sphere, where the specularly transmitted beam is detected
by a second detector. In the center-mount measurement C all light that is reflected,
transmitted or guided to the edges is collected by the sphere. To capture specularly
reflected light, the sample is tilted by ca. 8◦.
When measurements from the different configurations are compared or used to

calculate other quantities, the fact that they were obtained with different angles
of incidence needs to be considered for samples whose optical properties show a
strong angular dependence, such as the photonic structures investigated in this
work. The typical shift of reflectance and transmittance peak wavelengths λpeak
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of photonic structures to shorter wavelengths with oblique incidence angles φi can
be modeled using Bragg’s law

λpeak(φi) = λpeak(0)
√

1− sin2 φi
n2
eff

, (4.3)

where the effective refractive index neff can be obtained by the volume-averaged
refractive indices of the structure. As an approximation, the wavelength axis was
rescaled accordingly for the tilted measurements to obtain the spectral character-
istics for normal incidence, while the reflectance and transmittance values were
kept constant.

Baffle

Detector

Incident light

Detected light

Reflectance R(λi) Transmittance T (λi) Center-mount C(λi)

Detector

Specular transmittance Ts(λi)
(without integrating sphere)

Diffuse reflectance Rd(λi)

Removable port in
integrating sphere

Figure 4.13: Sketch of the different configurations for the optical measurements using
the CARY5000 setup with an integrating sphere: depending on the type of measurement,
only the reflected, transmitted or all light including the light guided to the edges of a sam-
ple (center-mount) are detected. To distinguish between specular and diffuse reflectance,
a small port in the integrating sphere can be removed to couple out the specular reflection
(sample is slightly tilted). The specular transmittance is obtained without the integrating
sphere using a second detector.
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Absorption in non-luminescent samples

In non-transparent samples, not all incident light is reflected or transmitted. The
absorbed fraction can be obtained from the difference

A(λi) = 1−Rs(λi)− Ts(λi). (4.4)

Assuming a planar and homogeneously absorbing sample with thickness d (>>
coherence length), the absorption coefficient α(λ) can be obtained via

α(λ) = −1
d

ln
(
T 2
s −R2

s + 2Rs − 1 +
√

4T 2
s + (T 2

s −R2
s + 2Rs − 1)2

2Ts

)
, (4.5)

as shown in Sec. 3.3.2.
In samples with significant amounts of scattering, light is also diffusely reflected

and transmitted and eventually guided to the edges. In this case the absorbed
fraction without scattering can be obtained from 1 − R − T or 1 − C. Applying
both methods allows one to separate the absorption and scattering coefficients, as
described by Rist [146].

Absorption in luminescent samples

In luminescent samples incident light is not only parasitically absorbed and scat-
tered by the matrix material, but predominantly absorbed by the luminescent
species. This absorbed light is subsequently emitted and can leave the sample at
the surface or edge faces to fall onto the detector. To determine the total absorp-
tion Atot of a luminescent sample, it is reasonable to use the specular components
of reflectance and transmittance according to Eq. (4.4). The diffuse components
in R and T and the light guided to the edges (in C) mainly arise from the emitted
light (assuming low scattering).
To separate the fractions of light absorbed by the dye and by the matrix ma-

terial, the total absorption needs to be split up. For samples that can be treated
incoherently and that feature homogeneous distributions of the dye and parasitic
absorption within the same material, the absorbtances by the dye Adye and the
matrix material Aref are given by

Adye = αdye
αtot

Atot =
(

1− αref
αtot

)
Atot and Aref = αref

αtot
Atot, (4.6)

where the absorption coefficient of the dye αdye can be obtained from the to-
tal absorption coefficient αtot (from measuring the luminescent sample) and the
absorption coefficient of the matrix material αref (from measuring an identical
reference sample but without any dye). This stands in contrast to the incorrect
method used in Ref. 186, as it is not the absorptances A of two materials which
add up, but rather their absorption coefficients (αtot = αdye + αref).
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The samples analyzed in this work, however, feature sub-wavelength structures
for which this incoherent treatment based on simple Lambert-Beer absorption
is not valid anymore. Thus absorption depends on the local electromagnetic field
inside the sample (see Sec. 2.2.3). Furthermore, the dye and the material(s) causing
parasitic absorption may be spatially separated. Therefore, the separation of the
absorbed fractions is very complex and not accessible by these means. To estimate
the absorptance by the dye for the samples used in this work, however, Adye was
approximated by Atot, as the absorption by the matrix material (PMMA) is much
smaller than that of the dye in the relevant spectral range (λ > 400 nm).

Concentrator quantum yield

The spectrophotometer setup can further be used to measure the concentrator
quantum yield (CQY) η(λi) of (P)LSCs. The CQY is the ratio of the number of
photons guided to the edge faces of a sample to the total number of incident pho-
tons with wavelength λi. As the center-mount measurement contains the guided
light, the CQY is given by subtracting the reflectance and transmittance [186]

η(λi) = C(λi)−R(λi)− T (λi). (4.7)

In more detail, measurement data from luminescent samples need to be cor-
rected. In contrast to non-luminescent samples, the light falling on the detector
is not monochromatic (with λi) but also contains emitted light with longer wave-
lengths (due to the Stokes shift). Thus the calibration with the spectral sensitivity
of the measurement system at the incident wavelength can result in erroneous re-
sults. Goldschmidt therefore proposed a correction method [186], which, however,
does not involve all necessary correction, as shown by Posdziech [148]: A thor-
ough correction requires detailed knowledge about the commercial setup, which
was inaccessible.
In spectral regions with strong changes in detector efficiency (in the near IR, for

example) the concentrator quantum yield thus cannot be measured satisfactorily.
In the range of visible light in which the dyes used in this work operate, however,
the effect is rather small and the result from Eq. (4.7) can be used as a qualitative
measure of a sample’s light guiding property, allowing for a comparison of samples
with spectrally similar emission.

4.3.2 Spectroscopic ellipsometry

Ellipsometry was used to obtain the thickness and refractive index of thin layers. It
relies on the polarization dependence of the reflection coefficients: monochromatic
light (λi) with known s- and p-polarization components hits the sample surface at
a certain angle. The polarization of the reflected light is measured to obtain the
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change in polarization

rp(λi)
rs(λi)

= tan (Ψ(λi))ei∆(λi), (4.8)

where rp and rs are the complex reflection coefficients of s- and p-polarization,
respectively. The complex ratio is typically expressed with the real parameters Ψ
(measure of amplitude ratio) and ∆ (phase shift difference).
Only for an ideal sample with infinite thickness can the refractive index be

obtained analytically. For more complex systems the sample is modeled based on
assumptions (range of thickness(es) and refractive indices). This model is then fit
to the measurement data.
In the spectroscopic ellipsometry setup used in this work (M-2000 from J.A.

Woollam Co., Inc.), incident light is varied in wavelength λi, which allows one
to determine the material dispersion of the investigated material(s). Typically,
this spectral dependence of the refractive index is modeled using an analytical
expression, thus reducing fitting degrees of freedom.
For the materials used in this work, mainly the Cauchy-model was used, which is

applicable for dielectric materials without significant absorption in the considered
spectral range. Thus,

n(λ) = C1 + C2
λ2 + C3

λ4 (4.9)

with the three fit parameters C1, C2 and C3 was used to describe the real part of
the material’s refractive index n.

4.3.3 Angular resolved photoluminescence

To investigate the influence of the photonic crystal on the emission of an em-
bedded fluorescent dye, the emitted light was spectrally analyzed. The detected
photoluminescence (PL) strongly depends on the specific modes that are detected
and therefore on the actual detection setup. This measured spectrum is very sen-
sitive to emission changes induced by a photonic crystal, as theoretically shown in
Sec. 5.1.4. Here, a setup was built to measure the spectrum of the light escaping
through the sample’s surface as well as the light guided to the edge face, both as
a function of the detection angle.
In both cases, the sample is mounted on a rotation platform together with

the green excitation laser (λ = 532 nm, diode-pumped solid-state (DPSS) laser
module RLTMGS-532 from Roithner LaserTechnik), as shown in Fig. 4.14 (a).
In this configuration the angle of incidence of the excitation onto the sample and
thus the absorptance is kept constant for all detection angles. The emitted light
is collected using a fiber (Ø 1 mm, see Fig. 4.14 (b)), which is connected to a
spectrometer (SP2300i from Princeton Instruments, equipped with a PIXIS-CCD
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(a) Angular resolved photoluminescence setup
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Figure 4.14: (a) Sketch of the automated angular photoluminescence setup. Both sample
and excitation laser are mounted on a rotating platform to ensure constant excitation and
detection conditions when rotating. The emitted light is coupled to a fiber (Ø 1 mm),
which is connected to a spectrometer, as shown in (b).

camera). This way, the detection fiber was fixed during the measurements to avoid
bending-related changes in its spectral transmission characteristic.
Given the geometry of the setup and the chosen fiber coupling optics, a detection

cone with half-angle θd = 0.6◦ was obtained, which defines the angular resolution.
The spectral sensitivity of the whole detection system (optical components, fiber
transmission, grating efficiency and detector quantum yield) was calibrated using
a tungsten-halogen lamp with a known emission spectrum.

Angular resolved surface PL

To measure the light escaping from the sample’s surface, the configuration shown
in Fig. 4.15 (a) was used. The sample was mounted with the point of excitation
at the surface placed in the center of rotation. Light was detected for detection
angles φd from −10◦ to 90◦ in increments of 1◦. For φd ≥ 85◦, however, shading
by the sample holder occurred and no light was detected.
To quantitatively compare measurements of different samples that absorb more

or less of the incident light, the absorption was measured during the luminescence
measurement using a silicon solar cell as a photodetector. Connected to a current-
voltage amplifier, the cell’s short circuit current was recorded as a measure of
intensity. The 5× 5 mm2 large concentrator solar cell was placed behind and in
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(a) Angular resolved surface PL (b) Angular resolved edge PL
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Figure 4.15: Top view of the two configurations used to measure the angular resolved
photoluminescence (a) escaping from the sample’s surface and (b) coupled out at the edge
face. In (a) the excitation spot on the surface of the sample is centered on the rotation
platform. In (b) the sample’s edge face is mounted in the center of rotation and coupled
to a glass half-cylinder using index-matching liquid to couple out the guided light.

front of the sample to detect the transmitted laser beam without the sample
(Tlaser) and with the sample (Tsample) as well as the reflected beam (Rsample), as
shown in Fig. 4.14. The measured spectra Πmeas(λ) were divided by the absolute
absorption to obtain the normalized spectra

Πnorm(λ) = Πmeas(λ)/(Tlaser − Tsample −Rsample). (4.10)

This way, the measurements were also corrected for the absolute intensity of the
excitation laser, which was found to be stable during one measurement of all
angles (a few minutes), but drifted over longer times (hours). The influence of
light emitted by the sample on the solar cell signal can be neglected due to the
small size of the cell and the distance to the sample. Strongly scattering samples,
however, may lead to erroneous absorption values as only the specular components
of the reflected and transmitted laser light are detected. Furthermore, multiple
internal reflections in some samples led to multiple spatially shifted transmission
and reflection spots, not all of which fell on the cell area. In these cases the
absorption is over-estimated, which should be noted for the interpretation of the
results.

Angular resolved edge PL

To measure the angular distribution of the light guided to the sample’s edge face,
a half-cylinder of glass was coupled to the edge face using index-matching liquid
(see Fig. 4.15 (b)). In this way all light is coupled out as no (total) reflection at the
edge face occurs. In contrast to the surface measurement, the angle of detection in
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this configuration corresponds to the angle of propagation inside the sample. The
edge face of the sample was centered on the rotation platform while the sample
was excited at 1 cm distance from the edge. Black shades were used to ensure that
only light from the edge face is detected. Light was detected for detection angles
φd from −5◦ to 185◦ in 1◦ steps.

4.3.4 Integrated photoluminescence

In addition to angular resolved measurements, the photoluminescence was mea-
sured in different configurations using an integrated sphere to study the effect of
the photonic crystal on the emission of light (Fig. 4.16). The integrating sphere
819C-SL-5.3 from Newport was connected to the spectrometer SP2300i from
Princeton Instruments using an optical fiber. The spectral sensitivity was cali-
brated with a tungsten-halogen lamp. For excitation, the green laser (λ = 532 nm)
described in the previous section was employed.
First, the spectral composition of the light coupling out at a sample’s edge

face was measured using a customized sphere port with a slit to fit the edge face
dimensions of the PLSC samples (length of 2.5 cm). This way, the sample was
excited with the green excitation laser outside the sphere while light guided to
the edge was coupled into the sphere (see Fig. 4.16 (a)).
Second, all light emitted as well as reflected, transmitted and scattered by a

sample was detected inside the sphere (Fig. 4.16 (b)). For this purpose a custom-
made sample holder of diffusely reflecting PTFE was designed to position the

(b) Center-mount PL (c) Surface PL(a) Edge PL

Black (absorbing)
White (reflecting)

Excitation
laser

(532 nm)Fiber to
spectrometer

Figure 4.16: Different setups for integrated photoluminescence (PL) measurements
using an integrating sphere connected to a spectrometer: in (a) the light guided to the
sample’s edge face is detected in the sphere. In (b) the sample is mounted inside the sphere
to detect all light that is emitted. Similarly, in (c) all light escaping from the surfaces of
a sample is detected, while the edge faces are covered with a cardboard frame to absorb
the guided light.
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sample inside the sphere (“center-mount” configuration). Apart from the lumi-
nescence signal, also a large signal from the excitation laser was detected. This
background signal was removed using a reference measurement with no sample in
the sample holder, though with the excitation laser turned on.
Similarly, the photoluminescence escaping through the front and back surface

was measured: a frame of cardboard was constructed to cover the sample’s edge
faces, as shown in Fig. 4.16 (c). The inside of the frame was black to absorb
all the light coupled out at the edges. The outside of the frame was white (i.e.
diffusely reflective) to minimize a parasitic influence on the spectral collection
characteristic of the integrating sphere setup.

79



4 Experimental methods

80



Chapter 5

Effect of photonic crystals on emission

In this chapter the effect of a photonic crystal on the emission of a fluorescent
dye is investigated. Results of theoretical calculations are presented using the

modeling methods developed in this work. It is shown how the surrounding struc-
ture changes the emission spectrum, the PLQY and the fluorescence lifetime as
well as the fraction of emitted light that is guided in the structure. Furthermore,
experimental results of angular and integrated photoluminescence measurements
are presented and compared to theoretical calculations. Using different reference
experiments, I separate the influence of the photonic structure from other effects
related to filter reflection, and show that the observations confirm the predicted
effects.

5.1 Modeling results

5.1.1 Local density of photon states (LDOS)

The LDOS of photonic crystals is the decisive quantity when emission is studied. It
determines the transition probability of spontaneous emission according to Fermi’s
golden rule. Here the LDOS was calculated for ideal, i.e. infinite and periodic
photonic crystals using eigenmode calculations (see Sec. 3.1.1).
For the Bragg stack, refractive indices of nlo = 1.5 and nhi = 2 were used as

realistic material properties for experiments. The unit cell size a = 188 nm was
chosen as a result of an optimization of the overall concentrator performance for
the considered dye Lumogen Red (see Sec. 6.1.2). The investigated opal consisted
of spheres with refractive index nsphere = 1.5, surrounded by air (nvoid = 1).
To match the emission of rhodamine B, a sphere diameter of dsphere = 267 nm
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5 Effect of photonic crystals on emission

(a = 378 nm) was chosen, which is consistent with the fabricated samples.
As the LDOS is a local quantity, it depends on the actual position r inside

the photonic crystal’s unit cell. This variation of the LDOS with r, as reported
in literature [98, 100], was confirmed in the calculations (see e.g. Fig. 3.2 for the
Bragg stack) as well as the difference from the total DOS. The position dependence
of the LDOS has to be considered when emitter ensembles are studied: especially
when local absorption is not uniform, one has to account for the corresponding
LDOS for each emitter position, as explained in Sec. 3.2.
To present results concisely, however, local absorption was neglected at this

point and the LDOS was averaged over all relevant dye positions. In the Bragg
stack, this means averaging over all positions in the low-refractive-index layer, in
which the dye should be embedded. For the opal, all positions in an inner core
of the sphere with diameter dcore = 200 nm are considered, which corresponds to
the configuration realized in the experiments.
The resulting averaged LDOS are shown in Fig. 5.1 along with the undis-

turbed LDOS in the corresponding homogeneous medium and the ratio of the
two curves. In both cases the overall LDOS variations are quite small and the
curves roughly follow the quadratic behavior of the homogeneous-case LDOS.
These results can be explained with the relatively low refractive index contrast
and the non-omnidirectional band gaps in both structures. For small frequencies
the data is distorted from “binning noise” due to the finite sampling of k-space.
This artifact can be reduced with higher resolution, resulting in higher computa-
tional effort. At the frequencies of interest around the band edges, however, the
LDOS is obtained with sufficient accuracy.
For the Bragg stack, the LDOS lies above the corresponding LDOS in a ho-

mogeneous medium. This results in a LDOS ratio greater than one, indicating
an enhancement of emission rates. Within the range of the band gap, the LDOS
is reduced only slightly: there are many states with k-vectors in other directions
that have frequencies inside the gap. In the same way, the singularity-type en-
hancement at the band-edge of the one-dimensional LDOS in on-axis direction
(see Fig. 3.2 (a)) vanishes in the three-dimensional LDOS. The LDOS within the
band gap is largest at the lower-frequency band edge. This result can be under-
stood with the shift of the band gap towards higher frequencies as wave vectors tilt
towards off-axis directions. Thus the number of modes in the gap with frequencies
near the upper-frequency band edge is reduced.
The LDOS of the opal lies below the homogeneous-case LDOS for the rele-

vant frequencies, indicating a suppression rather than an enhancement of emis-
sion rates. Like in the Bragg stack, the LDOS does not drop to zero inside the
band gap. Instead, it shows relatively small variations, as there are many states
in other directions with frequencies in the band gap. The increase in the LDOS at
the lower-frequency band edge can again be understood with the shift of the band
gap towards higher frequencies as wave vectors tilt from the L- to the U-direction.
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Figure 5.1: Position-averaged LDOS for (a) Bragg stack and (b) opal. The LDOS in the
nlo = 1.5 layers is enhanced above its corresponding homogeneous-case LDOS, while the
LDOS of the opal is reduced for positions in the inner core of the spheres (a configuration
realized in the experiments). In both structures the overall LDOS variations are quite
small and the curves roughly follow the quadratic behavior of the homogeneous LDOS as
a result of the rather small refractive-index contrasts and therefore non-omnidirectional
band gaps.

