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Chapter 1
Introduction

Abstract

This chapter gives a brief overview over solar energy and the differ-
ent possibilities of its utilisation. The enhancement of those utilisation
pathways by means of concentration are discussed in short. The con-
cept of luminescent solar concentrators is introduced.

Self absorption in luminescent solar concentrators 1



CHAPTER 1. INTRODUCTION

Most recent history has shown the geopolitical importance of fossil energy
sources as the cause of wars [1, p. 25-26] and a means to the war’s end [2, p. 744].
At the same time the sun - a nearly inexhaustible energy source is hardly ex-
ploited [3, p.4]. One of the reasons for that is the ease of application of fossil fuels
and the almost negligible costs for the infrastructure. Considerations of these
costs usually do not include the long term effects that arise through production
of greenhouse gases during combustion of fossil energy carriers. The emission of
greenhouse causes global climate destabilisation [4, Ch. 1]. At the same time
the sun illuminates the earth’s atmosphere on average with a power density of
C� = 1360Wm−2 [5], which comes free of charge. Several possibilities exist to
utilise this energy. Documented attempts of conversion for mechanical purposes
began not later than 1916 [6] and gave birth to solar thermal energy conversion,
where sunlight was used to heat water vapour, which was used to power a steam
turbine. Experience gained during application of this technique lead to the conclu-
sion that concentrated light achieves higher temperatures and therefore a higher
operating efficiency. The need for concentration was responded to with focusing
by means of geometrical optics [7]. This concept was also applied to photovoltaics
[8]. Unlike solar thermal conversion photovoltaics exploits the photovoltaic effect
discovered 1839 by Becquerel [9, 10]: the absorption of photons through a material
causes some of its electrons to attain higher energy states in which the electrons
are more mobile. If an electric field or a charge carrier concentration gradient is
present across the material, then the mobile electrons can move and the energy
they absorbed can be dissipated as work. Such conditions are achieved in junctions
of semiconductors of different composition (Section 1.1.2).

Even though such geometric concentrators achieved concentration factors be-
tween 500 and 1000 [11], they remained quite bulky as for effective concentration
permanent tracking of the sun is required [7], which limits the possibilities of ap-
plication. In 1976 a different pathway for concentration based on luminescence has

solar cell

escaping ray

luminescent centre

light trapped by
total internal reflection

Incoming radiation

ASC

Atop

Figure 1.1: Concentration principle of Luminescent solar concentrator

been proposed [12]. This concept requires a thin and thus compact sheet of trans-
parent materials in which luminescent particles are dispersed (Figure 1.1). These
absorb the incoming light and re-emit by means of luminescence. The re-emitted
light can be trapped by total internal reflection (TIR) at the sheet-air interfaces.
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CHAPTER 1. INTRODUCTION

One or more solar cells can be attached to the thin side faces of the plastic sheet,
such that the light can escape into the solar cell at the sheet-solar cell interface. In
the solar cell the photon may induce charge generation and separation, which pro-
vides electrical power. The dimensions of the harvesting surface (Atop) are larger,
than the ones of the solar cell (ASC) thus leading to concentration. Such a lumi-
nescent solar concentrator (LSC) achieves a maximum geometrical concentration
factor of

G =
Atop

ASC
. (1.1)

The actually achieved concentration is always lower due to the presence of optical
loss mechanisms like partial surface reflection and parasitic absorption by the
plastic sheet [13]. Other significant loss mechanisms are the non-radiative energy
dissipation by the luminophores of the absorbed light emission at an angle where
no TIR and therefore no wave-guiding can take place [14].

The effect of some of the above mechanisms can be amplified by self-absorption,
under which photons including those that were already directed towards the solar
cell to undergo a new re-absorption/emission event and thus being exposed to
dissipation processes again. The result is that to date the LSC record efficiency
has been demonstrated to be 7.1% [15].

This thesis aims to answer the research question: How strongly does the self-
absorption (or re-absorption) of luminophores impact the device efficiency of lu-
minescent solar concentrators. To do that it is necessary to know how to evaluate
self-absorption in a material and on which parameters this self-absorption metric
depends. This information is used to introduce pathways to circumvent the prob-
lem in theory and practice. It discusses an experimental method to test materials
for their self-absorption properties and thus to exclude materials without the need
to manufacture an LSC-device. A combined Monte-Carlo/Ray-tracing model is in-
troduced that permits the evaluation of the suitability of a material based on fun-
damental characterisation data: Absorption/Emission spectra and the quantum
yield. It is presented which parameters can be varied to minimise self-absorption
losses. Based on this input the development of a weakly self-absorbing prototype
using type-II semiconductor nanocrystals in liquid phase is described. This is
followed by a utilisation of the knowledge to a solid state prototype.

1.1 Solar energy

The sun is the origin of most energy on earth. Even seemingly distinct energy
types like biomass and fossil fuels result from photosynthesis. Solar energy is
transmitted to earth as electromagnetic radiation, that is generated by a hot quasi-
perfect absorber (black body) at a surface temperature of 5730± 90 K [16]. Even
though in principle an intensity of 1360 W/m2 is provided by this radiation, this
value is only valid outside the earth’s atmosphere. The presence of water vapour
carbon dioxide and other materials in the earth’s atmosphere causes absorption
of the solar light in the spectral region corresponding to the absorption spectra of
these materials. This absorption varies among other factors with the concentration