Similar results were found for an emitter positioned in the sphere center as well
as averaged over the whole sphere, which I discuss in Ref. 129.
For the two structures, the LDOS was also studied in the respective other

material (not shown here). It was found that in both cases the LDOS is enhanced
in the lower-refractive index material and reduced in the higher-refractive index
material compared to each corresponding homogeneous LDOS. This observation
indicates that the material, in which emitters are embedded, should have the lower
refractive index of the two materials to obtain an enhancement of spontaneous
emission rates.

5.1.2 Emission spectrum, PLQY and fluorescence lifetime

To calculate the influence of the photonic crystal on the dye’s emission, the LDOS
results were combined with the rate-equation model of the emitter proposed in
Sec. 3.2. It is particularly interesting to study fluorescent emitters such as the
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5 Effect of photonic crystals on emission

organic dyes in this work: they typically exhibit broad emission spectra compared
to the sharp features of the LDOS in photonic crystals. When emission at a cer-
tain frequency is suppressed, the excited electron can still decay to other ground
state levels, thus emitting a photon with a different frequency. This leads to spec-
tral redistribution: emission at frequencies with a relatively low LDOS ratio is
suppressed and instead light is emitted at frequencies with higher LDOS ratios.
As an input to the calculations, the undistorted emission spectrum, i.e. the

spectral shape function g0(ω), was obtained initially in experiments: the photo-
luminescence spectra of LR and rhodamine B were measured from samples with
a dye-doped PMMA film spin coated on a glass substrate. In this way the dye
molecules experience the same chemical environment as in the photonic crystal.
It is necessary to compare the emission in identical host materials to avoid other,
chemical, effects that modify the emission.
Based on these homogeneous-case spectra, the emission spectra in the photonic

crystal, i.e. the spectral shape functions gPC, were calculated for the LR dye in
the nlo = 1.5 layers of a Bragg stack as well as for the rhodamine B dye in the
inner sphere core of the opal. For the conversion from normalized frequencies to
wavelengths, the unit cell sizes of a = 188 nm for the Bragg stack (see optimization
in Sec. 6.1.2) and a = 378 nm for the opal (to match the emission of rhodamine
B) were chosen.
The resulting spectra are presented in Fig. 5.2 using the position-averaged

(a) Bragg stack (average of n = 1.5 layer) (b) Opal (avg. of inner sphere core)
Dye: Lumogen Red (LR) Dye: rhodamine B
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Figure 5.2: As a result of the modified LDOS inside the photonic crystals, the shape of
the emission spectrum is changed for (a) the LR dye in the nlo = 1.5 layers of the Bragg
stack and (b) the rhodamine B dye in the inner sphere core of the opal. In both structures
emission is redistributed from shorter to longer wavelengths due to the elevated LDOS at
these wavelengths (lower-frequency band edge), which can reduce reabsorption losses in
LSCs.
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Table 5.1: Calculated changes in emission probability, PLQY, and fluorescence lifetime
induced by the photonic crystal for both the Bragg stack with the LR dye and the opal
doped with rhodamine B.

Bragg stack (LR) Opal (rhodamine B)

Change in emission probability, ψ 1.148 0.873
PLQY, ΦPC 98.3% (Φ0 = 98%) 67.1% (Φ0 = 70%)
Fluorescence lifetime, τPC 0.873 τ0 1.098 τ0

LDOS as discussed in the previous section. In both the Bragg stack and the opal,
emission is redistributed from shorter to longer wavelengths due to the elevated
LDOS at these wavelengths (at the lower-frequency band edge). This redistribu-
tion is beneficial for the application as a LSC, as it reduces reabsorption losses,
which occur primarily the short-wavelength tail where emission and absorption
overlap. However, the effect is rather small as the LDOS features only small vari-
ations.
I want to emphasize that these calculations yield the spectral distribution of

all emitted light independent of the propagation direction. In experiments, this
spectrum could be recorded using an integrating sphere when all modes (even
trapped ones) are able to escape from a finite sample, for example at the edge
faces, and reabsorption losses are negligible.
In most experiments, however, only part of the emitted light is detected. This

fact explains why other experimental papers reported much stronger modifications
of the emission spectrum for opals with a similar refractive index contrast [70–
73]. To calculate the detected spectrum, e.g. for comparison with experiments, one
needs to account for the exact measurement setup, as I will show in Sec. 5.1.4.
The shown emission spectra are the corresponding spectral shape functions, i.e.

that they are normalized probability distributions (
∫∞

0 g(ω)dω = 1). The absolute
value of the spontaneous emission probabilities PSPE, however, is changed by the
factor ψ, as explained in Sec. 3.2.1. As a result, the key properties of a fluorescent
material, the PLQY and the lifetime, are modified as well (see Tab. 5.1).
In the Bragg stack, the emission probability of the LR dye is enhanced by 14.8%

due to the overall enhancement of the LDOS in the emission range. Therefore, the
dye’s PLQY is increased from Φ0 = 98% [151] to ΦPC = 98.3% as this radiative
decay channel is more favorable than in the homogeneous-medium case, compared
to the unchanged non-radiative decay probability. This increase is beneficial for
the LSC application as it reduces non-radiative losses. As a result of the higher
transition probability, the fluorescence lifetime decreases by 12.7%.
In the opal, the emission probability of rhodamine B is reduced by 12.7% as

a result of the overall lower LDOS when compared to a homogeneous medium.
Thus the PLQY decreases from Φ0 = 70% [138] to ΦPC = 67.1%, which will also
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5 Effect of photonic crystals on emission

decrease the LSC performance. The fluorescence lifetime in turn increases by 9.8%
because the decay slows down due to the lower transition probability.
I want to point out that the measured fluorescence lifetime is independent of

the exact way of measuring it: it does not matter if luminescence is recorded
only for specific wavelengths or integrated over the full spectrum, nor if only part
of the emitted light is detected in a certain measurement setup. The fractional
transition probabilities might be different in these cases and therefore the absolute
signal level. The dynamics of the decay, however, depend only on the exponential
decay of the excited state population N2(t). This decay and thus the lifetime τ
are determined by all possible transitions originating from this state, and not only
from those being monitored.
In contrast, the shape of the measured spectrum strongly depends on the ex-

act measurement setup, as mentioned above. This means that at the same time
a strong modification of the spectrum (large FLDOS variation) but only little
change in lifetime (small LDOS variation) may be observed. Such behavior has
been reported in previous experiments [70, 71] and can now be explained by this
reasoning.

5.1.3 Light guiding efficiency

The light guiding efficiency (LGE) of a (P)LSC is of key importance for the appli-
cation as it states how much of the emitted light is able to couple out at the front
and back surface and is thus lost. In conventional LSCs, this fraction is determined
by total internal reflection (TIR) according to Snell’s law. Accordingly, the LGE
is given by

√
1− (1/n)2 for the case of a homogenous medium with refractive

index n, i.e. one minus the escape cone loss (Eq. (1.1)), which is independent of
the emitter location and wavelength (when material dispersion is neglected).
In photonic crystals, however, the LGE is determined by the FLDOS of all

modes that fulfill the out-coupling condition as described in Sec. 3.1.4. Remember,
that the LGE is always referred to a certain surface of out-coupling that needs to
be specified. Here, the surface parallel to the layer interfaces was considered for
the Bragg stack. For the opal, the (111)-surface was used that is perpendicular
to the L-direction, which features the band gap. In fact, this surface is typically
obtained in experiments.
Same as the LDOS and the FLDOS, the LGE depends on the location of the

emitter inside the structure. Here, the LGE for the Bragg stack and the opal is
shown in Fig. 5.3 averaged over all emitter positions. Inside the Bragg stack, the
LGE is strongly enhanced over TIR guiding in material with nlo = 1.5 (74.5%),
especially inside the band gap with up to 95.0% at the upper-frequency band
edge. Within the band gap, less light is emitted which is able to escape from
the structure as a result of the reduced number of available states due to the
band gap in the direction of the classical escape cone. Instead, light is direction-
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(a) Bragg stack, surface ‖ layer interfaces (b) Opal, with respect to (111) surface
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Figure 5.3: (a) The light guiding efficiency (LGE) inside the Bragg stack (averaged for
emitter positions in nlo = 1.5 layer) is strongly compared to the guiding through TIR in
conventional LSCs (74.5%), especially within the band gap (indicated with dotted lines)
with up to 95.0%. (b) In the opal, the LGE (avg. for emitters in sphere core) is similar
to TIR guiding with the structure’s effective refractive index (68.4%) for frequencies up
to the band edge, but significantly below the value for the sphere material (74.5%). For
frequencies above the band gap, the LGE drops to zero, as modes of higher band can
couple out at the (111)-surface to “diffracted” orders, as explained in Fig. 5.4.

ally redistributed in guided modes. This increase in LGE is very beneficial to the
LSC application: Even for large concentrator dimensions, the guided modes can-
not escape for fundamental reasons (and not because of a high but non-perfect
reflection).
For low frequencies, the LGE lies slightly above the TIR value corresponding

to the volume-averaged effective refractive index neff = 1.71. In more detail, I
calculated the LGE separately for modes with TE and TM polarization: the LGE
for TM modes converges at low frequencies to the value of the effective mate-
rial, also for emitter positions in the high-refractive-index material. In the case
of TE polarization, however, the LGE is enhanced for emitters in the low- and
reduced in the high-refractive-index material. This difference is a result of the
distribution of the electrical energy of the modes: while TM modes concentrate
in the high-refractive-index layers, the fields of TE modes cross both high- and
low-refractive-index regions, leading to different effective refractive indices for the
two polarizations. Considering the average of both polarizations, the LGE in the
low-frequency regime thus lies slightly above the TIR guiding of neff = 1.71.
In the opal, the LGE is similar to the TIR guiding for the structure’s effective

refractive index neff = 1.71 (68.4%) for frequencies up to the band edge. This
indicates that light with long wavelengths probes the opal as an effective material
with neff, where the propagation direction or polarization plays a minor role.
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Figure 5.4: The strong decrease in the LGE of the opal for frequencies above the band
gap can be explained with the modes of higher bands, whose wave vector is folded back
into the FBZ due to the Bloch theorem, as illustrated in (a). (b) More intuitively, this
effect can be understood with out-coupling in different diffraction orders as the considered
(111)-surface represents a periodically structured surface, hence a grating.

In additional LGE calculations for another opal with nsphere = 2, nvoid = 1 as
well as for an inverted opal (nsphere = 1, nvoid = 1.5), good agreements with
TIR guiding for the corresponding neff were also obtained. The LGE for the opal
studied here, however, is thus significantly lower than in a homogeneous material
with a refractive index of nsphere = 1.5 corresponding to a conventional LSC.
Despite the band gap perpendicular to the surface, the LGE is reduced, which is
detrimental to the use as a LSC.
For higher frequencies above the band gap, the LGE of the opal drops to zero.

The reason for this effect is that modes from higher bands start to contribute to
the LGE. As a result from the Bloch theorem, those modes are “folded back” into
the FBZ by the reciprocal lattice vector G, as schematically shown in Fig. 5.4 (a).
Thus their wave vector k becomes “shorter”. As the frequency ω increases at
the same time, those modes are more and more likely to satisfy the out-coupling
criterion (Eq. (2.9)); thus, the LGE decreases.
In a more intuitive picture, this effect can be understood in terms of diffraction:

the (111)-surface of the opal is a periodically structured surface, a hexagonal grat-
ing. Therefore, modes of higher bands may be able to couple to more than one
plane-wave mode outside the photonic crystal corresponding to different “diffrac-
tion” orders, as illustrated in Fig. 5.4 (b).
In the calculations presented here, it is assumed that every mode, which is able

to couple out, will couple out (i.e. with an efficiency of 100%). Especially for
the opal, individual out-coupling efficiencies were not calculated. To obtain these
efficiencies rather complex rigorous calculations need to be employed. Within the
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focus of this work, however, these out-coupling efficiencies are not relevant: with a
non-zero out-coupling efficiency, light will escape from the structure at some point,
when light “bounces” between the top and bottom surface multiple times. Thus,
the presented results are worst-case results corresponding to large concentrator
dimensions.
To conclude, the LGE for light emitted in the Bragg stack is strongly enhanced

over the TIR guiding of conventional LSCs, which is very promising for the ap-
plication as a PLSC. The opal, however, features a reduced LGE lower than in a
conventional LSC. Thus, further calculations were focused on the Bragg stack.

5.1.4 Detected emission: Angular resolved surface PL

In measurements, only part of the emitted light is usually detected. This fraction
must be able to couple out from the photonic crystal and fall into the detector’s
aperture. Thus the exact measurement setup plays a crucial role. When prob-
ing the photonic crystal’s effect on emission, the changes in the total emission
spectrum (spectral redistribution), PLQY and fluorescence lifetime are relatively
small and hard to measure. The detected emission in specific directions, however,
is very sensitive to the photonic effects, especially when band gaps occur in the
direction of detection. In this work, the emission escaping from the sample surface
was thus analyzed in detail with angular resolution.
For comparison of the theory with the experiments, the spectrum of the de-

tectable modes was calculated as a function of the detection angle φd according
to the measurement setup used for the angular resolved surface PL (Sec. 4.3.3).
These calculations were done for the Bragg stack, as this is the most promising

structure for PLSCs. Out-coupling was considered at the surface parallel to the
interfaces of the layers. For each detection angle φd from the experiments (−10◦ to
90◦ in 1◦ steps), the FLDOS of the Bragg stack and the resulting detected spectra
were calculated as described in detail in Sec. 3.1.4 and 3.2.3. It was averaged
over emitter positions in the low-refractive-index layers of the Bragg stack. As a
reference, the same FLDOS calculations were done for emission in a homogeneous
medium corresponding to a conventional LSC. Matching to the experiments, a
detection cone with half-angle θd = 0.6◦ was assumed. This FLDOS approach
implies that every mode, which is able to couple out, will couple out (i.e. with
an efficiency of 100%), similar to the LGE calculations above. This worst-case
scenario corresponds to large concentrator sizes.
For comparison, a third sample type was considered, which consists of a dye

layer in the center of 3 mm-thick n = 1.5 material with Bragg stack filters on
the top and bottom surfaces, named “TSR” (triple stack reference). This TSR
sample corresponds to a conventional LSC with filters on the top and the bottom:
emission is assumed to be isotropic as in the homogeneous material because the
filter structures are relatively far away from the point of emission. The simulated
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filters shown here correspond to the ones fabricated by spin coating, with 29 layers
of nlo = 1.5 and nhi = 2 materials and thicknesses given through λdesign = 645 nm.
The same calculations were done for the IBS filters based on the refractive indices
and a list of layer thicknesses provided by Laseroptik GmbH. The results for
these IBS filters are shown in Sec. 5.2.1 for direct comparison to the experimental
results.
The resulting angular surface PL for the TSR samples was calculated with

the ray-tracing method proposed in Sec. 3.3.3, which considers individual out-
coupling efficiencies. In this ray-optical model, the number of interactions with
the filter and thus the escaping fraction as a function of the propagation direction
is calculated for a certain surface dimension. A detection spot size of ld = 2.5 mm
was chosen according to the experimental conditions. The angular surface PL was
also calculated with this method for a conventional LSC. Even for small values
of ld, however, practically the same results were obtained as with the FLDOS
method due to the low reflectivity at the surface to air for these structures.
The resulting spectra as a function of the detection angle are shown in Fig 5.5. In

the “LSC” case, i.e. emission in a homogeneous medium, the shape of the detected
spectrum is constant for all angles and corresponds to the undisturbed emission
spectrum. The intensity, however, decreases for larger detection angles. This de-
crease is consistent with the theory presented in Appendix A.5: while inside the
homogeneous medium emission is uniformly distributed over the internal angles
(isotropic emission), refraction at the surface changes the angular distribution in
air according to Snell’s law.
In the case of the TSR sample, the detected spectrum becomes a function

of the detection angle, as shown in Fig. 5.5 (b). The reflection peak around
λdesign = 645 nm prevents light from escaping. This reflection peak and thus the
reduced escape shifts to shorter wavelengths with larger angles. For φd = 0◦, the
calculated spectrum is similar to the original dye spectrum. The reason for this
is the singularity in the number of interactions of light with the filters for this
angle: light bounces forth and back endlessly, so that all light can escape due to
the non-unity filter reflectance.
Furthermore, the obtained PL was integrated over all angles and all wavelengths

to get the total value of escaped light. Note that for the angular integration the
weighting factor sinφd needs to be considered (see Eq. (3.66)). The integrated PL
was normalized to the value of the LSC case for the sake of comparison. In the
TSR case, the out-coupled light is reduced to 62% compared with the LSC. The
reduction, however, is based on a finite number of interactions with the filters
that occur within the detection area of ld = 2.5 mm. This does not mean that this
light is perfectly guided to the edge faces: the photon’s path to the edge involves
many more filter interactions. Thus light may couple out at some point between
the point of excitation (and detection) and the edge face. This can be modeled by
choosing ld according to the concentrator size. With increasing concentrator size,
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(a) LSC (b) TSR (triple stack reference) (c) PLSC (Bragg)
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Figure 5.5: Calculated angular resolved surface PL as a function of the detection an-
gle φd for the three sample types using FLDOS calculations (LSC and PLSC) and the
ray-tracing method (TSR): (a) For the LSC, the detected spectra for all detection angles
have the same shape corresponding to the undisturbed emission spectrum. The intensity
decreases with oblique detection, as expected. (b) For the TSR sample, part of the undis-
turbed and isotropic emission is prevented from out-coupling through the reflectance of
the filters that shifts to shorter wavelengths with larger angles. For φd = 0◦, a charac-
teristic “shoulder” is visible as a result of endless back- and forth-propagation of light at
that angle. (c) In the PLSC, however, only little light escapes as a result of the modified
emission induced by the LDOS of the Bragg stack. Due to an enhanced FLDOS at the
band-edge at 600 nm, an emission peak three-times higher than that in the LSC occurs.
In total, the escape cone loss is reduced by 60% as a result of the fundamental LDOS
effect, independent of the concentrator size.

the amount of escaped light converges to the value of the conventional LSC.
The out-coupled light from the Bragg PLSC also features a strong spectral

and angular dependence, as shown in Fig. 5.5 (c). For most wavelengths and
angles, no emitted light is expected to be detected. The reason for this inhibition
is not a result of isotropic, but partly filtered emission as in the TSR. Instead,
the emission itself is modified and becomes “anisotropic”: less modes exist in the
photonic crystal that are able to couple out, as discussed in the previous section.
The suppression of detected emission follows the spectral range of the band

gap that shifts to shorter wavelengths for oblique angles in the same way as the
reflectance of the TSR filters does. In contrast to the TSR sample, no light is
emitted at φd = 0◦ between 600 nm and 700 nm as a result of the absence of
photonic states. Eye-catchingly, a peak of out-coupled emission is predicted for
wavelengths below 600 nm and for small angles. In fact, the absolute peak height
is more than three times larger than the peak in the LSC case. The reason for
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this enhancement is a strongly elevated FLDOS at the band edges. This effect of
enhanced emission with narrowed spectrum and confined directionality may be
also interesting for other applications such as solid-state lighting.
Integrated over all angles and wavelengths, the escaped light is only 40% of the

LSC. This, in turn, means that more light is trapped in the structure and guided to
the edges. In contrast to the TSR, this value does not increase with concentrator
size. In fact, it is already the worst-case value for large concentrators.
To conclude, the amount of out-coupled and thus lost emission is reduced for

both TSR and PLSC compared to conventional LSCs. In the TSR sample emis-
sion is undisturbed and isotropic. The reduction is a pure reflection effect and thus
converges to the value of a LSC for large concentrators. Emission in the PLSC,
however, is modified by the LDOS in terms of spectral and directional redistri-
bution. The escape cone loss reduction by 60% is a result of these fundamental
effects and is therefore independent of the concentrator size.