Self absorption in luminescent solar concentrators 3



CHAPTER 1. INTRODUCTION

of atmospheric materials and the optical path length through atmosphere, which
changes depending on geographical location and thus constrains the comparison of
solar radiation available. Therefore the American Society for Testing and Materials
(ASTM) adopted the “Terrestrial Reference Spectra for Photovoltaic Performance
Evaluation” (Figure 1.2), which is the spectrum of a standard light source for
testing of different solar energy harvesting systems. This spectrum models the
solar radiation transmitted through the atmosphere. The standard spectrum which
represents the light in the earth’s exosphere is denoted as zero air mass (AM0).
Air mass 1.5 (AM1.5) can be used as a standardisation of the atmosphere effects
in “average latitude of the 48 contiguous United States” [17, 18]. The conversion of
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Figure 1.2: Terrestrial Reference Spectra for Photovoltaic Performance Evaluation:
AM1.5 (black line), AM0 (grey line) superimposed over a black body radiation
spectrum for a temperature of 5730 K normalised to match the solar constant of
1360 Wm−2 [17]

solar energy is undertaken via different principles applied in devices. The different
device efficiencies (ηconv) however can be compared, when defined as

ηconv =
Pout

Pin
=

Pout

C�Atop
, (1.2)

with Pin and Pout being the in/out-coming power to and from the solar energy
converting device, Atop the light collecting surface and C� the solar constant under
the AM1.5 spectrum with the value of 1000 W/m2.
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CHAPTER 1. INTRODUCTION

1.1.1 Photo thermal electricity

The earliest use of solar energy for mechanical purposes is in principle the pow-
ering of a steam engine with light to generate the heat for evaporation. Thus
the focus of photo-thermal devices is to convert light into heat. The maximum
(Carnot) efficiency of any heat engine (ηmax) is limited by the highest and lowest
temperature in the conversion process (Tcold, Thot) as follows [19, p. 96]:

ηmax = 1− Tcold

Thot
. (1.3)

The hot reservoir is heated by illumination with solar light, whose black-body tem-
perature is 5730 K. While the cold reservoir is in equilibrium with the surrounding
environment of the device at 27◦C or 300 K. The increase of the efficiency can ef-
fectively be increased only by the increase of the temperature of the hot reservoir
to the black-body temperature yielding a Carnot efficiency of 95%. In practise the
temperature of the hot reservoir is limited by the thermal stability of the material
of the steam turbine. For achievable temperatures of 1000 K that would corre-
spond to theoretical efficiencies of 70%. Actual energy conversion efficiencies of
photo-thermal electric converters are reported as 18.85% [20].

1.1.2 Photovoltaics

Another technique is the conversion of solar energy directly through exploitation
of the photoelectric effect in semiconductors. Light interacts with electrons in the
valence band and transfers its energy to the electrons, such that the electrons can
overcome the band gap of the semiconductor and can be promoted the conduction
band. The extraction of charges is possible when two oppositely doped semicon-
ductors are brought in firm contact and thus a p-n-junction is formed. Due to the

n-doped p-doped

+

light

Fermi-Energy

Conduction-band
edge

Valence-band
edge 

metal metal

Figure 1.3: Band structure of a p-n junction solar cell.

doping concentration, the Fermi level in the n-type side is close to the conduc-
tion band, while it is close to the valence band for the p-type side. The necessity
of a common Fermi-level forces the band structure of such a p-n-junction to be
strongly bent. The free electrons generated by means of photon absorption follow
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CHAPTER 1. INTRODUCTION

the band structure to the side with the lowest energy, while the holes are driven
to the higher energy plateau (Figure 1.3). This motion contributes to electric
current. The upper limit for the generated voltage this way is the band gap of
the semiconductor. This band gap is 1.1 eV for silicon, which means, that the
individual photons must have at least this energy to induce charge generation in
the p-n-junction. This corresponds to a wavelength of 1100 nm, so no light with
longer wavelength can induce charge generation. An eventual surplus in photon
energy (of photons with wavelength lower than 1100 nm) is being lost through
thermalisation in the conduction band. These are some of the processes that limit
the maximum achievable efficiency for photovoltaic cells made of silicon to roughly
30%, which is known as the Shockley-Queisser limit [21]. It is obvious, that under
illumination of light with only somewhat higher energy than the band gap, these
losses do not occur.

1.2 Solar concentrators
An obvious pathway to increase the output of electricity from a given solar cell
area is by increase the input of solar power. If this can be done with low-cost
concentrating elements, it will lower the cost of generating electricity. A second
effect of the increased input is the increase of temperature of the hot reservoir
for photo-thermics and consequently higher thermodynamic efficiency according
to equation 1.3. Photovoltaic efficiencies also benefit from concentration because
the increased number of illuminating photons generates more free electron -hole
pairs and thus increases the separation of the quasi-Fermi levels, which leads to
a larger voltage across the p-n-junction in an open cicuit VOC. Higher VOC and
higher short circuit current (ISC) contribute directly to higher output power and
thus higher efficiencies [22]. It has been shown that in practice there are limits to
the increase of efficiencies via the pathway of concentration [11]. These practical
limits are not to be confused with the thermodynamic limit of concentration G,
which is stated for concentrators which do not deploy spectral changes (passive
concentrators) of light as:

G ≤ n2 sin2 θout

sin2 θin
, (1.4)

where n is the refractive index of the medium at the target surface and θ the
aperture angle for the incoming or outgoing light [23] . From here it is evident,
that diffuse light - light that enters the device through the full aperture with
θin = 90◦ can not be concentrated this way.

Passive concentration deploys geometric optics, in particular refraction or re-
flection. Here lenses or mirrors alter the propagation direction of light to focus it on
a smaller aperture. Already one of the first systems of Shuman [6] used “parabolic
cylinders to focus sunlight onto a long absorbing tube” [24], which gave rise to
simple parabolic systems (Figure 1.4). This concept can be expanded to higher
concentration factors and higher temperatures by scaling up the geometry, which
leads to the solar tower approach, where the focussing is carried out by an array
of multiple mirrors distributed over a large area on the ground. Those adjustable
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CHAPTER 1. INTRODUCTION

Figure 1.4: Cross-section through a simple parabolic mirror concentrator. The
parallel (direct) light beam is shown to converge on the point, which represents
the tube with the working fluid.

mirrors (heliostats) focus direct light towards a working fluid reservoir, which is
in the focal point of the composite mirror-array located at the top of a tower as
depicted in figure 1.5. The working fluid drives a turbine such that electrical en-
ergy is generated. To come close to concentration factors at the thermodynamic

Figure 1.5: The world’s first commercially operating solar power tower in Spain.
Photograph with the courtesy of the Wikipedia Commons user Solúcar, who put
it under Creative Commons licence [25, 26].

limit a Cassegrain-structure can be used. These geometric concentrators achieve
high concentration factors as high as 84 000 [27], which have been achieved using
a two stages geometrical concentration system of which the second stage medium
was made of sapphire with an index of refraction of n = 1.76. This exceeds the

Self absorption in luminescent solar concentrators 7



CHAPTER 1. INTRODUCTION

thermodynamic limit for concentration in air (48 000) but not the one in the used
sapphire crystal (137 000).

As seen from equation 1.4 such concentration factors are only possible with a
sharp collection aperture angle θ. This angle cannot be smaller than the corre-
sponding angular diameter of the sun (θ� = 32′37′′ [28]) as otherwise a fraction of
the incoming radiation would not hit the concentrator. The smaller the collection
aperture of the concentrator becomes the more exact the sun has to be tracked
along the sky. Non-tracking of conventional mirrors results in no useful concentra-
tion at all over the day-time [7]. It turns out that tracking installations are costly
and thus can be used only in regions with high occurrence of direct solar irradiation
(such as Nevada, USA or Spain) with high enough direct solar radiation in order
to realise an economically reasonable pay back time. A possible solution for that is
the development of non-tracking multi-stage concentrator design, which places the
individual stages of the concentrator such, that as the sun leaves the acceptance
aperture of one stage it enters the aperture of the second stage. With the knowl-
edge of seasonal pathway of the sun through the sky one can place a finite amount
of concentration stages while keeping the overall device still in concentration mode.
Ray-tracing simulations of such designs show that an overall concentration factor
of two can be achieved with a combined Fresnel-lenses/mirrors arrangement [29].
A different approach in resolving those limitations of solar concentrators is the
deployment of luminescence as presented in the next chapter. This technique pro-
vides much smaller concentration factors (∼5 [30]) than the conventional systems
(∼100-1000 [31]) but does not require any tracking installations.

1.3 Scope of the thesis

The scope of this work is to investigate the impact of self-absorption on the device
efficiency of luminescent solar concentrators and to show pathways towards its
improvement. This is done by finding out how prominent effects of self-absorption
are in luminophores with different spectral properties. This is carried out using
experiments and computational simulations. The information gained is deployed
for fabrication of a working device prototype, which is used to obtain data, which
serves as input for computational simulations. These are used to find out, which
parameters have to be altered in order to maximise the device efficiency.

Chapter 2 provides background information on luminescent solar concentrators,
their advantages and their shortcomings. One of the shortcomings is the self-
absorption whose nature and effects are elucidated. Furthermore an overview of
the current state of the art is presented here.

The overview on the experimental techniques used throughout this work is
given in Chapter 3.

The experimental evaluation method for the effects of self-absorption is pro-
posed in Chapter 4 along with the report of results of its application to various
materials.

Chapter 5 provides an analysis of the self-absorption processes based on a
combined ray-tracing / Monte-Carlo model, which is validated for a wide range
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of materials by the experiment. It also provides a criterion for the impact of
self-absorption losses based on fundamental optical properties.

Chapter 6 presents the results obtained with a working LSC-prototype based
on luminophores in liquid phase. Here the dependence of the efficiency of the
luminescent solar concentrators on the dye concentration is studied.

In Chapter 7 the results from Chapter 6 are used as input for the computer
simulation introduced in Chapter 5 to find out which parameters can be improved
using the current state-of-the-art luminophore.

In Chapter 8 a novel luminophore with little self-absorption is applied. The
experimental results are compared with the results of the computer simulation,
which is also used to predict further steps to improve the efficiency using the novel
luminophores.

Self absorption in luminescent solar concentrators 9





Chapter 2
Luminescent solar concentrators

Abstract

In this chapter the working principle of luminescent solar concen-
trators is presented in more detail. The thermodynamic limits of so-
lar concentration are discussed, which explains why luminescent solar
concentrators are theoretically capable of concentrating diffuse light.
Furthermore the loss mechanisms are elucidated and estimates of their
impact are made. The impact of some of the loss mechanisms can be
effectively reduced. The introduction to such techniques is presented.
In particular this is done for self-absorption, which is an amplification
mechanism for most loss pathways. Finally characterisation of lumines-
cent solar concentrators is discussed with the quantities that evaluate
the merit of the devices and an overview over the highest results in the
field is given.