5.2 Experimental results and comparison to theory

To investigate the influence of the photonic crystal on the fluorescent emission,
several samples were prepared. Here I focus on the multilayer structures due to
the very promising theoretical results for the Bragg stack in the previous section.
Results of angular resolved surface PL measurements of opals can be found in my
publication Ref. 187.
The different types of multilayer samples are schematically shown in Fig. 5.6.

First, undisturbed emission was studied using conventional thin film LSCs. For
comparison with the other spin coated samples, simply a dye-doped PMMA layer
was spun onto a glass substrate. For comparison to the bonded filter structures,
two glass substrates were each spin coated with a dye-doped PMMA layer and
subsequently bonded using the same platen press process.
Second, “TSR” (triple stack reference) samples were fabricated. As mentioned in

Sec. 5.1.4, these structures consist of a dye layer in n = 1.5 material where filters
were deposited on the top and bottom surface. Thus these samples correspond
to conventional LSCs with filters on the top and bottom: emission is assumed
to be isotropic as in the homogeneous material because the filter structures are
relatively far away from the point of emission. To realize such a structure, a dye-
doped PMMA layer was deposited on a glass substrate. This part was joined to
two undoped spin coated Bragg stack samples, or to two IBS filters, as shown
in Fig. 5.6 (b) and (e), respectively. To achieve good optical contact, an optical
index-matching liquid was used.
Third, PLSC samples were fabricated where the luminescent dye was embedded

inside the photonic structures either by spin coating or by bonding in between
two filters, as presented in Sec. 4.1.
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5.2 Experimental results and comparison to theory

Spin coated multilayer structures

(a) LSC (thin film LSC) (b) TSR (triple stack reference) (c) PLSC

Bonded IBS filters

(d) LSC (thin film LSC) (e) TSR (triple stack reference) (f) PLSC

Thickness of ...
... sample: 1 mm
... dye layer: 108 nm

Thickness of ...
... sample: 1 mm
... dye layers: 10× 108 nm

Thickness of ...
... sample: 3 mm
... dye layer: 108 nm

Index-matching liquid

Glass

Dye-doped
PMMA film

29-layer stacks
(PMMA, TiO)

Thickness of ...
... sample: 2 mm
... dye layer: 800 nm

Thickness of ...
... sample: 2 mm
... dye layer: 800 nm

Thickness of ...
... sample: 3 mm
... dye layer: 400 nm

IBS
filters

Figure 5.6: The three different types of samples investigated in this work for the two
fabrication approaches of spin coating and filter bonding: (a) and (d) represent (thin
film) LSCs that were used to study undisturbed emission and light guiding. As shown
in (b) and (e), “TSR” (triple stack reference) samples were fabricated in which an inside
dye layer was joined to filter stacks placed at the outer surfaces (optically coupled using
index-matching liquid). These samples correspond to conventional LSCs with filters on
the top and bottom where emission is undisturbed and isotropic. (c) and (f) show the
PLSC samples where the luminescent dye was embedded inside the photonic structures
either by spin coating or by bonding in between two filters.
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5 Effect of photonic crystals on emission

Note that the thickness of the dye-doped layers in the spin coating LSC and TSR
samples are relatively thin, thus the absorptance is rather low. However, this way
the layers were deposited with the same processing conditions as the dye-doped
layers in the PLSC, avoiding potential process-related parasitic influences.

5.2.1 Angular resolved surface PL

As mentioned before, the detected emission that escapes from the sample surface
is very sensitive to the photonic effects on emission. Therefore, the spectra of
this escaping light was measured using the angular resolved surface PL setup
(Sec. 4.3.3) and the results were compared to theoretical calculations. This was
done for both spin coated samples and bonded filters, as presented in the following.

Spin coated multilayer structures

Starting with the conventional LSC, the shape of the emission spectrum is constant
for all detection angles φd and corresponds to the undisturbed emission spectrum,
as shown in Fig. 5.7 (a). The absolute value decreases with increasing detection
angles in the expected way. Thus the measurement of the LSC sample agrees very
well with the corresponding calculation from Sec. 5.1.4, which is as well shown in
Fig. 5.7 for direct comparison. This agreement indicates that emission inside the
sample is indeed isotropic.
For the TSR sample, a good qualitative agreement with the calculation was

obtained (Fig. 5.7 (b)): the characteristic influence of the reflection peak, which
prevents emission from escaping and shifts to shorter wavelengths for larger de-
tection angles, is clearly visible. Furthermore, enhanced out-coupling is observed
for φd = 0◦, especially within the range of high reflection (600–700 nm). This
“shoulder”, however, is less pronounced than in the calculation. This is due to
the singularity of this effect at φd = 0◦, where in the calculation emitted light
bounces endlessly between the filters, allowing all of it to escape at some point.
In the measurement, this effect is smoothed over the 2× 0.6◦ of the detection
cone opening angle. However, the fact that this shoulder is clearly visible in the
measurement strongly indicates isotropic emission of the dye: the spectral and
angular dependence of the out-coupled light is a result of partial filtering by the
Bragg stacks.
Moreover, minor differences between theory and experiment can be explained

by imperfections in the fabricated filters, e.g. the faster decrease of the measured
peak at 600 nm at small angles. The absolute values of the measurements, however,
are not very reliable for the TSR sample: as mentioned in Sec. 4.3.3, multiple
internal reflections in the relatively thick sample led to multiple spatially shifted
transmission and reflection spots, which were not completely captured with the
solar cell used to measure the intensity. Thus the absorption of the sample is over-
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λ [nm]

PL
[a.u.]

φd [◦]

Calculation

Total PL (norm.): 0.62
λ [nm]

PL
[a.u.]

φd [◦]

Measurement

Total PL (norm.): (0.02)

(a) Spin coating LSC

λ [nm]

PL
[a.u.]

φd [◦]

Calculation

Total PL (norm.): 1
λ [nm]

PL
[a.u.]

φd [◦]

Measurement

Total PL (norm.): 1

(c) Spin coating PLSC

λ [nm]

PL
[a.u.]

φd [◦]

Calculation

Total PL (norm.): 0.40
λ [nm]

PL
[a.u.]

φd [◦]

Measurement

Total PL (norm.): 1.61

Figure 5.7: The calculated and measured angular surface PL spectra of the spin coating
samples agree very well, especially for the (a) LSC and (b) TSR. For the PLSC in (c), the
absence of the TSR-like shoulder at φd = 0◦ and the enhancement of the peak at 600 nm
strongly indicate a modified emission induced by the LDOS, as predicted in theory.
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(b) Back side

Total PL (norm.): 1.77

Spin coating PLSC

Figure 5.8: In contrast to the LSC and TSR samples, the detected angular surface PL
of the spin coated PLSC was different from the (a) front side and from the (b) back side
(glass substrate). While in theory these two measurements should be the same, the LDOS
in the outer dye layers is presumably influenced by the surrounding air or glass material,
causing this asymmetry. Indeed, this effect is strongly reduced in spin coated PLSCs with
only one dye-doped layer in the center of the stack, as shown in Appendix A.6.

estimated and consequently the resulting absolute PL values are smaller than in
reality. Therefore, also the total amount of escaped light integrated over all angles
and wavelengths is quite small and allows no quantitative comparison.
The measurement result of the spin coated PLSC sample is shown in Fig. 5.7 (c).

As predicted from theory, little escaping light is detected for most wavelengths
and angles. This suppression follows the spectral range of the band gap with its
shift to shorter wavelengths for larger detection angles. A significant amount of
light with wavelengths of around 600 nm, however, escapes in directions close to
normal incidence. This peak is strongly enhanced over the peak in the LSC sample,
which was also predicted in the calculations.
In general, the characteristic features from theory appear to be smoothed and

slightly less pronounced in the measurement. This difference may be caused by
the finite nature of the fabricated sample compared to the ideal and infinitely
periodic photonic crystal in the calculations. Especially for emitter positions in
the outer dye layers of the structure, which are separated from the air or glass
surface by only five other single layers, the LDOS effect is supposed to be not fully
established. Further differences may be caused by out-coupling efficiencies lower
than 100% in the experiment, while in the calculations all light escapes that is
able to escape in principle.
All samples were measured from the front and back surface side. While for the

LSC and TSR samples these two measurements did not differ significantly, the
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5.2 Experimental results and comparison to theory

detected signal of the two surfaces was different for the PLSC sample, as shown
in Fig. 5.8. The resulting angular resolve surface PL from the back side (glass
substrate) lacks the distinctive peak at 600 nm. Furthermore, at larger angles
more light is detected compared to the front side. Integrated over all wavelengths
and angles, a little more light is escaping from the back side.
In theory, the out-coupling condition does not change due to the glass substrate:

While more modes couple from the photonic crystal to the glass in the first place,
only those modes that fulfill the same criterion as for the front side will couple
out from the glass into air (see Eq. (2.9)). There might occur, however, a lateral
displacement of the point of out-coupling on the sample surface for oblique angles
due to the propagation in glass. As a result, some modes might not be detected
as they escape outside the detection area. In measurements, however, changing
the detection area by defocusing the fiber-coupling optics had no influence on the
detected signal.
Further differences of light escaping from the front and back might be related

to different out-coupling efficiencies for the two sides. Additionally, the local ab-
sorption might differ in the two measurements as also the direction of excitation
is changed. Thus, different dye positions do not contribute to the measured PL in
the exact same way in the two measurements.
Most importantly, the theoretical consideration of same emission through the

front and back side is based on the assumption that the dye experiences the full
LDOS of the photonic crystal that results in symmetric emission. In the finite
fabricated structures, however, the LDOS effect might be not fully established in
all dye-doped layers, especially in the outer layers. Furthermore, the surrounding
air and glass might influence the LDOS in those layers. Therefore, the distribution
of states may become asymmetric due to the asymmetry of the sample, which
results in different emission towards the front and back surfaces.
To investigate the difference in the front and back side measurements further,

another set of samples was analyzed: samples with only one dye-doped layer in the
center of the stack were compared with samples containing 10 dye-doped layers
(like the PLSC from above). Although the peak reflectance wavelength of these
samples was unfortunately slightly detuned by process variations, an interesting
observation could be made: while the samples with multiple dye layers also showed
large differences for the front and back side, this difference was strongly reduced
for the samples with only a single dye layer, as discussed in detail in Appendix A.6.
This result supports the above explanation that especially the LDOS in the outer
dye layers is influenced by the surrounding air or glass, leading to an asymmetric
distribution of photonic states.
The total amount of escaped light from the PLSC sample is larger than in the

LSC despite the strong reduction for most angles and wavelengths: for the front
side, 61% more light is detected, for the back side as much as 77% more light
escapes. Even though the accuracy of the absolute values is rather poor due to
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5 Effect of photonic crystals on emission

scattering of incident light, this increase is far from the theoretically predicted
decrease by 60%. While for other applications this result is very promising, for
example to increase the extraction of emitted light in LEDs, the increase indicates
a reduced light guiding efficiency. The discrepancy between theory and experiment
is presumably again due to the finite size of the fabricated structure, such that the
LDOS of the photonic crystal is not fully established, especially in the outer layers.
In fact, the measurements of the single dye layer sample mentioned above yielded
much lower amounts of escaping light compared to the corresponding samples
with multiple dye layers (see Appendix A.6). Additionally, the observed increase
in escaping light might be promoted by microscopic cracks that were found at
the surface of the PLSC sample, as discussed in Sec. 6.2.1. A better performance
is therefore expected from optimizing the fabrication process to further reduce
cracks and to deposit more doped inner and undoped outer layers.
To conclude, however, the measured angular surface PL for the LSC and TSR

samples agreed very well with the calculations from theory. For the PLSC, the
absence of the TSR-like shoulder at φd = 0◦ and the enhancement of the peak at
600 nm both strongly indicate that the measurement is not a result of isotropic
emission and filtering as in the TSR case, but that emission inside the sample is
modified due to an altered LDOS, as predicted in the theoretical models.

Bonded IBS filters

Similar to the LSC sample from the spin coating process, the spectra of the de-
tected light escaping from the bonded LSC sample correspond to the undisturbed
dye emission spectrum, as shown in Fig. 5.9 (a). The decrease in intensity with
larger detection angles φd follows the theoretical calculation. The good agreement
with theory indicates isotropic emission inside the sample as expected.
A good agreement with theory was also obtained for the TSR sample, as shown

in Fig. 5.9 (b): out-coupling of light is suppressed for the broad spectral range of
high filter reflectivity, which shifts to shorter wavelengths for oblique detection
angles. In detail, two pairs of side lobes are visible in both the measurement and
the calculation with different spectral shifts for increasing detection angles. As
validated in further calculations, the side lobes with the stronger spectral shift
originate from the reflectance for p-polarized light while the other side lobes with
the weaker shift correspond to s-polarization.
The “shape” of the peak at 600 nm is slightly different in the measurement than

in the calculations, which is presumably caused by small differences in the modeled
and the real filter characteristics. In particular, the shoulder at φd = 0◦ in the
calculation is almost not visible in the measurement. As for the spin coated sample,
this feature is over-estimated in the calculation. The absolute values of the TSR
measurements, however, are not very reliable due to multiple internal reflections.
As for the spin coated TSR sample, the absorptance is over-estimated and thus
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Figure 5.9: The measured and calculated angular resolved surface PL from the bonded
samples shows very good agreement for (a) the LSC as well as for (b) the TSR samples.
While the calculation of the PLSC is not directly applicable to the bonded PLSC, the
enhanced peak at 600 nm in the measurement indicates the LDOS influence on emission.
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5 Effect of photonic crystals on emission

the PL values are smaller than in reality and cannot be compared quantitatively.
The calculation predicts that the out-coupled light is only 11% of that of the
LSC due to the high reflectance of the filter. For larger ld-values, i.e. for larger
concentrator dimensions, this value increases as more light couples out on the
path to the edges.
Besides the absolute values, however, the measurement and calculation agree

very well, which indeed indicates isotroptic emission inside the structure. The
spectral and angular dependence results from the partial filtering of emitted light.
The measured angular surface PL of the PLSC sample is shown in Fig. 5.9 (c):

for most wavelengths and detection angles, almost no light is detected. This sup-
pression follows the spectral range of the band gap, which is related to the filter
reflectance with its typical spectral shift at larger angles. Besides the suppression,
a spectrally very sharp peak was measured at 600 nm, which is 2.6-times higher
than the peak of the LSC sample. This enhancement indicates a modification of
the emission inside the structure as it cannot be explained by filtered isotropic
emission, as in the TSR samples, for example.
Despite the peak, the integrated amount of out-coupled light is reduced by 68%

compared to the LSC, which is more than for the calculation of the ideal Bragg
photonic crystal (40%). This reduction in escape cone loss is beneficial to the light
guiding efficiency.
The theoretical calculation of the Bragg stack, however, is not directly applica-

ble to the bonded PLSC sample: first, the fabricated filters have a larger differ-
ence in refractive indices, resulting in a broader band gap and reflectance. Second
and even more importantly, though, the fabricated structure is very non-periodic,
especially due to the relatively thick dye-doped layer in between the two filter
structures. For these reasons, the corresponding angular surface PL cannot be
calculated with the eigenmode approach. Instead, the calculated angular surface
PL of the Bragg stack is shown in grayscale for comparison only.
For all three samples, measurements from the front and back surface were con-

ducted. The results, however, did not differ significantly, as expected for the nearly
symmetric samples. To conclude, very good agreements of measurements and cal-
culations were found for the bonded LSC and TSR structures, which indicates
isotropic and undisturbed emission. For the bonded PLSC, however, the enhance-
ment of the peak at 600 nm indicates a modification of emission due to the LDOS.