Self absorption in luminescent solar concentrators 11



CHAPTER 2. LUMINESCENT SOLAR CONCENTRATORS

2.1 Principles

2.1.1 General concept

As all solar concentrators luminescent solar concentrators (LSCs) operate by di-
verting the light propagation direction from a large collection aperture onto a small
target aperture. Unlike in geometric (passive) concentration systems the change
in direction is caused not by deterministic rerouting by means of reflection and
refraction, but rather statistically by means of luminescence. The luminescent

solar cell

escaping ray

luminescent centre

light trapped by 
total internal reflection

incident light

transmitted radiation

Figure 2.1: Operation principle of LSCs

particles (luminophores) are dispersed in a thin plastic sheet, where light enters
through the large top surface. Some of the light will be absorbed by the dispersed
luminophores and subsequently re-emitted by luminescence. Since the luminescent
particles are aligned isotropically, their emission occurs isotropically, i.e., statisti-
cally distributed in all directions within the transparent sheet. A large fraction
of the emitted light will hit the plastic/air interface at an angle larger than the
critical angle for total internal reflection. This light remains trapped until it hits
an interface with the solar cell, whose refractive index is larger than the one of the
plastic, which prevents total internal reflection and makes optical coupling to the
solar cell possible. Choosing the top collection surface (Atop) to be much larger
than the target surface with the attached solar cell (ASC) gives rise to a maximum
achievable concentration of

G =
Atop

ASC
. (2.1)

2.1.2 Thermodynamics of solar concentration

Concentration processes obey a series of conservation laws. The most obvious is
the conservation of energy, or the first law of thermodynamics, which means that
a concentrator cannot deliver more power than it receives. This can be explained

12 Self absorption in luminescent solar concentrators



CHAPTER 2. LUMINESCENT SOLAR CONCENTRATORS

in terms of power flux Φ as [32]:

Φin =

∫
Lin cos θindAindΩin =

∫
Lout cos θoutdAoutdΩout = Φout, (2.2)

where the index “in” denotes a quantity for the illumination of the concentrator
by the light from the source and “out” denotes a quantity for the illumination of
the target surface by the light coming from the concentrator (Figure 2.2). The
radiance L is the power flux per unit of projected area A at the angle of incidence
and per solid angle Ω. The radiance is determined only by the temperature of the
light source, in this case the sun, and does not change in passive concentration
systems. An integration of the equation for the flux leads to:

Sun

Concentrator

Target

Figure 2.2: Illustration of light beams falling on a differentially small sufaces dA

Φ =

∫
L cos θdAdΩ = LA

2π∫
0

dφ

θi∫
0

sin θ cos θdθ = πLA sin2 θi, (2.3)

where θi is either the maximal possible incidence angle θin or the maximal possible
angle θout depending on the surface illuminated. The concentration factor is given
by the ratio between the surface flux density on target surface and the surface flux
density on the entrance aperture [23]:

G =
Φout/Aout

Φin/Ain
=
Lout sin2 θout

Lin sin2 θin
. (2.4)

Since the total flux is conserved (Φout = Φin) and in a passive system there is no
change in spectrum or colour temperature, the radiance is conserved (Lout = Lin),
too. The target surface is in close contact with the outgoing aperture of the
concentrator, so that the maximal angle of incidence can approach π/2. That
means that for passive concentrators the limit of concentration is fully determined
by the size of the maximum aperture angle θin of the collector

G =
1

sin2 θin
(2.5)

Self absorption in luminescent solar concentrators 13



CHAPTER 2. LUMINESCENT SOLAR CONCENTRATORS

or if the light propagates within the concentrator in a medium with a refractive
index of n using Snell’s law one obtains

G =
n2

sin2 θin
. (2.6)

The smallest possible aperture angle is the angular radius of the sun and any
smaller aperture would waste a fraction of the incoming sunlight, which is why
the maximum theoretical concentration factor in air is approximately 46000 [33],
which is at best an average number as the solar angular radius is not static [34].
This maximum concentration limit is a result of the conservation of the geometrical
quantity étendue U [32], which is in air a point wise product of the illuminated
projected area with the solid angle from which this area can receive radiation or

U = n2
∫∫

dΩdA cos θ. (2.7)

A violation of the conservation of étendue in passive systems is equivalent to a
violation of the second law of thermodynamics, which can be formulated for solar
concentration similar to heat engines in the following way: There is no optical
concentration system, that can achieve a net power flux between two radiatively
coupled black-body radiation sources of the same temperature [35]. Imagine two
black-body emitters A and B of equal temperature T in radiation contact with each
other over a concentrator as in Figure 2.3. The radiation from source A emits a

UA

Source A
TA=T

Source B
TB=TUBConcentrator

Figure 2.3: Illustration of thermodynamically impossible étendue- reducing con-
centrator

flux ΦA with an étendue UA, which reaches source B through an étendue-reducing
concentrator having an étendue of UB. Source B is well isolated by mirrors such
that it can only emit through the aperture of the concentrator on its side a flux
ΦB with an étendue of UB. Having in mind that the radiance of a black body
depends only on its temperature it is obvious that the radiances LA and LB are
equal:

L =
ΦA

UA
=

ΦB

UB
(2.8)
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Since UB < UA, we have a net positive flux from B to A, which contradicts the
second law of thermodynamics [35].

The above reasoning is based on the assumption, that the spectral properties
of the concentrated light do not change. This is valid for geometrical concentra-
tors but not for luminescent ones, where the emission spectrum determines the
wavelength of the outgoing light. In absence of up-conversion this results in an
emission at lower energies, than the absorbed light. The surplus energy is con-
verted into heat. This results in an entropy increase of the photons, which can
compensate an eventual decrease of the entropy of the light spread - the étendue,
without violating the second law of thermodynamics for the whole system.

The Planck’s equation for the spectral density of the radiance li = dLi/dν with
a temperature of the emitter T is given as [36]:

li(E) =
2

h3c2
E3
i

exp
(
Ei

kBT

)
− 1

, (2.9)

where Ei is the energy of the radiation, h the Planck constant, c the speed of
light and kB the Boltzmann constant. The chemical potential of photons can be
understood when considering the photon absorption process as a chemical reaction

e + photon←→ e∗ + heat, (2.10)

where e can be an electron in a lower energy state and e* is an electron in the
corresponding excited state with an energy difference Ee∗−Ee = Ei between them.
The forward direction of the reaction is thus the absorption of a photon and the
reverse direction is the emission of one. Thermodynamics of chemical reactions is
characterised by the chemical potential µ, for which one of the definitions is as the
Helmholtz energy A per particle i or

µi =

(
∂A

∂Ni

)
T,V,Nj 6=i

. (2.11)

The Helmholtz energy itself can be described as “maximum work function”, that
can be generated by the system [19]. Thus the chemical potential describes the
maximum work that can be generated per particle. This maximum work per
particle is also equal to the thermal efficiency of an ideal system times the input
energy per particle Ei:

µphoton = Ei

(
1− T0

T

)
, (2.12)

where T is the temperature of the emitted light as defined by equation 2.9 and T0
is the temperature of the luminescent system at equilibrium, which is always lower
than the one of the emitted light. This relationship can be used to substitute for
E/T in equation 2.9 to obtain an expression in terms of the temperature of the
concentrator system at equilibrium T0 with the chemical potential µi [37]:

li(E) =
2

h3c2
E3
i

exp
(
Ei−µ
kBT0

)
− 1

. (2.13)
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It should be pointed out that the two directions of the chemical reaction for lu-
minescence (2.10) are not entirely symmetric in terms of energy separation of the
ground and excited states Ei: The absorption takes place at an energy difference
Ein while the emission at Eout, which results in different expressions for chemical
potentials µin and µout. The chemical potentials can be calculated from (2.13) as:

µi = Ei − kBT0 ln

(
2

h3c2
E3
i

li
+ 1

)
. (2.14)

The equilibrium condition for absorption and emission at the chemical potential
of one type of particle performing work is then

µin = µout

or (
2

h3c2
E3

in
lin

+ 1

)
/

(
2

h3c2
E3

out

lout
+ 1

)
= exp

(
Ein − Eout

kBT0

)
. (2.15)

For incoming illuminations lower than 100 suns the terms “1” in equation (2.15)
become negligible and the equation simplifies to

E3
in
lin

lout

E3
out
≈ exp

(
Ein − Eout

kBT0

)
. (2.16)

The approximation for the upper limit of the radiance concentration factor C is
thus [23] :

C =
lout

lin
≈ E3

out

E3
in

exp

(
Ein − Eout

kBT0

)
. (2.17)

With the definition of the concentration factor as in (2.4) it can be understood
that the actual concentration ratio is limited to

G =
Aout

Ain
= C

sin2 θout

sin2 θin
(2.18)

and thus a concentration of larger than one can be achieved even for diffuse light
(θin = 90◦). This is of great importance for areas like Northern Europe, where
most of the daylight is diffusely scattered at the atmosphere.

2.2 Advantages

As in case of every concentrator, the increase of illumination intensity onto a solar
cell reduces the necessary amount of purified semiconductor material per unit of
generated energy. This is not only important as the purification of silicon requires
melting of the raw material at temperatures higher than 1414◦C [38]. Furthermore
the increased number of incident photons is not only responsible for the increase
in the number of charge carriers and thus for higher currents but also it causes an
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Figure 2.4: Illustration of the shift of the maximum power point (mpp) with the
increase of the intensity of the incident light. The primed symbols represent the
quantities under increased illumination.

increase in voltage across the p-n-junction. The two quantities are related through
the diode equation, which is for the ideal diode approximation

I = −Iph + IS

(
eVD/VT − 1

)
, (2.19)

with IS being the reverse saturation current, Iph the light induces current, VD
the voltage across the p-n-junction, VT the thermal voltage. The thermal voltage
is a voltage equivalent of the thermal energy at the operation temperature T ,
VT = kBT/q with q being the elementary charge

The efficiency of the solar cell ηSC is given by the ratio of the maximum output
electrical power PSC and the incident radiative power Pin. The maximum electrical
power is obtained if the product of current and voltage provided by the solar cell
is at its maximum. This is the maximum power point or mpp

Higher light intensity increases the magnitude of the photo current Iph. This
leads to a shift of the current-voltage curve as depicted in Figure 2.4. This shift
also changes the position of the mpp on both axis. Hence with increased intensity
not only a linear increase in current is observed but also a small increase in voltage,
which makes the electric power, a product of voltage and current increase faster
than linear with intensity. Thus an increase in intensity results in the ideal case
also in the increase of efficiency. Even though LSCs are far from achieving that
limit, it has been observer that efficiency increase stops around 1000 suns [11]

The already discussed ability for diffuse light concentration also permits the
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Figure 2.5: Possible application of LSCs as construction integrated photo-voltaic
elements: noise-protection barrier along the Dutch motorway A2 around ’s-
Hertogenbosch. The colourful plastic plates could gain an additional function
as PV-converters. Photograph with courtesy of Ioanis Poulios.