5.2.2 Angular resolved edge PL

Only part of the emitted light escapes at the surface. Most light is trapped within
the samples and guided to the edge faces as desired for the LSC application.
Therefore, this guided light was measured using the angular resolved edge PL
setup described in Sec. 4.3.3 as a function of the propagation angle inside the
sample, denoted as φd according to Fig. 4.15 (b).
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5.2 Experimental results and comparison to theory

These measurements address two important questions: first, what is the spectral
distribution of the guided light? Especially for the TSR it is interesting to see
whether light, which was not able to escape due to the filter reflection, is guided
to the edges. This would in turn confirm undisturbed and isotropic emission. This
point will be discussed in more detail in Sec. 5.2.3. Second, what is the angular
distribution of the guided light? In particular, it is interesting to see whether light
is guided to the edges at angles that lie within the classical escape cone.
Please note, that in contrast to the angular resolved surface PL the absolute

values have little significance as the PL signal was not normalized to the individual
absorptance of the samples.
In general, the light guided to the edges of a LSC has a certain non-trivial

angular distribution, which depends on the type of concentrator, its geometry,
and the way of excitation. As explained in Sec. 3.3.4, for samples with the dye
confined in layers much thinner than the overall thickness, the resulting angular
pattern features alternating “on”/“off” regions, whose spacing is determined by
the sample thickness and the distance from the excitation spot to the edge face.

Spin coated multilayer structures

The measurement results for the spin coated sample are shown in Fig 5.10 as
a 3D-plot (for intuitive information about spectral distributions) as well as a
density-plot (for detailed angular information). Furthermore, the calculated an-
gular patterns according to the individual sample thickness are depicted for com-
parison (see Sec. 3.3.4).
The guided light from the LSC sample features spectral distributions similar to

the undistorted emission spectrum. The angular distribution shows the character-
istic “on”/“off” pattern typical for thin film LSCs. Its spacing is well described
by the calculated pattern. Interestingly, almost no light is guided directly to the
edge, i.e. with angles close to 90◦, which was however not further investigated.
As expected, no light with angles inside the escape cone, i.e. φd < 41.8◦ and
φd > 138.2◦, was detected. Thus, all light that is able to escape has escaped
through the front and back surfaces before reaching the edge face, which confirms
the angular surface PL results from above.
The TSR sample features an angular pattern that is roughly similar to the

theoretical one with large spacing due to the large sample thickness. Within the
expected angular regions of guiding, however, the measurement shows an addi-
tional internal structure and smoothed features. This difference was attributed
to additional reflections at the two internal interfaces despite the index-matching
liquid. The asymmetry of the pattern is caused by the asymmetry of the sample.
The spectra of the guided light in the TSR sample agree mostly with the undis-

torted emission spectrum. This is expected since most of the light is guided to
the edge face by TIR, which does not change the spectral distribution. From the
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Figure 5.10: Measurement results for the angular resolved PL from the edge face of the
spin coated samples. (a) The guided light in the LSC features undistorted spectra with the
expected angular “on”/“off” pattern. (b) In the TSR, also light with angles in the escape
cone is detected, which is guided by the reflection of the filters, though it can escape for
larger path lengths. (c) In the PLSC, strong spectral variations and the absence of light in
the escape cone strongly support the hypothesis of LDOS-induced emission modification.
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angular distribution, it can be seen that also light with angles inside the escape
cone reach the edge face. For the distance of 10 mm from the point of excitation to
the edge face, the ray-tracing method from Sec. 3.3.3 yields that 7.6% of the light
is guided by filter reflection in the escape cone. In the measurement, 12.9% of the
guided photons were found in the escape cone. The measured fraction, however,
should be interpreted rather qualitatively since scattering of light in the attached
glass cylinder or small angular offsets can easily distort the measured fraction.
The significant amount of guided light within the escape cone supports the hy-
pothesis that the filters partly keep the isotropically emitted light in the sample
for a certain lateral distance. With increasing distance, the amount of light guided
by the filters was found to vanish using ray-tracing calculations.
The spacing of the angular pattern of the PLSC sample resembles the calcu-

lated pattern. The measured spectra, however, vary strongly and differ from the
undistorted dye emission spectrum, which is presumably a result of the modified
LDOS. Importantly, no light is detected at angles within the classical escape cone.
Together with the results from the surface PL, in which almost no light escaped
within the band-gap region, this observation strongly supports the hypothesis that
no light with these wavelengths and angles was emitted by the dye. This in turn
is a strong indication of the LDOS effect of directional redistribution.

Bonded IBS filters

The measured angular resolved edge PL for the bonded multilayer samples is
shown in Fig 5.11 in the same way as for the spin coated sample above.
The bonded LSC sample features a regular angular pattern with an undistorted

spectral distribution of guided light. Compared to the spin coated sample, the an-
gular pattern is much more symmetric around the detection angle of φd = 90◦ as
the sample is symmetric with the dye layer in the center (which was not consid-
ered in the calculated pattern). The angular spacing of the measured “on”/“off”
pattern, however, is twice as frequent as calculated. This might be caused by addi-
tional reflections at the internal interface from the bonding process. As expected,
no light reaches the edge face at angles within the escape cone.
The angular pattern of the TSR sample oscillates strongly and hardly corre-

sponds to the calculated pattern. Again, the asymmetry of the sample and internal
reflections may be the reason for these deviations. The spectra of the guided light
in the TSR sample, however, are similar to the undistorted emission spectrum,
as expected for the TIR-guided as well as for the filter-guided light (due to the
broad-band reflectance). A large amount of 34.7% of the guided light was de-
tected within the angular range of the escape cone due to the high reflectance of
the IBS filters. In ray-tracing calculation with ld = 10 mm, 22.2% of the guided
light results from the filter reflection in the escape cone. In both cases, a signifi-
cant amount of the guided light lies in the escape cone, which again confirm the
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Figure 5.11: The measured angular resolved PL from the edge face of the bonded LSC
(a) features an angular spacing twice as frequent as expected due to internal reflections
at the bonding interface. (b) In the TSR, much light is detected within the escape cone
due to the high reflectivity of the filters. (c) The PLSC features strong spectral variations
that form an overlay pattern in the angular distribution. No light is detected in the escape
cone, which indicates that emission at these angles was suppressed due to the (F)LDOS.
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hypothesis of isotropic emission that is guided by the filters’ reflection.
The measured angular pattern of the PLSC sample is similar to the pattern of

the LSC with half of the calculated spacing. The sample has a strongly reflective
internal interface that might cause this pattern. Remarkably, the spectral dis-
tribution is heavily distorted with very sharp features. As seen from the density
plot, the spectral variations form an overlay pattern that is parabola-shaped. This
pattern might be a result of guided modes within the 800 nm thick dye layer be-
tween the filters, which was not investigated in detail. Similar to the spin coated
sample, no light is detected with angles in the escape cone. Therefore, no light
was emitted at all at these angles with wavelengths in the region of high filter
reflectance as it was neither detected in the angular surface PL nor in the edge
PL measurements. This finding again indicates LDOS-induced redistribution of
emission in other directions and to other wavelengths.

5.2.3 Integrated PL

Besides angular resolved measurements, the integrated PL of the samples was
measured in the configurations presented in Sec. 4.3.4 to detect all light escaping
at the surfaces, at the edge faces, and all escaping light in general (“center-mount”
PL). These measurements were compared with the results from the angular re-
solved measurements, which were numerically integrated aver all angles. Note that
for the integration of the angular surface PL the weighting factor sinφd needs to
be considered (see Eq. (3.66)). The sum of both front and back side measurements
was taken as the contributions of both sides are detected in the integrating sphere.
Furthermore, the expected spectra from theory corresponding to the measurement
were calculated.
The absolute values of the different measurements and calculations are not

comparable since not all of them could be corrected for the absorptances of the
samples. More importantly, however, is the shape of the spectra. Therefore, all
spectra were normalized to one at λ = 700 nm, which has been found to be a
reasonable procedure as at this wavelength no strong influence of the different
effects is expected.

Surface PL

The (integrated) surface PL comprises all light that escapes at the front and back
surfaces. For the spin coated and bonded LSC samples the results of the different
measurement methods agree well with the theoretical spectrum that is given by
the undisturbed emission spectrum ((1−σ0) g0(λ)), as shown in Fig. 5.12 (a) and
(d), respectively. The minor deviation of the integrating sphere measurements
(blue lines) is most likely due to the removal of the background signal of the
excitation laser: as the samples absorb only little, the emission signal was rather
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low compared to the strong background signal. The subsequent normalization at
λ = 700 nm can cause differences in the height of the emission peak at λ = 600 nm,
which is typically around 7-times higher than the value at λ = 700 nm. Overall,
however, the three different curves agree quite well, confirming the finding from
above of undisturbed and isotropic emission in the LSC samples.
The results for the spin coated and bonded TSR samples are presented in

Fig. 5.12 (b) and (e), respectively. For the spin coated sample, both measured
spectra are reduced in the spectral range of 600–700 nm compared to the undis-
turbed emission spectrum as the filters prevent part of the emitted at these wave-
lengths from escaping. The integrating sphere measurement (blue line), however,
is higher at these wavelengths than the integrated angular surface PL measure-
ment (red line). This difference is also visible in the two spectra calculated with
the ray-tracing method (see Eq. (3.66)) for ld = 12.5 mm (whole sample surface)
and ld = 2.5 mm (detection spot of angular resolved measurement setup) corre-
sponding to the two measurement configurations. The difference can be explained
as follows: the longer the path of propagation, the more interactions occur with
the non-perfect filters, which leads to an increasing out-coupling of light. Since
the integrated angular surface PL measurement considers out-coupled light from
a small spot size, less light is detected, while additional out-coupling on the whole
sample surface contributes to the integrating sphere measurement.
For the bonded TSR sample, the measured spectra differ strongly from the

dye’s emission spectrum, but agree very well with the calculated spectra. The
integrating sphere measurements suffered from a low signal level, resulting in an
artifactory spike at 695 nm. Despite the poor signal quality of this measurement,
the difference in the calculations with ld = 12.5 mm and ld = 2.5 mm around
570–610 nm is qualitatively confirmed by the two different measurements.
The results for the spin coated and bonded PLSC samples are shown in Fig. 5.12

(c) and (f), respectively. In both cases the spectra from the two different measure-
ment methods coincide very well. This confirms on the one hand the consistency
of the methods in general. On the other hand, it indicates that on the way to the
edges no (spectrally different) light is out-coupled other than the light escaping
from the detection spot of the angular resolved measurement setup. This supports
the hypothesis that the angular surface PL discussed above is a result of the mod-
ified emission due to the LDOS, and not a result of the filters partly keeping the
emitted light inside like in the TSR samples.
For both samples the theoretical spectrum for the escaping emission from the

ideal Bragg stack is shown. It is given by the product of the modified emission
spectrum gPC(λ) and the “inverse” light guiding efficiency 1− σPC(λ). The exact
same spectrum was obtained by integrating the theoretical angular surface PL,
which shows the consistency of both methods. The differences in measured and
calculated spectra are most likely caused by the non-idealities of the samples:
in the spin coated sample not all dye layers experience the full LDOS effect, as
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Figure 5.12: Spectra of the light escaping from the surface of the LSC, TSR and PLSC
samples of both fabrication processes. The integrating sphere measurement, the numeri-
cally integrated angular resolved surface PL and theoretical calculations were normalized
at λ = 700 nm for comparison. While the two measurement methods agree well for the
LSC and PLSC samples, the differences for the TSRs reveal that part of the emission
missing in the angular resolved measurement escapes at some point towards the edges.
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5 Effect of photonic crystals on emission

discussed above. For the bonded filters the Bragg stack theory is not directly
applicable due to the non-periodic structure and the different refractive indices.

Edge PL

The (integrated) edge PL comprises all light that is guided to edges. The mea-
sured edge PL spectra of the six samples are shown in Fig. 5.13 together with
the integrated angular edge PL measurements and theoretical calculations. The
excitation conditions in the two measurement methods are comparable: the laser
spot hit the sample at 1 cm-distance from the edge face that was analyzed. This
correspondence is confirmed in the very good agreement of the two measured
spectra for all samples with only minor deviations.
The theoretical spectrum of the LSCs is given by the undisturbed emission

spectrum (σ0g0(λ)). For the TSR sample it was obtained with the ray-tracing
calculations with ld = 10 mm (see Eq. (3.67)). The measurements of all LSC
and TSR samples are very similar to the corresponding theoretical spectrum. For
the bonded samples, slight deviations occur at the short-wavelength part of the
spectrum, which may be caused by reabsorption due to the higher dye content
compared to the spin coated samples.
For the PLSC samples significant differences were observed at the short-wave-

length part compared to the theoretical spectra. The latter were calculated from
the modified emission spectrum inside the Bragg gPC(λ) multiplied by the light
guiding efficiency σPC(λ). Thus, it is not directly applicable for the bonded PLSC
sample, as explained above. The deviation from the calculation is confirmed in
both measurement methods. There are two possible explanations for the missing
photons at around 600 nm: first, the modification of emission might be stronger
than calculated such that less light is emitted at the upper-frequency band edge.
Second, reabsorption can drastically re-shape the spectrum at these wavelengths.
For the bonded sample there may indeed be a stronger LDOS effect than in

the Bragg stack calculation due to the higher refractive index contrast of the
filters. Deviations from the Bragg stack calculations at the short-wavelength part
of the spectrum were also observed in the surface PL of the bonded PLSC. Due
to the large dye layer thickness of 800 nm, however, reabsorption might also play
a role. For the spin coated sample, the speculation of a stronger LDOS effect
is contradictory to the good agreement between theory and experiments in the
surface PL. As the sample contains 10-times more dye than the corresponding
LSC and TSR, reabsorption may be the major mechanism responsible for the
deviation of this sample.
Reabsorption within the PLSC is quite hard to calculate: I present results for a

propagation-based model in Sec. 6.1.2. However, the reality might be even more
complex: light is guided within both the glass substrate and the Bragg stack layers.
In the layers, the modes cannot be treated with ray-optics; instead, their exact

108



5.2 Experimental results and comparison to theory

(b) Spin coated TSR

(a) Spin coated LSC

(c) Spin coated PLSC

Wavelength, λ [nm]
600 700 800

0

2

4

6

8
Theory Bragg
Exp.: int. an-
gular edge PL
Exp.: edge PL

Ed
ge

PL
,n

or
m
.@

70
0

nm

Wavelength, λ [nm]
600 700 800

0

2

4

6

8
Theory
Exp.: int. an-
gular edge PL
Exp.: edge PL

Ed
ge

PL
,n

or
m
.@

70
0

nm
Theory
Exp.: int. an-
gular edge PL
Exp.: edge PL

Wavelength, λ [nm]

Ed
ge

PL
,n

or
m
.@

70
0

nm

600 700 800
0

2

4

6

8
Theory Bragg
Exp.: int. an-
gular edge PL
Exp.: edge PL

Wavelength, λ [nm]

Ed
ge

PL
,n

or
m
.@

70
0

nm

600 700 800
0

2

4

6

8
Theory
Exp.: int. an-
gular edge PL
Exp.: edge PL

Wavelength, λ [nm]

Ed
ge

PL
,n

or
m
.@

70
0

nm

Theory
Exp.: int. an-
gular edge PL
Exp.: edge PL

Wavelength, λ [nm]

Ed
ge

PL
,n

or
m
.@

70
0

nm

(e) Bonded TSR

(d) Bonded LSC

(f) Bonded PLSC

600 700 800
0

2

4

6

8

600 700 800
0

2

4

6

8

Figure 5.13: Measured and calculated PL spectra of the light guided to the edges
of the different samples, normalized at λ = 700 nm for comparison. The integrating
sphere measurement and the numerically integrated angular edge PL agree very well
for all samples. The differences between measurements and calculations at the short-
wavelength part of the spectrum for the PLSC samples may be caused by reabsorption
and a potentially stronger LDOS effect than was calculated.
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Figure 5.14: Measured center-mount (CM) PL spectra, in which all light escaping from
the sample (through surfaces and edge faces) is detected. It is compared to the total
emission spectra for undisturbed emission (“Theo. ref.”) and the modified emission in the
Bragg stack. Again, the PLSC samples deviate from the calculated spectra at the short-
wavelength tail as seen in the edge PL measurements. Due to the higher dye content in
these samples, these differences might be caused by reabsorption of the guided light.

field distribution in the dye-doped and undoped layers need to be considered.
However, reabsorption losses become less detrimental to the LSC performance
when the light guiding efficiency is enhanced like in the PLSC. Details about
these concentrator performance aspects are discussed in Ch. 6.

Center-mount PL

As the third integrating-sphere measurement method, the PL in the center-mount
configuration was measured for all samples. In this way, all light escaping from
the sample, i.e. through front and back surface as well as from the edge faces, is
detected, as show in Fig. 5.14. The measured spectra were compared to the total
emission spectra g0 (undisturbed emission) and gPC in the Bragg stack.
The spin coated LSC and TSR samples agree very well with the theoretical

spectrum. The PLSC sample, however, strongly deviated at the short-wavelength
part of the spectrum, as also observed in the edge PL. Following the argumentation
from above, this difference is most likely caused by reabsorption of the guided light.
The measurements of the bonded LSC and TSR samples show minor deviations

from the theoretical spectrum at the short-wavelength tail, as also seen in their
edge PL measurements. Again, this is presumably caused by reabsorption. The
center-mount PL of the bonded PLSC confirms the results of the surface and edge
PL measurements: less light is detected at around 600 nm than in the Bragg stack
calculation, which might be due to a stronger LDOS effect and reabsorption, as
discussed above.
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Chapter 6

Effect on concentrator performance

A photonic structure affects the performance of an LSC in many aspects: on the
one hand, it influences the spectral and directional distribution of emission

and the light guiding efficiency, as discussed previously. On the other hand, the
structure has an effect on the absorption of incident light and on reabsorption
of emitted light, both being crucial aspects for the concentrator performance.
In the first part of this chapter, the absorption of incident light and the overall
performance are investigated theoretically for multilayer (P)LSCs. I will show
that the PLSC’s concentrator quantum yield is superior to conventional LSCs
due to an increased absorption and an enhanced light guiding. In the second part,
experimental results of the multilayer and opal samples are discussed.