application of LSCs at almost arbitrary angles to the incident light and thus they
are a promising candidate for construction integrated photovoltaics especially for
exterior walls aligned perpendicular to the ground and not to the incidence of
sun-light (as in Figure 2.5). Even more so when some of the structural elements
already consist of coloured plastics. The use of luminescent plastic with attached
solar cells would not cause a high difference in costs but would add the additional
feature of energy harvesting. Another aspect is that if exterior walls or windows
were constructed as LSCs, they could recycle some of the energy used for in-door
lighting. The use of luminescence converts the incident light to a narrow range of
wavelengths. This range can be controlled by choice of the luminophore and can
be matched to be somewhat above the band gap of the solar cell so that the cell
can be operated in the spectral region of its highest efficiency. LSCs provide an
additional pathway for coupling of multi-junction solar cells, which does not have
to face the problems of lattice/current - matching. The luminescent coupling: It is
possible to use a stack of different luminescent plates with different luminophores
each matched to an other solar cell band-gap (Figure 2.6). These solar cells with
different band gaps would receive the part of the spectrum where they are most
sensitive without shading the underlying cell and yet can be wired in parallel [39].
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Figure 2.6: Luminescent coupling of multiple band gap solar cells into a multi-
junction solar cell using LSCs

2.3 Loss mechanisms

2.3.1 Overview
The efficiency of LSCs so far did not exceed 7.1% [15] due to the loss mechanisms
involved. Most of these losses are obvious from the pathway of the light through
the concentrator (Figure 2.7). In the following the losses are described in terms of
efficiencies of the processes involved. The incident photons (a in Figure 2.7) hit the

a a
b

c

c

d

e

f

g

fh

i

Figure 2.7: Possible pathways of a photon through the LSC and the resulting
loss-mechanisms. a) incident beam, b) reflected beam, c) entering beam, d) not
absorbed beam, e) absorbed but not re-emitted beam, f) re-emitted beam, g)
escaping beam, h) totally reflected beam, i) beam absorbed by the matrix

concentrator via the top surface. A fraction of these photons is reflected at the air-
plastic interface (b in Figure 2.7). These losses are described by Fresnel equations
which depend on the refractive index n of the matrix. For normal incidence the
efficiency of Fresnel transmission becomes [40]:

ηFresnel =
4n

(n+ 1)2
. (2.20)
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The entering light (c in Figure 2.7) is absorbed by the luminophores according to
the law of Lambert-Beer [41]

ηAbsorption = 1− 10−εcx, (2.21)

where ε is the molar absorption coefficient, c the concentration of luminophores
and x the optical path length of the light through the LSC. The light that is not
absorbed is transmitted to the environment (d in Figure 2.7). Not every absorbed
photon is re-emitted as some absorbed photons generate excitons that recombine
non-radiatively (e in Figure 2.7). The yield of luminescence is described by the
luminescence quantum efficiency (LQE) as

ηLQE =
NEmission

NAbsorption
, (2.22)

where N are the respective numbers of absorbed and emitted photons. The energy
of an emitted photon is therefore mostly lower than the energy it was absorbed at (f
in Figure 2.7). This effect is the Stokes shift and is represented by another efficiency
term ηStokes. The term ηStokes also converts the LQE, which is a photon ratio into
a ratio of energies From those re-emitted photons some will be transmitted to the
environment as not all will hit the interface in the regime of total internal reflection
(g in Figure 2.7). The critical angle of total internal reflection defines the so-called
escape cone. The solid angle of two of such cones each one for the top and one
for the bottom surface corresponds to the escape probability, so that the trapping
efficiency can be computed as

ηTrapping =

√
1− 1

n2
. (2.23)

This equation is valid for a perfectly smooth interface, which is rarely the case.
Therefore an additional ηRoughness can be introduced

Light can also be absorbed by the matrix itself (i in Figure 2.7), which is why
the luminescent light should be outside the absorption bands of the matrix. For
PMMA this band starts at 1000 nm. In case this condition cannot be met a
transmission efficiency must be introduced.

ηTransmission = 10−εmatrixcmatrixx, (2.24)

where Equation 2.21 is used with properties to the matrix. The external (including
the absorption efficiency) optical efficiency is a product of the ones mentioned here
[39]

ηopt = ηFresnelηAbsorptionηLQEηStokesηTrappingηRoughnessηTransmission . (2.25)

With the information from the following sections the efficiency components have
been estimated in Table 2.1 with the external optical efficiency to be ηopt = 19%.
This is quite small mainly due to the narrow absorption spectrum of the lu-
minophore (usually an organic dye). That means that a large fraction of the light
is transmitted by the LSC and still can be utilised by other means. The internal
efficiency (ratio of outgoing radiative power and the radiative power absorbed by
the system) however is quite acceptable being ηint ∼ 50%.
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2.3.2 Fresnel-losses
The reflected light at the surface is described by Fresnel equations for the two
polarisations p and s involving the incidence angle θi, the angle of refraction in
transmission θt and n1 the index of refraction of the material through which the
light is passing first (in this case air) and n2 the one of the LSC matrix.

Rs =

∣∣∣∣n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

∣∣∣∣2 (2.26)

Rp =

∣∣∣∣n1 cos θt − n2 cos θi
n1 cos θt + n2 cos θi

∣∣∣∣2 (2.27)

This can be rewritten using Snell’s law for θt the angle of refraction in transmission
as:

Rs =

∣∣∣∣∣∣∣∣
n1 cos θi − n2

√
1−

(
n1

n2
sin θi

)2
n1 cos θi + n2

√
1−

(
n1

n2
sin θi

)2
∣∣∣∣∣∣∣∣
2

(2.28)

Rp =

∣∣∣∣∣∣∣∣
n1

√
1−

(
n1

n2
sin θi

)2
− n2 cos θi

n1

√
1−

(
n1

n2
sin θi

)2
+ n2 cos θi

∣∣∣∣∣∣∣∣
2

. (2.29)

The reflection coefficient for unpolarised light is given as

R =
Rs +Rp

2
. (2.30)

In order to minimise reflective losses the angle of incidence should be kept small,
preferably smaller than 40◦ for a matrix whose index of refraction is 1.5 in order
to keep the losses below 5%. Thus diffuse light, having a substantial oblique

Table 2.1: Efficiency components for equation 2.25 as estimated for the organic
dye Lumogen Red 305 in the Sections 2.3.2 - 2.3.5

efficiency component value
ηFresnel > 0.95

ηAbsorption ∼ 0.3
ηLQE > 0.95
ηStokes ∼ 0.95

ηTrapping ∼ 0.75
ηRoughness > 0.99

ηTransmission ∼ 0.99
ηopt ∼ 0.19
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component of incidence, suffers more from the partial reflection than direct light.
A smaller refractive index of the material would decrease the reflective losses,
but would also decrease the critical angle of total internal reflection, which would
enhance the escape losses.