6.1 Modeling results for multilayer structures

6.1.1 Absorption of incident light

An important factor for the performance of a PLSC is the absorption of incident
light: when no photons are absorbed, no photons can be emitted and guided to
the edge, independent of the improvements in quantum yield and light guiding
efficiency. To study the absorptance of PLSC structures, the scattering matrix
method was applied (see Sec. 3.3.1). To model the absorptance of the dye-doped
layers, their complex refractive index was extracted from the dye’s extinction
coefficient that was obtained in the dye-concentration study (Sec. 4.1.1).
In the following I compare the absorptance of multilayer PLSCs and conven-

tional LSCs, study how many layers are needed to absorb large parts of incoming
light, and investigate how oblique incidence affects the absorptance.
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6 Effect on concentrator performance

Comparison of PLSC and conventional LSC

To compare the absorptance of a realistic multilayer PLSC, the structure depicted
in Fig. 6.1 (a) was modeled: following the fabricated spin coating samples, a
Bragg stack with 29 individual layers was used where the inner 10 low-refractive-
index layers were doped with the Lumogen Red (LR) dye (ζdye = 1 w%). The
layer thicknesses were given by λdesign = 645 nm, for which optimum collection of
absorbed light was found (see Sec. 6.1.2).
The stack was modeled on top of a comparatively thick glass substrate (n=1.5)

that was treated incoherently, i.e. reflected light from the back surface was con-
sidered for the (local) absorptance inside the stack by superposition of intensities
(cf. Sec. 3.3.2). In this way the calculated absorption represents the realistic case
of non-coherent incident light.
For comparison an LSC with the same amount of dye was modeled as a thin

film LSCs, as shown in Fig. 6.1 (b). Thus one dye-doped layer as thick as all the
dye-doped layers of the PLSC was put on top of an incoherently treated glass
substrate. Both systems were surrounded by air (n = 1) and light was incident
normal to the surface from the top.
Fig. 6.1 (c) shows the resulting absorptance for the two structures. The shape

of the two spectra differ significantly: while the LSC’s absorptance corresponds
to the dye’s extinction, the spectrum of the PLSC features sharp peaks. The
absorptance of incident light is strongly increased compared to the LSC case,
especially for wavelengths from 550–600 nm.
This enhancement can be explained with slow light modes at the edge of the

photonic crystal’s band gap: at the upper-frequency band edge the energy of the
electromagnetic fields is concentrated in the regions of low refractive index, i.e.
in the dye-doped layers, as seen in the 1D LDOS in the direction of incidence, as
depicted in Fig. 3.2 (a). This enhancement in the local energy density amplifies
the absorption and causes, together with the parasitic reflection of incident light,
the sharp peaks in the absorptance spectrum.
In more detail, the local distribution of intensity (∝ |E(r)|2) in the dye-doped

PLSC layers and the corresponding “slices” of the LSC’s dye-doped block were
compared. Their ratio, as shown in Fig. 6.1 (d), reveals the increase in local inten-
sity, especially at the band edge near 600 nm. But also for shorter wavelengths, the
intensity is rather enhanced than suppressed. For longer wavelength outside the
spectral range of dye absorption, the intensity in the PLSC is much lower as in the
LSC due to the reflection of incident light within the band gap. As the local ab-
sorptance is directly proportional to |E(r)|2, i.e. to the intensity (see Eq. (2.25)),
the absorptance is also locally enhanced by a factor of up to six in the modeled
PLSC system, which results in the enhancement of the overall absorptance.
This result shows that the emission-related improvements such as the enhanced

light guiding efficiency do not come at the cost of worse absorptance. In fact, the
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Figure 6.1: The absorptance of (a) a PLSC and (b) a conventional LSC was calculated
using the scattering matrix method. As in the fabricated spin coating PLSC, a Bragg stack
of 29 individual layers with 10 dye-doped layers was modeled, on top of a “thick” glass
substrate that was treated incoherently. To allows for comparison, the corresponding thin
film LSC contains the same amount of dye. As shown in (c), the absorptance of the PLSC
is strongly increased especially near the band edge at 600 nm. This enhancement is caused
by the local concentration of the energy of slow-light modes in the low-refractive-index
layers as shown in (d).

photonic structure is even beneficial for the absorption of incident light for the
PLSC analyzed here although it was not optimized for low parasitic reflectance
of incident light in the dye’s absorption range. The overall absorptance of the
modeled structures, however, is rather low in view of the application for harvesting
solar energy. To increase the overall absorptance of a PLSC, more dye-doped layers
are necessary as discussed in the following.

113



6 Effect on concentrator performance

Variation of the number of dye-doped layers

To study the absorptance as a function of the number dye-doped layers, an ide-
alized PLSC structure was used, as illustrated in Fig. 6.2 (a). To ensure that the
dye doped layers experience the full LDOS effect of the periodic Bragg stack, a
structure was modeled with several undoped outer layers. Corresponding to the
results of the simulations from my publication Ref. 171, 20 bi-layers on the top
and bottom were used. The number of dye-doped layers m in between was varied
between one and 1000.
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Figure 6.2: To investigate the absorptance for different number of dye-doped layers
m, an idealized PLSC was modeled with 20 undoped Bragg bi-layers on top and bottom
to establish the full LDOS effect, and with outer λdesign/8-layers to suppress parasitic
reflection, see (a). An LSC with same dye content was used for comparison, as illustrated
in (b). As shown in (c) for selected m, the PLSC’s absorptance is again enhanced at the
band edge. This increase is quantified in the spectrally integrated absorptance in (d),
where the difference in absorptance of PLSC and LSC vanishes for several hundred dye
layers, which are necessary to absorb significant amounts of the incident light.
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6.1 Modeling results for multilayer structures

To optimize the transmission of incident light in the absorption range, a low-
refractive-index layer with a thickness of λdesign/8 was placed on top and bottom
of the complete stack. As a well-known filter design strategy, such simple λdesign/8-
layers can effectively suppress reflection side lobes [139, 149]. At the same time,
the LDOS in the inner layers is still determined by the periodic Bragg stack. For
comparison, an LSC with the same amount of dye was modeled as a dye-doped
slab as thick as them dye-doped layers of the PLSC (Fig. 6.2 (b)). Both structures
were modeled without a glass substrate that might be necessary in experiments.
Selected absorptance spectra for certain values of m are shown in Fig. 6.2 (c):

similar to the results of the PLSC calculation from above, the absorptance of the
Bragg stacks is enhanced over the LSC, especially near the band edge close to
λi = 600 nm. Interestingly, the absorptance of the PLSC is not capped at 96%
as for the LSC due to the reflectance of 4% at the air-to-polymer surface: as a
result of the anti-reflection effect of the λdesign/8-layer the PLSC’s absorptance
can approach 100%. In contrast to the enhancement for wavelengths below the
band edge, the PLSC’s absorptance drops to zero for λi > 590 nm. In the LSC,
however, significant absorption also occurs at these wavelengths above the band
edge, in particular for thick dye layers.
To compare the total amount of absorbed light for both systems, the absorp-

tance spectra were integrated from 400–600 nm and normalized by dividing by
the corresponding integral over a maximum absorptance of one. This integrated
absorptance is shown in Fig. 6.2 (d) for the Bragg PLSC and the LSC, along with
its ratio of PLSC to LSC for comparison. In the PLSC, the integrated absorptance
is enhanced over the LSC by up to 50% for a few dye-doped layers. To absorb
significant fractions of the incident light, however, more than 100 dye-doped layers
are needed in both systems. For this many layers, the integrated absorptance of
PLSC and LSC become similar as the enhancement below the band edge saturates
and it is compensated by the LSC’s absorptance tail at λi > 590 nm.
To conclude, several hundred dye-doped layers would be necessary to absorb

most of the incident light, which is challenging for the fabrication of such stacks.
For this many layers the enhanced absorption of the PLSC saturates and ap-
proaches similar values as corresponding LSCs. The improvements of the PLSC
with regard to emission and light guiding, however, are still beneficial to the overall
performance, even without additional enhancement of absorption.

Oblique incidence of light

In contrast to other concentrating photovoltaic technologies that work with mir-
rors or lenses, one advantage of LSCs is that they can concentrate not only direct
(normal incidence) but also diffuse radiation with no need for tracking. In con-
ventional LSCs light with all angles of incidence can enter the concentrator to be
absorbed. The reflectance at the surface, which is defined by the Fresnel equations,
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Figure 6.3: As the reflectance of the Bragg stack shifts with oblique incident angles to
shorter wavelengths, less light can be absorbed inside the structure as depicted in (a). The
spectrally integrated absorptance shown in (b) reveals this decrease for the PLSC while
the angular absorptance of the LSC is relatively constant for most angles. The reduced
absorptance of the PLSC at oblique angles of incidence may be over-compensated by the
enhancement at near-normal angles, depending on the specific application scenario.

increases only slowly with larger angles of incidence.
In the PLSC, however, the reflectance strongly depends on the incident angle:

the broad reflection peak resulting from the band gap of the Bragg stack shifts to
shorter wavelengths for oblique incident angles. Accordingly, high reflectance oc-
curs at wavelengths where the dye absorbs, which in turn reduces the absorptance
at oblique incidence angle, as shown in Fig. 6.3 (a).
To investigate the angular dependence in detail, the absorptance of the Bragg

stack from Fig. 6.2 (a) with m = 20 dye-doped layers was calculated for inci-
dent angles from 0–89◦ and compared to the corresponding LSC slab. As in the
previous section, the absorptance was spectrally integrated from 400–600 nm and
normalized to the maximum integrated absorptance. As shown in Fig. 6.3 (b),
the integrated absorptance of the PLSC is enhanced by 40% for normal inci-
dence (φi = 0◦). For increasing angles of incident the absorptance decreases until
φi = 60◦. For even larger angles the PLSC’s absorptance recovers slightly as the
reflection peak has passed the wavelengths of strongest absorption.
The amount of absorbed light in the LSC is more or less constant for angles

up to ca. 80◦, as the increase in reflection of s-polarized light is compensated by
the reduced reflection near the Brewster angle for the p-polarized fraction of the
incident light. In theory, the absorptance of a “thick” i.e. incoherently treated
LSC is maximum for normal incidence but with a very shallow decrease to larger
angles. Due to the microscopic LSC slab thickness in this calculation, however,
interference effects increase the absorptance slightly at oblique incidence over the
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6.1 Modeling results for multilayer structures

value of normal incidence, resulting in the maximum absorptance around 60–70◦.
The reduced absorptance of the PLSC at large incident angles may be over-

compensated by the enhancement at near-normal angles at which typically most
energy from the sun is received on earth (around noon). To quantitatively calcu-
late the impact of the angular dependence of absorptance on the performance of
a (non-tracked) (P)LSC system, however, detailed knowledge about the specific
application scenario is necessary, such as the geographic location and how the
(P)LSC “module” is mounted.

6.1.2 Overall concentrator performance

In Chapter 5, the influence of the photonic crystal on the emission was studied
in detail. Most importantly for the LSC application, the emitted spectrum, the
fluorescence quantum yield and the light guiding efficiency are affected as a result
of an altered LDOS. Furthermore, as seen in the previous section, the absorption
of incident light is changed in PLSCs. To predict the overall influence of all these
individual effects on the performance of the concentrator, I propose a model for
the device performance combining the different mechanisms.1
Similarly to Ref. 13, the path of an incident photon through the concentrator is

modeled as a chain of probabilities, as shown in Fig. 6.4. This way, the concentrator
quantum yield η (CQY), i.e. the probability that a photon incident on the device
reaches the edge face, can be calculated. The CQY is a quantity that is also
accessible in measurements using the optical characterization methods introduced
in Sec. 4.3.1.
First, an incident photon with wavelength λi needs to be absorbed in the con-

centrator by a dye molecule, which is described by the probability pabs(λi). This
probability is given by the absorptance as calculated in the previous section and
it depends on the exact PLSC configuration. In the following, I analyze the PLSC
structure depicted in Fig. 6.1 (a) that corresponds to the fabricated structures
from spin coating.
If an incident photon has been absorbed, the dye emits a red-shifted photon with

a certain probability that is given by the dye’s PLQY Φ. If a photon is emitted,
it may be trapped and guided inside the concentrator with the probability pg,
which is determined by the spectral average of the light guiding efficiency σ(λ),
weighted with the spectral distribution g(λ) of the emitted light:

pg =
∫
g(λ)σ(λ)dλ∫
g(λ)dλ . (6.1)

A guided photon faces a certain probability to be reabsorbed on its path through
the concentrator to the edge face. If reabsorbed, the photon is fed back in the
1Parts of this section are adopted from one of my publications, Ref. 188.
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Figure 6.4: The overall concentrator performance is modeled as a chain of probabilities:
an incident photon needs to be absorbed, subsequently emitted and guided to reach the
edge face. Depending on the concentrator size, photons may be reabsorbed on the path
to the edge with a certain probability, which is implemented as a feedback loop back to
the emission process.

probability chain to the point of emission, as indicated in Fig. 6.4. This reab-
sorption probability pra(ζLeff) is the average of a spectral reabsorption probability
pra,s(λ, ζLeff), weighted with the spectral distribution of the guided light that is
given by g(λ)σ(λ). Thus,

pra(ζLeff) =
∫
g(λ)σ(λ) pra,s(λ, ζLeff)dλ∫

g(λ)σ(λ)dλ . (6.2)

The phenomenon of reabsorption is quite complex to model. To account for the
positions of reabsorption events, often methods like monte-carlo ray-tracing are
employed [146]. For a simplified treatment here, an analytical approach is used
to estimate the spectral reabsorption probability based on the Lambert-Beer ab-
sorption law:

pra,s(λ, ζLeff) = 1− e−ε(λ)ζLeff , (6.3)

where ε(λ) is the dye’s extinction coefficient, ζ is the dye concentration, and the
“effective length” Leff models the path length to the edge face. This effective length
is related to the actual concentrator dimensions and thus allows investigating the
influence of the LSC size qualitatively. Absolute values, however, depend on the
specific LSC system geometry (e.g. how the solar cells are placed). Furthermore,
Leff needs to be considered for different spatial positions (similar to the treatment
in Ref. 56) and one needs to account for possible reabsorption events at other
positions (with subsequent emission).
The overall concentrator quantum yield η can be obtained from the individual
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6.1 Modeling results for multilayer structures

probabilities by adding up the different contributions resulting from the reabsorp-
tion loop:

η(λi, ζLeff) = pabs(λi){Φ pg [1− pra(ζLeff)]
+ pra(ζLeff) Φ pg [1− pra(ζLeff)]
+ p2

ra(ζLeff) Φ pg [1− pra(ζLeff)],
+ . . . }, (6.4)

which is a geometric series and can thus be written as

η(λi, ζLeff) = pabs(λi)
Φ pg [1− pra(ζLeff)]

Φ pg pra(ζLeff)︸ ︷︷ ︸
pcol(ζLeff)

= pabs(λi) pcol(ζLeff), (6.5)

where the collection probability pcol(ζLeff) summarizes the emission-related prob-
abilities. This collection probability states the ratio of the number of photons
reaching the edges to number of absorbed photons. It is determined only by the
photonic crystal’s LDOS and the undisturbed properties of the dye g0(λ) and Φ0.

Spatially resolved probabilities and averaging

When calculating the collection probability in the PLSC, it needs to be con-
sidered that both absorption and emission depend on the exact position of an
emitter. The PLQY, the LGE, the emission spectrum, and therefore also the re-
absorption probability are derived from the (F)LDOS. Therefore, these quantities
depend on the emitter position r in the layer. The local probabilities Φ(r), pg(r),
pra(ζLeff, r), and the resulting pcol(ζLeff, r) are shown in Fig. 6.5 (c), (d), (e), and
(b), respectively. While the individual Φ(r), pg(r), and pra(ζLeff, r) show differ-
ent variations with r in strength and curvature, the combined overall collection
probability pcol(ζLeff, r) is clearly enhanced for emitter positions in the center of
the layer.
Light is emitted where it is absorbed. The local absorptance of incident light

was studied in detail in the beginning of Sec. 6.1.1 for the PLSC structure con-
sidered here. Consequently, a spatial resolved absorption distribution wabs(r) was
calculated by averaging the local absorptance over all wavelengths and layers from
Fig. 6.1 (d), resulting in the curve shown in Fig. 6.5 (a). Beneficially for the con-
centrator performance, light is absorbed most likely in the center of a dye-doped
layer, where also emitted light is collected most efficiently. Besides the local ab-
sorption of incident light, dye molecules are also excited from reabsorption of
emitted light. The spatial distribution of excitation through reabsorption was not
studied in detail and assumed to be similar to wabs(r).
Given the local collection probability pcol(ζLeff, r) and the local absorption dis-

tribution wabs(r), the average collection probability pcol(ζLeff) was calculated as
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6 Effect on concentrator performance

0.5 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.72 0.76 0.98 0.99 0.88 0.90 0.60 0.62R
el
.p

os
iti
on

in
dy

e
la
ye
r

pcol(ζLeff, r) Φ(r) pg(r) pra(ζLeff, r)wabs(r)
(ζLeff = 1 w%cm)(ζLeff = 1 w%cm)

(a) (b) (c) (d) (e)

Figure 6.5: (a) The local distribution of absorption wabs(r) obtained from the local
absorptance calculation in Fig. 6.1 is enhanced in the center of the layers. As they are de-
rived from the (F)LDOS, the emission-related probabilities depend of the emitter position
r, as shown in (c), (d), and (e). The resulting local collection probability pcol(ζLeff, r) is
also increased in the center, as shown in (b). As light is emitted only where it is absorbed,
the local absorption distribution wabs(r) was used as weights to average pcol.

a weighted average, where the weights were given by wabs(r). In the case of no
reabsorption (ζLeff = 0), pcol(0) = 0.883 was obtained for the PLSC, i.e. 88.3%
of the absorbed photons can be guided to the edge faces in this case. The corre-
sponding collection probability of a conventional LSC is simply the product of the
dye’s PLQY (Φ0 = 98%) and the LGE due to TIR (74.5%), thus pcol(0) = 0.730.
From these numbers, one can see that the losses from non-radiative processes

and due to the escape cone are strongly reduced by 56.7% in the PLSC. This
result is in accordance with the calculated reduction in the escape cone loss by
60% from the angular resolved surface PL study (see Sec. 5.1.4), which however
did not account for the locally different absorption and the changes in PLQY.