2.3.3 Escape-losses
The trapping mechanism in LSCs is total internal reflection, which occurs accord-
ing to the Snell’s law if the angle of refraction α fulfils the condition

sinα ≥ 1 · sin 90◦ = 1. (2.31)

The smallest angle of incidence, for which this condition holds is the critical angle
αcrit and can be computed for a PMMA-matrix (n(520nm) = 1.4954 [42]) as:

αcrit = arcsin
1

nin
sinαcrit = 0.6687 αcrit = 41.97◦. (2.32)

In three-dimensional space angle αcrit corresponds to half an apex angle of a cone

Figure 2.8: Solid angle of the escape cone. Drawing adapted from the Wikipedia
Commons user Dyolf77, who put it under Creative Commons licence. The adap-
tation remains under the Creative Commons licence [43, 26]

(Figure 2.8). Rays that are sent from the emitter through the interior of this cone
to the surface do not undergo total reflection and may thus escape. Assumed that
the direction of a photon is entirely random, the probability for a photon to escape
is given by the solid angle of the escape cone Ω as a fraction of the solid angle of
all possible emission directions 4π.

PEscape =
Ω

4π
. (2.33)

The solid angle of a cone can be calculated with the help of the surface integral

Ω∗ =

αcrit∫
0

2π∫
0

dϕ sin θdθ = 2π (− cos θ)|αcrit
0 = 2π(1− cosαcrit), (2.34)
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which becomes with the help of the trigonometric Pythagorean relation and (2.32)

Ω∗ = 2π

(
1−

√
1− 1

n2

)
. (2.35)

This calculation is valid for one plain surface and does not consider the escape
through other surfaces. In case that the bottom side of the LSC is not covered
with a mirror, the escape can occur through a bottom cone, too. So the actual
solid angle of escape is the solid angle of the two escape cones Ω = 2Ω∗ and thus
the escape probability per spatial dimension PEscape becomes

PEscape = 1−
√

1− 1

n2
. (2.36)

The ideal trapping efficiency disregards the effects of surface roughness on the
efficiency of total internal reflection as it is calculated purely from the geometrical
consideration above as ηTrapping = 1− PEscape and is therefore for PMMA

ηTrapping =

√
1− 1

n2
=

√
1− 1

1.49542
= 0.7435. (2.37)

Equation 2.37 describes the escape probability per one translational dimension
and its two surfaces in a box-shaped LSC. It holds when the four not considered
surfaces are covered with solar cells or perfect mirrors

Obviously the choice of matrices of higher refractive index would increase the
trapping efficiency. The matrix however is the largest component of an LSC and
must not be expensive for economical viability of the system. Mirrors can prevent
light from leaving the system even if it is not trapped. Therefore such mirrors have
to be attached to facets other than the ones with the solar cells and the one used
for incident light collection. Another approach for decreasing the escape losses is
the anisotropic re-emission of light, which will be discussed in the section 2.5.

2.3.4 Absorption of light
The absorption of light can be described by the law of Lambert-Beer for sufficiently
diluted luminophores, which predicts an enhanced absorption upon increasing con-
centration and path length of light through the absorber, that is a thicker con-
centrator. Also the choice of the luminescent species influences the absorption
efficiency. For the standard dye in use today in LSCs (Lumogen Red 305) at dye
concentrations below the solubility limit this efficiency can be calculated from the
solar spectrum I�(λ) and the absorption spectrum of the dye A(λ) as follows:

ηAbsorption =
1

K

∞∫
0

I�(λ)A(λ)dλ (2.38)

with K =

∞∫
0

I�(λ)dλ,
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Figure 2.9: Absorption spectra for two different concentrations of Lumogen Red
305 over the AM1.5 solar flux spectrum. Only at wavelengths where the absorption
spectra are larger than zero light can be absorbed.

which is typically 5% - 30% from the data in Figure 2.9. Similarly the absorption by
the matrix can be calculated; here the useful component however is the transmitted
light. The absorption coefficient for sufficiently high quality PMMA at 488 nm is
2.3 · 10−4cm−1 [44], which gives a transmission efficiency of ηTransmission = 98.9%
for an estimated optical path length of 10 cm.

2.3.5 Other losses
The luminescence quantum efficiency of Lumogen Red 305 is given as ηLQE = 0.95.
Additional losses arise due to the Stokes shift and can be estimated for simplicity
from the absorption peak (EAborption) and emission peak (EEmission) position in
units of energy:

ηStokes =
EEmission

EAborption
= 0.95. (2.39)

A more rigorous estimate would require the computation of average emission and
absorption energies from the corresponding spectra.