Reabsorption

To illustrate the impact of reabsorption, Fig. 6.6 (a) shows the spectral reab-
sorption probability pra,s(λ, ζLeff) for selected values of ζLeff. The higher the dye
concentration or the larger the concentrator dimensions, the higher the spectral
reabsorption probability and its overlap with the emission spectrum. Thus, the
reabsorbed fraction of the emitted light and therefore the corresponding reabsorp-
tion probability pra(ζLeff) increase with ζLeff.
As one result, the collection probability decreases with ζLeff as discussed in the

following section. Note, however, that reabsorption itself is not a loss mechanism:
photons may be lost by not being emitted or by emission into non-guided modes,
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6.1 Modeling results for multilayer structures
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Figure 6.6: (a) With larger values of ζLeff, i.e. larger concentrator dimensions, the
spectral reabsorption probability pra,s(λ, ζLeff) increases. (b) As a result, the spectral dis-
tribution of the light reaching the concentrator’s edge face depends on ζLeff: with increas-
ing reabsorption, i.e. ζLeff, the short-wavelength part of the original emission spectrum
vanishes. This effect is well-known from experiments.

but part of the reabsorbed light can still contribute to the overall CQY.
As a second result, the spectral shape of the light reaching the concentrator’s

edge face can be strongly altered. Given by the product g(λ)σ(λ) pra,s(λ, ζLeff),
the resulting spectrum is shown for three ζLeff-values in Fig. 6.6 (b). To compare
the spectral shapes, the spectra were normalized to one at λ = 700 nm, as were
the experimental results in Sec. 5.2.3. With increasing ζLeff, the short-wavelength
part of the emission spectrum vanishes. This well-known effect (see e.g. Ref. 18)
is similar to the experimentally observed spectra from the sample’s edge faces
(Fig. 5.13), which supports the hypothesis of reabsorption effects discussed in
that section.

Collection probability

To show the influence of the photonic crystal on the emission process and light
guiding, the collection probability pcol is plotted in Fig. 6.7 (a) as a function of the
effective path length ζLeff for a comparison of the LSC and PLSC independent of
the exact concentrator dimensions. In the regime with no relevant reabsorption
(ζLeff < 10−4 w%cm) the collection probability is limited by the corresponding
PLQY and LGE as mentioned above. Mainly due to the enhanced LGE the escape
cone losses in the PLSC are reduced by 60% compared to the conventional LSC.
In the application relevant regime with ζLeff >> 10−2 w%cm (a typical dye

concentration of 0.01 w%cm [51] and LSC sizes of 100 cm yield ζLeff ≈ 1 w%cm)
the collection probability decreases with ζLeff for both LSC and PLSC due to
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6 Effect on concentrator performance

(a) Collection probability vs. ζLeff (b) Collection probability as a
function of the Bragg unit cell size a
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Figure 6.7: (a) The collection probability pcol decreases for both PLSC and LSC with
increasing effective path length ζLeff, i.e. device dimensions, due to reabsorption. Mainly
due to the enhanced light guiding efficiency, however, pcol is strongly increased for the
PLSC by more than 50% for application-relevant device dimensions. For the PLSC, the
green-shaded region marks the minimum and maximum values for all emitter positions
r, where the drawn line represents the absorption-weighted averaged pcol(ζLeff). (b) To
optimize the overall performance of the PLSC, pcol(ζLeff) was evaluated for different unit
cell sizes a of the Bragg stack. The maximum collection efficiency for the LR dye was
found for a = 189 nm (λdesign = 645 nm), independent of ζLeff.

increasing reabsorption losses. As in the PLSC part of the emitted light is redis-
tributed to longer wavelengths (see Fig. 5.2) that are less prone to reabsorption,
the decrease in pcol is not exactly as steep as in the conventional LSC.
More importantly, however, the absolute values of the collection probability are

strongly enhanced for the PLSC. For relevant concentrator dimensions (ζLeff >
1 w%cm), pcol is increased by 50% and more compared to a conventional LSC.
The LDOS of the Bragg stack and thus the effects on the emission spectrum,

PLQY, and LGE can be spectrally shifted by tuning the unit cell size a. Therefore,
also the probabilities Φ, pg, and pra(ζLeff) depend on this parameter a. To optimize
the overall performance, the collection probability pcol(ζLeff) of the PLSC was
evaluated for values of a from 150–230 nm, as shown in Fig. 6.7 (b). The maximum
collection efficiency for the LR dye was found for a = 189 nm independent of ζLeff,
which corresponds to λdesign = 645 nm. Interestingly, for this value of a the lower-
frequency band edge and thus the transition wavelength from transmission to
reflection of the Bragg stack coincides with the crossing of the dye’s absorption and
emission spectra. Thus incident light can be transmitted and absorbed effectively,
although the absorptance was not considered in the optimization with regard
to pcol. This optimized unit cell size was used for the target thicknesses of the
fabricated samples and also for all calculations presented in this work.
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6.1 Modeling results for multilayer structures

Concentrator quantum yield

Combining the results of the collection probability pcol(ζLeff) with the absorption
probability pabs(λi) (from Fig. 6.1 (c)), the concentrator quantum yield (η) is
shown in Fig. 6.8 for an example value of ζLeff = 1 w%cm. The CQY follows the
absorptance spectrum and is strongly increased in the PLSC for the whole spectral
range due to both absorption enhancement and the higher collection probability.
Considering the solar spectrum, maximum currents of 0.312 mA/cm2 (LSC)

and 0.654 mA/cm2 (PLSC) can be obtained from these systems assuming ideal
solar cells (external quantum yield of one). Thus, the system efficiency would be
2.1-times larger for the PLSC than for a conventional LSC.
The absolute values of the CQY and the potential currents, however, are rather

low due to the low absorptance of the PLSC studied here with only 10 dye-
doped layers. The absorptance and thus the CQY can be increased with more dye-
doped layers, as shown in Sec. 6.1.1. Note, that even if the advantage of increased
absorption vanishes for large numbers of dye layers or for oblique incidence, the
enhancement in collection efficiency pcol(ζLeff) is still maintained. The collection
efficiency is determined only by the LDOS of the ideal Bragg stack and the dye,
independent of the specific realization (number of layers, λdesign/8-layers, etc.).
To conclude, the collection of absorbed photons in the PLSC is strongly en-

hanced based on the proposed device model, mainly due to the better light guid-
ing efficiency. Additionally, the absorptance is typically increased especially near
the band edge at 590 nm as the energy of the incident fields concentrates in the
dye-doped layers. These two beneficial influences can improve the concentrator
quantum yield drastically.

400 500 600
0.0

0.1

0.2

0.3

0

1

2

3

4

5

PLSC

LSC

(ζLeff = 1 w%cm)

Sun spectrum

Incident wavelength, λi [nm]C
on

ce
nt
ra
to
r
qu

an
tu
m

yi
el
d

Ph
ot
on

flu
x
[1

018
/m

2 s
nm

]

Figure 6.8: The concentrator quantum yield of the PLSC is strongly enhanced over
the conventional LSC due to enhancements in both absorption and collection probability.
Here, results for the PLSC model from Fig. 6.1 (c) are shown with ζLeff = 1 w%. The
potential system efficiency of the PLSC is 2.1-times larger than for the conventional LSC.
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6 Effect on concentrator performance

6.2 Experimental results
To study the concentrator performance in experiments, the absorptance of inci-
dent light and the concentrator quantum yield of both the fabricated multilayer
and opal samples were assessed, using the optical characterization methods from
Sec. 4.3.1.

6.2.1 Multilayer structures

For the multilayer structures, the LSC, TSR, and PLSC samples from both fab-
rication methods (spin coating and bonding of filters) were characterized. For the
exact structure and composition of these samples please refer to Fig. 5.6 and the
first part of Sec. 5.2.

Spin coated multilayer structures

The absorptance of the multilayer samples fabricated using the spin coating ap-
proach is shown in Fig. 6.9 (a). The PLSC sample features significant absorption
of incident light with up to 20%. The shape of the absorptance spectrum exhibit
the characteristic distortions of the dye’s original absorption spectrum due to
parasitic reflection of incident light and local field enhancements, similar to the
calculations (Fig. 6.1). Although the peaks are not as pronounced as calculated
(most likely due to non-ideal layer thicknesses of the fabricated structures), the
absorption is clearly enhanced over the calculated absorptance of an LSC with
the same amount of dye shown in Fig. 6.1 (c).
The experimentally fabricated LSC, however, features only a very small ab-

sorptance, due to the very thin dye-doped layer (10-times thinner than the total
thickness of all dye-doped layers of the PLSC). For the TSR sample with the
same thin dye layer, no significant absorptance can be identified as well. Instead,
its absorptance curve is heavily distorted: the waviness is a result of adding and
subtracting the measurements of the diffuse and total reflectance and the spec-
ular transmittance, although angular corrections were applied (cf. Sec. 4.3.1).
Furthermore, the curve features an offset that may be caused by broad-band par-
asitic absorption. More likely, however, the offset results from the uncertainty of
the measurement method (stated with 1% absolute, for each individual measure-
ment). This result reveals the weakness of the optical characterization method in
accurately measuring weakly absorbing samples that feature strong spectral and
angular dependence of their optical properties.
The extracted concentrator quantum yield of the three samples is shown in

Fig. 6.9 (b). For the LSC sample, no significant amount of guided light was mea-
sured, which is due to the very low absorptance of the sample.
For the same reason, no CQY can be identified in the TSR. Instead, the resulting

curve slightly oscillated as a result of superposition of the results of the three dif-
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(a) Absorptance of spin coating samples (b) Measured concentrator quantum yield
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Figure 6.9: (a) Absorptance measurements of the spin coating samples show an ab-
sorptance of the PLSC similar than in calculations. In contrast, no significant absorption
of incident light could be identified for the LSC and TSR sample that contain 10-times
less dye than the PLSC. The TSR measurement furthermore revealed weaknesses of the
characterization method for weakly absorbing samples with strong spectral and angular
dependence of their optical properties. (b) Accordingly, only for the PLSC reasonable con-
centrator quantum yield was obtained. Negative values of the CQY, especially in regions
of high reflectance, are unphysical measurement artifacts as discussed in the text.

ferent measurement configuration (center-mount, reflectance and transmittance),
although the different measurement angles were corrected for. Furthermore, the
TSR’s CQY drops to negative values that are unphysical. These negative values oc-
cur at wavelengths from 600 nm onwards where the sample is highly reflective. For
these wavelengths the center-mount measurement drops by some percent points
from the expected value at 100% although no absorption should occur at these
wavelengths. The reason for this drop is presumably out-coupling of specularly
reflected light through a port of the integrating sphere, even though the samples
were tilted by 8◦ with respect to the incident beam. In a detailed study, strongly
different measurement results for the highly reflective wavelengths were found for
multiple measurement of the same sample that was each time dismounted and
re-mounted in the sample holder. Thus, only slight differences in mounting (an-
gle) cause large uncertainties of the center-mount measurement for wavelengths,
where a sample features high specular reflectance.
The PLSC features a significant CQY that qualitatively follows its absorptance.

With the peak value of 7%, a collection probability (ratio of CQY to absorptance)
of roughly 7/20 = 35% was obtained. In contrast to the enhancement in calcula-
tions, this value is lower than the values of around 50% obtained for samples with
same dimensions in the dye concentration study (see Fig. 4.3 (d)).
This deviation can have several reasons. First, the light guiding efficiency in

the fabricated sample could be lower than calculated: the LDOS effect may not
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6 Effect on concentrator performance

100 µm

Figure 6.10: Fluorescence micrograph of the spin coated PLSC sample. The fluorescence
signal was strongly increased along cracks in top layers of the stack. Originating from
mechanical stress in the layers during tempering, guided light may scatter at these cracks
and exit the PLSC, thus reducing the CQY.

be fully established due to finite size of the structure, especially in the outer
dye-doped layers.
Second, the light guiding efficiency could be reduced by imperfections of the

fabricated sample. For a detailed investigation, the PLSC sample was examined
using a fluorescence microscope, where the sample is excited with short-wavelength
light and only the filtered fluorescence is detected.2 Indeed, cracks in top layers of
the spin coated PLSC were found, along which the fluorescence signal was strongly
increased, as shown in Fig. 6.10. These cracks might originate from mechanical
stress in the different layers during tempering, as discussed in Sec. 4.1.1. Although
the cracks occur at a scale of several hundred µm (much less dense as in the opal
samples), guided light may scatter at these cracks and exit the PLSC. While the
results from the integrated surface PL (see Fig. 5.12 (c)) indicate that on the
way to the edges no significant amount light is lost, the out-coupling of guided
light at the cracks could explain the large amount of light detected in the angular
resolved surface PL as well as the reduced collection probability obtained here.
The exact amount of light lost due to the cracks, however, cannot be quantified
by this means.
Third, the collection probability of only 35% could be a result of reabsorption

in the PLSC that is stronger than expected. This explanation is supported by the
reabsorption indicated in the edge PL measurements (see Fig. 5.13 (c)).
Additionally to these fundamental reasons, the relatively low collection proba-

2The microscope Axio Imager.A2 Vario from Zeiss was used, equipped with the HXP120C light
source (mercury short-arc lamp). Using the filter set FS09 from Zeiss, samples were excited
with λ = 450–490 nm while only light with λ > 515 nm was detected by a monochromatic
camera.
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6.2 Experimental results

bility may be caused by the inaccuracy of the measurement method, which is also
apparent in the negative values of CQY that are unphysical and result from the
measurement artifacts as explained above for the TSR sample.
In conclusion, these measurements revealed the weaknesses of the optical char-

acterization method, especially for weakly absorbing samples with strong spectral
and angular dependence of their optical properties and high specular reflectance
in the center-mount configuration. For the PLSC, however, a significant amount
of incident light was absorbed and guided to the concentrator edge faces, demon-
strating the desired functionality.
More reliable quantitative results, especially regarding possible enhancements

in collection probability, require further investigations. On one hand, crack-free
samples containing much more dye molecules could be fabricated, similar to the
simulated stacks from Fig. 6.2 (a). To achieve this, the spin coating process needs
to be optimized for reproducibility and layer quality, and partly automated to
deposit hundreds of single layers efficiently. On the other hand, the characteriza-
tion method could be improved, for example by modifying the spectrophotometer
setup for spectral resolved detection. Alternatively, samples could be connected to
solar cells for electrical characterization, which, however, would introduce other
measurement uncertainties due to the optical coupling and non-homogeneous solar
cell characteristics.

Bonded IBS filters

The measurement results for the absorptance and the concentrator quantum yield
of the samples fabricated by bonding of the IBS filters are presented in Fig. 6.11.
For all samples, significant absorptance and light guiding was obtained.
The absorptance in the PLSC follows the one of the LSC sample. Although

the PLSC contains twice as much dye as the LSC, the absolute values of the
absorptance are comparable. The PLSC, however features strong spectral oscil-
lations although the individual measurements were corrected for their tilt angle.
The absorptance of the TSR sample also follows the shape of the other samples’
spectrum, but with slightly lower absolute values. Overall, the measurements yield
low absolute values with potentially large measurement uncertainties, as discussed
above. The uncertainty is for example visible in the small offsets of the spectra
for wavelengths from 600–700 nm, where no absorptance should occur.
The concentrator quantum yield of the samples follows the absorptance curves:

PLSC and LSC are comparable while the TSR lies slightly lower. As in the mea-
surements of the spin coating samples, the extracted CQY of PLSC and TSR
drops to negative values due to artifacts in the center-mount measurements.
Overall, the results indicate neither an increase nor a decrease in the collection

probability (i.e. the ratio of CQY to absorptance) of PLSC and TSR compared
to the conventional LSC. The reliability of the absolute values, however, is lim-
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Figure 6.11: For all bonded samples, significant amounts of incident light were absorbed
and guided to the edge faces: (a) the absorptances of PLSC and LSC are comparable while
the TSR’s curve lies slightly below. The concentrator quantum yield in (b) follows the
absorptance curves of the samples, indicating similar collection probabilities of PLSC,
TSR, and conventional LSC. The reliability of the absolute values, however, is limited
due to the measurement uncertainties of the optical characterization method.

ited due to the uncertainties of the measurement method. Samples containing
much more dye would help to quantitatively study absorptance, CQY and thus
the possible enhancement in collection probability. The dye concentration, how-
ever, should not be increased to avoid self-quenching of the luminescence (see
Sec. 4.1.1). Increasing the thickness of the dye-doped bonding layer, on the other
hand, decreases the LDOS effect on emission as show in the simulations in my pub-
lication in Ref. 171. Therefore, the bonding approach is not suitable to fabricate
PLSCs with large absorptance.

6.2.2 Opal structures

The absorptance of incident light as well as the concentrator quantum yield were
obtained for the opal PLSCs fabricated using dip coating, spin coating, and evap-
oration (see Sec. 4.2). Due to the large diffuse reflectance and transmittance of
the opals, the absorptance was calculated from A(λi) = 1− C(λi) (instead of the
specular parts of reflectance and transmittance).
The obtained absorptance and CQY are shown in Fig. 6.12 (a), (b), and (c)

for a dip coated sample, a spin coated sample, and a sample from evaporation,
respectively. All samples absorb a significant amount of the incident light. The
opal from the evaporation process absorbs more than 60%, which is considerably
more than the dip and spin coated samples, corresponding to the opaqueness of the
samples from visual inspection. This difference can be attributed to the different
thicknesses of the films, as discussed in Sec. 4.2. While the spectral shape of
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6.2 Experimental results

the absorptance of dip and spin coated samples is similar to the Rhodamine B
extinction spectrum, the large amount of dye in the relatively thick sample from
evaporation leads to saturation of the absorptance from 500–600 nm.
All samples feature a broad band elevated CQY, even apart from the spectral

range of absorption. This offset is likely to be caused by scattering of incident
light to the sample’s edge faces. This effect was also observed in measurements of
undoped opals (not shown here). Furthermore, artifacts of the optical measure-
ment method also contribute to the CQY curve, for example in form of the dip
at λi = 590 nm: as discussed above for the multilayer samples, the CQY signal
drops at these wavelengths of high specular reflectance (cf. Fig. 4.11 (b)) due to

(c) Opal PLSC from evaporation (d) Fluorescence micrograph of evap. opal

(a) Dip coated opal PLSC (b) Spin coated opal PLSC
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Figure 6.12: The opal PLSCs from dip coating, spin coating and evaporation were
optically characterized to obtain the absorptance and CQY, as shown in (a)–(c). Although
the samples absorb large fractions of the incident light, only little light guiding was found
to originate from fluorescence. This poor performance was attributed to the unwanted out-
coupling of guided light at the films’ drying cracks, where strongly increased fluorescence
signals were found, as shown in (d) for the opal from evaporation.
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6 Effect on concentrator performance

unintentional out-coupling of reflected light in the center-mount measurement.
Additionally, the measurement spots on a sample varied slightly between the dif-
ferent measurement configurations due to manual mounting. As the films are not
perfectly homogeneous, additional measurement errors might be introduced by
adding and subtracting the optical properties of not exactly the same spots.
A contribution to the CQY due to absorption of incident light and subsequent

emission and light guiding, however, should follow the spectral shape of the ab-
sorptance. For the dip coated and the spin coated samples a characteristic peak
is observed that indicates a certain amount of light guiding through fluorescence.
The absolute values of the CQY and the resulting collection probability (i.e. η/A),
however, are rather small and cannot compete with conventional LSCs, although
large absorptances were achieved.
This poor performance cannot be explained only with the a slightly reduced

PLQY and LGE in theory, as calculated in Sec. 5.1.2 and 5.1.3. The drying cracks
of the opal film discussed in Sec. 4.2 were therefore investigated using fluorescence
microscopy.3 For all opal samples, strongly increased fluorescence signals were
found at the edges of the cracks, as shown in Fig. 6.12 (d) for the sample from
evaporation as an example. This observation indicates that at these cracks light,
which was guided within the grains, exits the PLSC and is thus lost.
Although the fabrication processes were optimized to reduce the crack density,

they could not be totally avoided. As discussed in the end of Sec. 4.2, even more
sophisticated fabrication approaches reported in literature yield these defects.
As also the theoretical calculations indicated no improvements over conventional
LSCs, the concept of opal PLSCs does not seem to be suitable for the intended
application.

3For details of the experimental setup see Footnote 2 on p. 126
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Chapter 7

Conclusion and outlook

In this work, I have investigated the concept of a photonic luminescent solar con-
centrator (PLSC), in which the luminescent material is embedded in a photonic
crystal. I have studied the influence of the surrounding environment on the emis-
sion of light and demonstrated that the dominant loss mechanisms of conventional
luminescent solar concentrators (LSC) can be mitigated: the shape of the emission
spectrum can be tailored to reduce reabsorption, the light guiding efficiency can
be strongly improved through directional redistribution of emission, and enhanced
radiative emission rates lead to an increase in photoluminescence quantum yield
(PLQY). In particular, the 1D-periodic Bragg stack and the 3D-periodic opal were
investigated in detail.
Based on the fundamental physics of photonic crystals and light-matter in-

teraction, I developed theoretical methods to quantitatively model the relevant
processes of absorption and emission. It was shown how changes in the local den-
sity of photon states (LDOS) induced by the photonic environment modify the
spectral distribution of the emitted light, the PLQY, and the excited state life-
time of a certain fluorescent species. Moreover, I demonstrated that it is important
to consider certain subsets of all modes: for example only those modes that can
escape from an (P)LSC, or those modes that can be detected in a specific mea-
surement setup. By introducing a fractional LDOS (FLDOS) for these subsets, the
guided fraction of the emitted light (the light guiding efficiency), and the detected
emission in angular resolved photoluminescence measurements can be modeled.
The calculations revealed that both Bragg stack and opal feature only relatively

small variations in the LDOS of ca. 10% around their incomplete band gaps due to
the weak refractive index contrasts. This in turn results in rather small changes in
the PLQY, and in only little spectral redistribution: a small part of the emitted
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light is shifted to longer wavelengths, which slightly reduces the probability of
reabsorption in PLSCs.
More important, however, is the directional redistribution of the emitted light

from lossy modes, which can escape from the concentrator, to modes that are
guided within the structure: similar to total internal reflection in classic optics,
these modes are guided due to the fundamental behavior of light at interfaces. In
this understanding, light guiding is independent of the path length to the edges
and thus of the concentrator size.
For the opal, the calculations revealed that light guiding is less efficient than in

conventional LSCs because of the smaller effective refractive index and because of
out-coupling of light at the structured surface due to diffraction (cf. Sec. 5.1.3).
Moreover, the fabrication of defect-free opals was found to be challenging. For
these reasons, advanced investigations were focused on the Bragg stack.
The theoretical results for the Bragg stack are very promising: as its band

gap points in the direction of the classical escape cone, emission is effectively
suppressed in this direction. Accordingly, a strong improvement in light guiding
efficiency was obtained when the emission spectrum overlaps with the band gap:
for the investigated Bragg stack with refractive indices nlo = 1.5, nhi = 2 and the
dye Lumogen F Red 305, the escape cone loss was reduced by 60% compared to
a conventional LSC.
Using simulations, I have demonstrated that this gain in light guiding efficiency

does not come at the cost of worse absorption of incident light. In fact, typical
Bragg stacks absorb up to 50% more incident light than conventional LSCs that
contain the same amount of dye. The reason for the absorption enhancement is
the local concentration of the incident field’s energy in the low-refractive-index
layers, where the dye is located.
To predict the overall influence of these different effects on the performance of

the concentrator, I proposed a device model that also considers reabsorption. Due
to the small spectral redistribution of emission, the Bragg stack PLSC suffers from
reabsorption only slightly less than a conventional LSC. Because of the strongly
enhanced light guiding efficiency, however, the probability for emitted photons to
reach the edge faces is increased by more than 50% for application-relevant device
dimensions. Combined with the enhancement in absorption, the system efficiency
of a typical Bragg stack PLSC was estimated to be 2.1-times larger than that of
a comparable LSC.
To compare the calculations with experiments, novel fabrication methods were

developed to realize photonic crystals with an embedded fluorescent dye. By opti-
mizing a spin coating process of alternating titania and partly dye-doped PMMA
layers, Bragg stacks with up to 29 layers and a peak reflectance of 98.9% were
obtained. As as alternative approach, high-quality thin film filters from ion beam
sputtering were bonded using a dye-doped intermediate layer. To obtain opals
of PMMA colloids that contain luminescent material, different self-assembly pro-
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cesses were evaluated, aiming at a reduction of detrimental cracks that originate
from the drying of the solvent. At these cracks, parasitic out-coupling of guided
light was found, resulting in a poor performance of opal PLSCs.
Consequently, the detailed characterization was focused on the promising Bragg

stack. To examine the emission characteristics of the embedded dye, a measure-
ment setup was developed to resolve the photoluminescence as a function of the
propagation direction. These angular resolved photoluminescence measurements
are sensitive to the spectral and directional redistribution induced by the photonic
crystal.
The measured emission escaping from the surface of the Bragg stack was found

to be in very good agreement with the calculations: in most directions of the
escape cone, emission was strongly reduced and redistributed in other directions.
The characterization of the light escaping from the edge faces confirmed that
this observation indeed results from suppression of emission in certain directions,
and is not caused by the filter behavior of the Bragg stack. This important finding
was further verified using reference samples, where the emission of the dye remains
undisturbed while Bragg stacks at the surfaces filter part of the out-coupled light.
It was shown that the Bragg stack’s LDOS is not fully established in the outer

PMMA layers due to boundary effects. This should be considered in the design of
PLSCs by embedding dye only in the inner layers. Furthermore, for the light that
was guided to the edge faces of the PLSC, difference between the calculations and
measurements were found at the short-wavelength part of the spectrum. These
deviations might be caused by under-estimated reabsorption losses in the Bragg
stack. This propagation-related aspect should be studied in detail in future work.
However, the very good overall agreement of the calculated and measured angu-
lar emission for the Bragg stack as well as for the reference structures provides
clear evidence of the photonic effects on fluorescent emission and confirms the
theoretical framework and the modeling methods developed in this work.
Using optical characterization, the absorption of incident light and the guiding

of the subsequently emitted light to the edge faces were demonstrated for the first
time in a PLSC, stating a proof-of-principle. The measured ratio of absorbed light
and guided emission, however, was found to be similar to that of a conventional
LSC. A reliable and exact determination of this collection probability and the
concentrator quantum yield in the experiments was however difficult due to the
relatively weak absorption of the samples and systematic uncertainties of the used
measurement setup.
To quantitatively investigate the theoretically predicted enhancement in con-

centrator performance and the effect of reabsorption, future work should focus on
the fabrication of samples with larger absorptance. As the dye concentration was
shown to be limited by self-quenching, more dye content can only be achieved
through multiple dye-doped layers, which in principle can be realized using the
proposed spin coating approach. However, hundreds of layers are necessary to ab-
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sorb most of the incident sunlight. The deposition of such a large number of layers
with precise and reliable control of the layer properties might require further op-
timization of the fabrication process. Additionally, for the intended use of PLSCs
for solar harvesting, the fabrication needs to be very cost-effective to be able to
compete with solar cells that are getting cheaper continuously. The fabrication
under these boundary conditions remains a challenging task for future work.
Apart from LSCs, the findings of this work can also be applied to many other

applications, in which one wants to influence the emission of light: triggered by this
work, our group at Fraunhofer ISE studied how the “upconversion” of sub-band-
gap photons can be improved through photonic effects to enhance the efficiency of
solar cells using Bragg-stack-like structures [124]. Furthermore, the unwanted ra-
diative recombination of charge carriers in solar cells can be partly suppressed with
the concept of a photonic solar cell, as also studied at Fraunhofer ISE [189, 190].
Beyond photovoltaics, this work can have an impact on applications such as dis-
tributed feedback lasers [81–87] and (organic) light emitting diodes [88–92], which
face the reverse problem of LSCs: how to couple out most of the emitted light?
More generally, the presented comprehensive theoretical treatment of controlling
the emission of light through photonic structures provides significant physical
understanding and insight in the field of light-matter interaction.
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A.1 Derivation of the wave equation
Maxwell’s equations for a non-magnetic (µr = 0), charge and current-free dielec-
tric with no material dispersion (ε 6= ε (ω)) read

∇ · (ε(r)E(r, t)) = 0, (A.1)
∇ ·H(r, t) = 0, (A.2)

∇×E(r, t) = −µ0
∂

∂t
H(r, t), (A.3)

∇×H(r, t) = ε0ε(r) ∂
∂t

E(r, t). (A.4)

With the ansatz of a harmonic time dependence of the fields

E (r, t) = E (r) e−iωt (A.5)
H (r, t) = H (r) e−iωt (A.6)

with frequency ω, Eqn. (A.1) and (A.2) yield

∇ · (ε(r)E(r)) = 0, (A.7)
∇ ·H(r) = 0, (A.8)

which means that there are no point sources or sinks of the magnetic and dis-
placement field [66].
Inserting the ansatz for the fields into Eq. (A.3), we obtain

e−iωt∇×E(r) = −µ0H(r) e−iωt(−iω)
⇔∇×E(r) = iωµ0H(r). (A.9)
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Inserting the ansatz into Eq. (A.4), dividing by ε(r), and taking the curl yields

∇×H(r) = −iωε0ε(r)E(r)

⇔∇× ( 1
ε(r)∇×H(r)) = −iωε0∇×E(r). (A.10)

Replacing ∇ × E(r) on the right hand side of this equation with Eq. (A.9), we
arrive at the wave equation of the H-field, the so-called master equation:

∇×
( 1
ε(r)∇×H(r)

)
= ω2ε0µ0H(r)

⇔∇×
( 1
ε(r)∇×H(r)

)
=
(
ω

c

)2
H(r) (A.11)

where we used 1/c = √ε0µ0.
This wave equation can be read as an eigenvalue problem

Θ̂H(r) =
(
ω

c

)2
H(r) (A.12)

with eigenvectors H (r) and corresponding eigenvalues (ω/c)2. The operator

Θ̂� = ∇×
( 1
ε(r)∇×�

)
(A.13)

is linear and Hermitian [66], like the Hamiltonian operator from quantum me-
chanics. As a consequence, several analogies exist between “real” crystals in solid
state physics and photonic crystals.

A.2 Definitions of polarization at interfaces and in
photonic crystals

In classic optics, the polarization of light is defined with respect to a certain inter-
face. For a plane wave incident on the interface, two cases are distinguished: when
the electric field vector E is aligned parallel to the interface, the wave is called TE
polarized (transverse electric), which is also denoted as s polarization (from the
german word senkrecht - perpendicular). In contrast, the TM (transverse mag-
netic) polarization is characterized by an interface-parallel magnetic field vector
H, also known as the p polarization (from parallel) [191].
In the field of photonic crystals, the polarization of light is defined differently:

the modes are separated based on mathematical symmetry considerations. Given
a 1D or 2D photonic crystal, the structure is uniform along one axis that is per-
pendicular to the plane of periodicity; let this axis be the z-axis. Accordingly,
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A.2 Definitions of polarization at interfaces and in photonic crystals

Classic definition
(w.r.t interface):

Definition in
photonic crystals:

k

E
H

Bragg stack

z y

x k

E
H

TE or s
(E ‖ interface)

TM (or s)
(E aligned in z)

TM or p
(H ‖ interface)

TE (or p)
(H aligned in z)

Figure A.1: There are different definitions of the polarization of light: classically, de-
pending on the orientation of the electric and magnetic fields E and H with respect to
a certain interface, waves are classified as transverse electric (TE) or transverse magnetic
(TM). In photonic crystal literature, these polarization are defined based on symmetry
considerations. In case of the Bragg stack as an example, the two definitions are contra-
dictory. The alternative notation of s and p polarization, however, is consistent and is
thus used in this work.

there are “odd” modes whose E field is aligned in z-direction, while the corre-
sponding H-field can have components in x and y. These modes are denoted as
TE polarized. On the other hand, so-called “even” modes feature an H-field only
in z-direction and an E-field in the x, y-plane, defining the TM polarization [66].
Lets compare the two definitions of polarization for the Bragg stack as an

example (1D photonic crystal). Considering the interfaces of the alternating layers,
modes can be separated in TE and TM modes according the classical definition
as illustrated in Fig. A.1. When applying the second definition from photonic
crystals literature, however, the same waves are assigned the opposite term TE
and TM. This reveals that the two different definitions of polarization - (a) at
interfaces and (b) in photonic crystals - are contradictory, which has to be kept
in mind.
In photonic crystals literature also the terminology of s and p polarization is

used. In contrast to the classic optics, s is assigned to TM-polarized light, and p
denotes the TE polarization [66]. As a result, the notation of s and p polarization
is consistent in classic optics and in photonic crystals. Consequently, this s and p
terminology was used in this work to avoid misconceptions.
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A.3 Fresnel equations

At the interface of two media, the reflected and transmitted fractions of light
are determined by the boundary conditions of the electromagnetic fields at the
interface. For the interface between two homogeneous materials, the tangential
field components are continuous [107]. Accordingly, the reflected and transmitted
electric field amplitudes Er, Et can be derived in form of the coefficients rs, rp
depending on the polarization (s or p), known as the Fresnel equations [191]:

rs = Er
Ei

= ni cosφi − nt cosφt
ni cosφi + nt cosφt

, (A.14)

ts = Et
Ei

= 2ni cosφi
ni cosφi + nt cosφt

(A.15)

for s-polarized light and

rp = Er
Ei

= nt cosφi − ni cosφt
nt cosφi + ni cosφt

, (A.16)

tp = Et
Ei

= 2ni cosφi
nt cosφi + ni cosφt

(A.17)

for p-polarized light. Here, Ei denotes the incident amplitude and the refractive
indices n and propagation angles φ correspond to the sketch in Fig. 2.1 (a).
Based on these equations, the fractions of reflected and transmitted power, the

reflectance R and the transmittance T , are given by

R = r2, (A.18)

T = nt cosφt
ni cosφi

t2 (A.19)

for both polarizations.
Note that R+ T = 1 (conservation of energy), while r + t 6= 1.

A.4 Effect of the LDOS on the line shape of
individual transitions

In Sec. 3.2.1, the effect of the LDOS on the emission spectrum is modeled as a
modulation of the spectral shape function g0(ω) with the LDOS ratio γ(r, ω) (see
Eq. (3.29)). The spectral shape function is basically the sum of numerous possible
transitions to the different vibrational (and rotational) levels of the ground state.
Depending on their frequency, some of these transitions may be enhanced by the
LDOS, others may be suppressed.
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In more detail, each individual transition has its own line shape function gl(ω).
For a discrete two-level system, the line shape function is proportional to [192]

Γ21/2
(ω − ω21 −∆21)2 + (Γ21/2)2 , (A.20)

where Γ21 and ω21 are the rate and frequency of the transition from excited state
2 to ground state 1, respectively. ∆21 describes the Lamb shift due to interaction
of the electron with the vacuum fluctuations.
Due to the finite lifetime of a transition, its linewidth is broadened as a result

of Heisenberg’s time-energy uncertainty principle. This effect is called natural or
lifetime broadening. Being defined as the full width at half maximum (FWHM)
of the line shape function, the linewidth ∆ω is given by Γ21 for this Lorentzian
function. As the photonic crystal changes the transition rate Γ21, the linewidth
∆ω is changed proportionally.
For the fluorescent dyes that were studied in this work, typical lifetimes are in

the range of several ns. Assuming τ = 1 ns and a quantum yield of Φ = 1, the
linewidth due to the natural broadening is ∆λ = 0.0002 nm for emission at λ0 =
600 nm. This is very small compared to the width of typical dye emission spectra,
which are in the range of 100 nm. Even for large suppression or enhancement
of a transition due to variations of the LDOS, the linewidth of the individual
transitions is still negligible compared to the emission spectrum width. Thus, this
effect can be neglected when calculating the influence of the photonic crystal on
fluorescent emission (spectral redistribution etc.).
Another influence on individual transition could arise from the Lamb shift ∆21,

which shifts the line shape function on the frequency axis. The classic Lamb
shift for the splitting of the 2S1/2 − 2P1/2 energy levels of the hydrogen atom
is about 1.06 GHz [193]. As the LDOS modifies the vacuum fluctuations, the
Lamb shift is also affected [194, 195]. The calculation of this effect in fluorescent
molecules is out out the scope of this work. However, compared to the width of
the emission spectrum, the change in Lamb shift ∆21 is expected to be negligible
(1 GHz corresponds to ∆λ = 0.0012 nm at λ0 = 600 nm).

A.5 Propagation of probability distributions
In this section, I derive the probability distribution of one quantity, which is a
function of a second variable for which the probability distribution is known. While
the result can be applied to arbitrary variables in different contexts, I present the
derivation for the incident and transmitted angles at an optical interface from a
higher to a lower refractive index as an example that I used in the calculations in
Sec. 3.3.3.
Thus, the probability distribution function fφt(φt) of the transmitted angle φt is

what we are looking for. The distribution of the angles φi incident on the optical
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interface is uniform when the light results from (2D) isotropic emission in this
higher refractive index medium. Therefore,

fφi(φi) = s, (A.21)

where s is constant.
The incident angles φi are translated into the transmitted angles φt with the

function h, which in this case is given by Snell’s law:

φt = h(φi) = sin−1
(
ni
nt

sin(φi)
)
, (A.22)

where ni and nt are the refractive indices of medium of incidence and transmission,
respectively (w.l.o.g. ni > nt).
Given that the function h is bijective, the probability p that φt lies between

φ1 and φ2 is equal to the probability that φi lies between h−1(φ1) and h−1(φ2).
Therefore,

p {φt ∈ [φ1, φ2]} = p
{
φi ∈

[
h−1(φ1), h−1(φ2)

]}
=
∫ h−1(φ2)

h−1(φ1)
fφi(φi) dφi. (A.23)

Using integration by substitution one obtains∫ h−1(φ2)

h−1(φ1)
fφi(φi) dφi =

∫ φ2

φ1
fφi(h−1(φt))×

(
h−1

)′
(φt) dφt, (A.24)

with
(
h−1)′ being the derivative of the inverse function of h with respect to φt.

Combining Eqs. (A.23) and (A.24), we find

p {φt ∈ [φ1, φ2]} =
∫ φ2

φ1
fφi(h−1(φt))×

(
h−1

)′
(φt)︸ ︷︷ ︸

fφt (φt)

dφt, (A.25)

where the probability density function of the transmitted light fφt(φt) can be
identified:

fφt(φt) = fφi(h−1(φt))×
(
h−1

)′
(φt). (A.26)

With fφi(φi) from isotropic emission (Eq. (A.21)) and inserting Snell’s law as
h (Eq. (A.22)), we find

fφt(φt) = s
nt
ni

cos(φt)√
1−

(
nt
ni

)2
sin(φt)

. (A.27)

If needed, fφt(φt) can be normalized by choosing an appropriate value of s. To
obtain

∫ 90◦
0◦ fφt(φt) dφt = 1, it should be set to s = 1/ sin−1(nt/ni).
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A.6 Multilayer structure with single dye-doped layer

A.6 Multilayer structure with single dye-doped layer

In Sec. 5.2.1, the angular resolved photoluminescence (PL) escaping from the con-
centrators’ surfaces was discussed. In experiments, the samples were characterized
from both the front and the back surface, which resulted in different measurement
results for the investigated Bragg stack PLSC. This observation was mainly at-
tributed to the structural asymmetry of this PLSC, where the inner 10 of the 14
PMMA layers were doped with the fluorescent dye. Accordingly, the LDOS in the
outer dye-doped layers is expected to be significantly influenced by the surround-
ing, i.e. by the air at the front and by the glass substrate at the back, respectively.
As a result, the emission towards the front and back surfaces can differ.
For a detailed experimental investigation of the deviations of the front and

back side measurements, additional samples were fabricated and characterized.
To examine the hypothesis that the dye in the outer dye-doped layers experiences
an LDOS distorted by the surrounding, only one PMMA layer in the center of
the stack was doped with the dye. This center layer has the largest distance to
the surrounding and is thus expected to be influenced only little. For comparison
also samples with 10 dye-doped layers (as before) were fabricated.
Unfortunately, the wavelength of peak reflectance of these additional samples

was slightly detuned by 20 nm from the optimum λdesign = 645 nm, thus not
perfectly matching with the dye spectrum. Although the light guiding efficiency
of these sample is therefore less than with optimum layer thicknesses, the emission
of the embedded dye is nevertheless strongly influenced by these structures, which
allows investigating the asymmetric LDOS distribution mentioned above.
Fig. A.2 shows the measured angular surface PL of (a) the sample with 10

dye-doped layers and (b) the sample with only one dye-doped layer in the center.
As for the sample from Sec. 5.2.1, the front and back side measurements of the
sample with 10 dye-doped layers show large differences, especially at small angles
φd near λ = 600 nm. The front and back side measurements of the sample with
only a single dye-doped layer, however, agree much better. This result indicates
that emission from the outer layers is less symmetric due to boundary effects,
while emission in the center layer is mainly determined by the LDOS of the ideal
Bragg stack with infinite layers.
Moreover, the spectra of this sample exhibits finer features than the relatively

smooth spectra of the sample with 10 dye layers. This supports the hypothesis
that the LDOS in the outer layers is different from the LDOS in the centered
layer: an unequal LDOS in the different layers results in different emission spectra
in each layer. Accordingly, the measured emission of the sample with 10 dye-
doped layers is the sum of the contributions in the individual layers, resulting
in a smoothed spectrum. This result supports the hypothesis that especially the
LDOS in the outer dye layers is influenced by the surrounding air or glass, leading
to an asymmetric distribution of photonic states.
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Figure A.2: The angular resolved photoluminescence escaping from the front and back
surface was studied for (a) a sample with 10 dye-doped layers and (b) a sample with only
one dye-doped layer in the center of the stack. While the front and back side measurements
of the sample with 10 dye layers differ significantly, the results of the sample with one dye
layer are quite similar and exhibit finer spectral features. These observations support the
hypothesis that the surrounding (air or glass) influences emission especially in the outer
layers of the stack and cause an asymmetric distribution of photonic states.

The normalized total amount of escaped light of the sample with 10 dye layers is
around 50-60% higher that for a conventional LSC, which is similar to the result
for the 10-dye-layer PLSC from Sec. 5.2.1. For the sample with only one dye-
doped layer, however, the escape cone loss is reduced by around 60% compared to
conventional LSCs. This result is in good agreement with a theoretical reduction
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of 55% from calculations that accounts for the non-optimum layer thicknesses. The
differences of these two samples strongly indicate that the deviations of the theory
of an ideal Bragg stack and the measurements of samples with 10 dye-doped layers
arise from the finite structure of the samples. In turn, the characteristic Bragg
stack LDOS is not fully established in the structure, especially in the outer layers,
as seen above.
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Notation

List of symbols
Note: boldface type symbols denote vector quantities.

Symbol Meaning Unit
a Size of unit cell of photonic crystal m
a Amplitude vector of forward propagating wave (scat-

tering matrix method)
V/m

A Absorptance –
Adye Absorptance by the dye –
Aref Absorptance by the matrix material –
Atot Total absorptance of sample –
A Einstein coefficient for emission 1/s
b Band index –
b Amplitude vector of backward propagating wave (scat-

tering matrix method)
V/m

B Einstein coefficient for absorption m3/Js2

c Speed of light in vacuum (299792458 m/s) m/s
C Center-mount measurement –
C1 Coefficient for Cauchy model of refractive index –
C2 Coefficient for Cauchy model of refractive index m2

C3 Coefficient for Cauchy model of refractive index m4

Cp Conversion of the polymerization (opal) –
d Thickness (of layer or sample) m
dc Diameter of colloids (opal) m
ds Diameter of the seed particles (opal) m
dp Thickness of PMMA layers m
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Symbol Meaning Unit
dTiO Thickness of titania layers m
d Direction vector of detection cone (k-space) 1/m
D,D′ Intersection points of detection cone, see. Fig. 3.3 1/m
E Electric field V/m
Er, Et, Ei Amplitudes of the reflected, transmitted, and incident

electric field at an interface
V/m

E Energy J
f Probability density function (Appendix A.5), e.g. the

angular distribution function in Sec. 3.3.3
–

F Set of modes in k-space, see Sec. 3.1.4 1/m
g Spectral shape function –
gf Spectral shape function of detected light –
gl Line shape function (atomic line broadening) –
G Reciprocal lattice vector 1/m
G Degeneracy of a state –
h Function connecting two random variables, see Ap-

pendix A.5
–

~ Reduced Planck constant (1.05× 10−34 Js) Js
H Magnetic field A/m
i Imaginary unit

√
−1 –

I Intensity W/m2

j Index variable –
Jf, Jb Number of summands in Eq. (3.62) –
k Wave vector 1/m
k = |k| Absolute value of wave vector 1/m
k̃ Normalized wave vector (k a/2π) –
kout Wave vector of out-coupled plane wave 1/m
k‖ Wave vector component parallel to interface 1/m
∆k Spacing of sampled grid in k-space 1/m
kB Boltzmann constant (1.380648810−23 J/K) J/K
K Set of modes in k-space, see Eq. (3.1) 1/m
K Crystallographic orientation in k-space, see Fig. 1.2 (d) 1/m
ld Detection spot radius in ray-tracing calculations m
le Distance between point of excitation and edge face, see

Sec. 3.3.4
m

L Crystallographic orientation in k-space, see Fig. 1.2 (d) 1/m
Leff Effective path length to edge face m
m Number of dye-doped layers –
ms Mass of the seed particles (opal) kg
mm Mass of the added monomer (opal) kg
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Symbol Meaning Unit
M Number of sampled modes, see Sec. 3.1.2 –
Mw Weight average molecular weight (of polymer) kg
n Refractive index –
ñ Complex refractive index –
neff Effective refractive index –
np Refractive index of PMMA layers –
nTiO Refractive index of titania layers –
ni Refractive index of medium of incidence –
nt Refractive index of medium of transmission –
nin Refractive index of internal medium (of sample) –
nout Refractive index of surrounding medium –
n Interface normal m
Nj Population of state j of emitter –
p{X} Probability of event X –
pabs Probability of absorption of incident light –
pg Probability of guiding –
pra Reabsorption probability –
pra,s Spectral reabsorption probability –
pcol Collection probability –
Pfi Probability for transition from state f to i 1/s
PABS Transition probability of absorption 1/s
PSTE Transition probability of stimulated emission 1/s
PSPE Transition probability of spontaneous emission 1/s
PSPE,f Fractional transition probability of spontaneous emis-

sion
1/s

PABS Absorbed power W
q Attenuation due to absorption in Sec. 3.3.2 –
r Position (vector) m
rs, rp Reflection coefficient of electric fields for s-, p-polarized

light at interfaces
–

R Reflectance –
Rd Diffuse reflectance –
Rs Specular reflectance –
R Lattice vector m
s Normalization constant of the probability density func-

tion in Appendix A.5
–

S Scattering matrix –
t Time s
ts, tp Transmission coefficient of electric fields for s-, p-

polarized light at interfaces
–
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Symbol Meaning Unit
T Transmittance –
Td Diffuse transmittance –
Ts Specular transmittance –
T Transfer matrix –
u Spectral energy density Js/m3

u Bloch function A/m
U Crystallographic orientation in k-space, see Fig. 1.2 (d) 1/m
vg Group velocity (dω/dk) m/s
V Volume m3

Vfi Perturbation Hamiltonian J
wabs Spatial resolved distribution of absorptance –
W Crystallographic orientation in k-space, see Fig. 1.2 (d) 1/m
x, y, z Spatial coordinates m
X Crystallographic orientation in k-space, see Fig. 1.2 (d) 1/m

α Absorption coefficient 1/m
αdye Absorptance coefficient of the dye 1/m
αref Absorptance coefficient of the matrix material 1/m
αtot Total absorptance coefficient 1/m
β Enhancement factor of absorption probability –
γ Ratio of LDOS in photonic crystal to that in homoge-

neous media
–

δ Dirac delta function –
ε Extinction coefficient 1/m
ε Relative permittivity (real part) –
ε′′ Imaginary part of the complex relative permittivity –
ε0 Vacuum permittivity (8.85× 10−12 F/m) F/m
ζ, ζdye Dye concentration –
ζp Polymer concentration –
η Concentrator quantum yield (CQY) –
θd Half-angle of detection cone (angular resolved PL) –
ϑ Absolute temperature K
κ Imaginary part of complex refractive index –
κ Normalization factor in Eq. (3.41) –
λ0 Vacuum wavelength m
λ Wavelength (in media) m
λdesign Design wavelength of Bragg stack, where the reflection

peak occurs; determines thickness of layers.
m

λpeak Wavelength where a reflection peak occurs m
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Symbol Meaning Unit
λi Incident wavelength m
µ Relative permeability –
µ0 Vacuum permeability (4π × 10−7 Vs/Am) Vs/Am
ν Frequency 1/s
ξ Excited-state population factor, see Eq. (3.37) –
ρ Local density of photon states (LDOS) –
ρ̂ Binned local density of photon states –
ρ̂f Binned fractional LDOS (FLDOS) –
% Density of photon states (DOS) –
%̂ Binned density of photon states –
σ Light guiding efficiency (LGE) –
τ Fluorescence lifetime s
φc Critical angle of total internal reflection –
φd Detection angle (angular resolved PL) –
φin Internal propagation angle –
φi Angle of incident light –
φt Angle of transmitted light –
φk Angle of wave vector of out-coupled plane wave, see

Fig. 2.1
–

ϕk Angle of wave vector inside a photonic crystal, see
Fig. 2.1

–

χ Detectable fraction of emission in homogeneous media,
i.e. ratio of FLDOS to LDOS

–

ψ Enhancement factor of emission probability –
ω Angular frequency 1/s
∆ω Binning width of histogram 1/s
ω̃ Normalized angular frequency (ωa/2πc) –
Γ Origin in k-space, see Fig. 1.2 (d) 1/m
Γfi Rate for transition from state f to i 1/s
ΓABS Transition rate of absorption 1/s
ΓSTE Transition rate of stimulated emission 1/s
ΓSPE Transition rate of spontaneous emission 1/s
ΓSPE,f Fractional transition rate of spontaneous emission 1/s
∆ Phase shift difference (Ellipsometry) –
∆21 Lamb shift 1/s
Θ̂ Hermitian operator of wave equation 1/m2

Π0 Angular resolved emission spectrum (Sec. 3.3.3) –
Πd Detected angular resolved surface PL (Sec. 3.3.3) –
Πs Integrated angular resolved surface PL (Sec. 3.3.3) –
Πe Integrated edge PL (Sec. 3.3.3) –
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Symbol Meaning Unit
Πmeas Raw measurement signal for angular resolved surface

PL (Sec. 4.3.3)
a.u.

Πnorm Measurement signal for angular resolved surface PL
normalized by absorptance of sample (Sec. 4.3.3)

a.u.

Φ Photoluminescence quantum yield (PLQY) –
Ψ Measure of amplitude ratio (Ellipsometry) –
Ω Spin speed 1/s

� Placeholder for the field in Eq. (A.13) –
^(v1,v2) Angle included between vectors v1 and v2 –
bxc Gives the greatest integer less than or equal to x –
vT Transpose of vector v –
∇ Nabla operator, ( ∂

∂x ,
∂
∂y ,

∂
∂z )T 1/m

∇k Nabla operator in k-space, ( ∂
∂kx

, ∂
∂ky

, ∂
∂kz

)T m

List of abbreviations

Abbreviation Meaning
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
a.u. Arbitrary units
ABS Absorption
AFM Atomic force microscopy
AIBN Azobisisobutyronitrile
CM Center-mount
CQY Concentrator quantum yield
DOS Density of photon states
FBZ First Brillouin zone
fcc Face centered cubic
FDTD Finite-difference time-domain
FLDOS Fractional local density of photon states
(F)LDOS Short notation for “FLDOS and LDOS”
FWHM Full width at half maximum
IBS Ion beam sputtering
LED Light emitting diode
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Abbreviation Meaning
LDOS Local density of photon states
(L)DOS Short notation for “LDOS and DOS”
LGE Light guiding efficiency
LR Lumogen dye F Red 305
LSC Luminescent solar concentrator
LY Lumogen dye F Yellow 083
MMA Methyl methacrylate
MPB MIT Photonic-Bands
NIR Near-infrared
NRD Non-radiative decay
PC Photonic crystal
PECVD Plasma enhanced chemical vapor deposition
PL Photoluminescence
PLQY Photoluminescence quantum yield
PLSC Photonic luminescent solar concentrator
(P)LSC Short notation for “PLSC and LSC”
PTFE Polytetrafluoroethylene
PMMA Poly(methyl methacrylate)
q3D Quasi-3D
SEM Scanning electron microscope
SPE Spontaneous emission
TE Transverse electric
TIR Total internal reflection
TM Transverse magnetic
TSR Triple stack reference
w% Weight percent (concentrations)
w.l.o.g. Without loss of generality
w.r.t. With respect to
WSC Wigner-Seitz cell
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Luminescent solar concentrators are semi-transparent plates that are able to concentrate incident 
sunlight on its edge faces, where solar cells are attached. This work studies how the dominant 
loss mechanisms of conventional devices can be mitigated by embedding the luminescent mate-
rial in a photonic crystal to tailor its emission characteristics. In such a photonic luminescent solar 
concentrator emission is redistributed spectrally and directionally, which can strongly improve the 
guiding of light to the edge faces and thus increase the concentrator’s efficiency.

To quantitatively describe the effects of a photonic crystal on luminescent emission, new theo-
retical models are proposed in this work. This theoretical treatment provides significant physical 
understanding and insight in the interaction of light and matter, and is of large interest also for 
other applications that deal with the emission of light (e.g. LEDs, lasers). Furthermore, novel fa-
brication methods were developed to realize photonic crystals in form of Bragg stacks and opals 
with embedded organic dye molecules. Using dedicated photoluminescence measurements with 
angular resolution, an excellent agreement of calculations and experiments was found, which 
confirms the theoretical models presented in this work.
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