2.4 The self-absorption problem
The loss calculations in previous sections assumed a single absorption/re-emission
event. This assumption is not always reasonable, as most luminescent materials
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may absorb light in the spectral region of their emission. This is denoted as self-
absorption. On the one hand this process itself does not contribute much to the
energy losses in an LSC directly, on the other hand the re-emitted light has the
chance to go through all the loss mechanisms several times, depending on the
average number of self-absorptions 〈NSA〉. The radiative power Lout can then be
estimated with an expression similar to that Olson et al. [45] :

Lout = LinηFresnelηabs(1− ηint)
〈NSA〉. (2.40)

Consequently a high number of self-absorption events results in a drastically ampli-
fied total loss, irrespective of the absorbed incident radiative power LinηFresnelηabs.
Therefore a moderate increase in all partial efficiencies in the table 2.1 would re-
sult in a small device efficiency increase as long as loss-amplification through self-
absorption is present. Because of that the study of re-absorption is a key aspect
of the on-going research in LSCs [45, 46, 30, 47]

Self-absorption is thought to be a consequence of the spectral overlap between
absorption and emission [46]. In practise however the Stokes-shift is often used for
semi-quantitative description of the magnitude of self-absorption [48, 49], which is
why much effort is devoted to luminophores with high Stokes-shift [48, 49, 50, 51].
The study of self-absorption can in principle be conducted along two pathways.
One is the experimental measurement of the output of an LSC while varying a
parameter which strongly influences the self-absorption impact. This is addressed
in Chapter 4 of this thesis. The understanding of the processes involved can be
significantly enhanced by means of computer simulation, which traces the pho-
tons as they pass through the LSC-system assuming ray-like propagation. This
technique provides information, which is not experimentally accessible such as the
average number of self-absorption events and the average propagation path of a
photon prior to its first self-absorption event. Another advantage of computer
simulation is the possibility to change a single parameter without changing others,
which are normally connected in the experiment. The results from such calcula-
tions are especially valuable when applied to conditions close to those found in
real LSC-devices. We found that the calculated values of the light output are in
good agreement with the experimental ones (see Chapter 5).

2.5 Luminescent materials

2.5.1 Organic dyes

Organic luminescent dyes have been the first choice for LSCs, due to their high
quantum yield and easy incorporation into PMMA or other polymer matrices. On
the other hand, dyes emit in the visible range, which is at significantly higher
energy than the band gap of silicon, thus leading to thermalisation losses in the
silicon solar cell. A disadvantage from the perspective of LSCs is the usually
narrow bandwidth of absorption for dyes, which results in conversion of only a
fraction of the solar spectrum. This can be overcome, e.g., by the use of multiple
LSC-plates, where dyes with different absorption spectra are incorporated (see also
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Figure 2.6) [52]. Furthermore an additional limitation of organic dyes is that they
frequently suffer from photo-degradation

Rhodamine 6G has been suggested for application in LSCs already in the first
publications for its high quantum yield (95% [12],[53]). The absorption band is
however narrow. The Lumogen product group of BASF, which was specially de-
signed for the application in LSCs [54], is commonly used as reference dye in LSCs
[55, 56, 57, 52, 58]. Long-term outdoor studies have demonstrated its advantageous
low degradation [14]. Moreover, the overlap between absorption and emission is
smaller than for other dyes such as Rhodamine 6G or Coumarin-based CRS040,
leading to smaller self-absorption [59].

2.5.2 Colloidal semiconductor nanostructures

Colloidal semiconductor nanocrystals have also attracted a lot of interest as lu-
minophores for LSCs. These nanocrystals are coated with a monolayer of organic
molecules that render them easily dispersible in a variety of solvents, making so-
lution processing of these materials extremely facile [60]. Moreover, quantum
confinement effects become important for sufficiently small nanocrystals of direct
band gap semiconductors. For this reason colloidal semiconductor nanocrystals
with special shapes are typically referred to as colloidal quantum dots (QDs) or
quantum rods, depending on their aspect ratio. In the strong quantum confine-
ment regime the optical properties depend strongly on the nanocrystal size and
shape, since the band gap becomes larger with decreasing nanocrystal size [61, 60].
This effect can be exploited to adjust the emission wavelength of the QD to the
maximum of the spectral response of the solar cell. QDs are ideal light harvesters
and spectral converters for LSCs, since they have very broad absorption spectra
(any photon with energy equal to or higher than the band-gap is efficiently ab-
sorbed) and narrow emission spectra [62]. Colloidal QDs can be easily produced
by wet-chemical methods, achieving photoluminescence quantum yields as high as
80% [60, 63]

The chemical stability of single composition QDs upon air exposure is typically
low [60]. A commonly used strategy to improve the stability of QDs is coating with
a shell of a wider band gap semiconductor, in such a way that a Type-I hetero-
nanocrystal (HNC) is obtained (e.g., by growing a ZnS shell over a CdSe core QD)
[60]. Colloidal Type-I QDs have been shown to be more stable against photo-
degradation than dyes [55], which is an important prerequisite for long-term light
harvesting. A number of recent publications have demonstrated the application
of colloidal Type-I QDs as luminophores for LSCs [62, 64, 65, 66]. However, the
Stokes shift for single composition QDs and type-I HNCs is very small (< 20
meV) [60]. The efficiency of LSCs based on type-I HNCs is thus limited by self-
absorption losses. From this perspective, the recently introduced type-II HNCs
are promising luminophores for LSCs. The self-absorption cross-section of type-II
HNCs is expected to be negligible, due to the large spectral separation between
the emission peak and the lowest energy absorption edge [60, 67, 68, 69]. Type-II
colloidal HNCs have been realised for a number of compositions (e.g. CdTe/CdSe,
ZnSe/CdS, etc.) [60, 67, 68, 69]. This thesis treats CdTe/CdSe HNCs and their
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performance in LSCs in Chapter 8 since HNCs of this composition have become
recently available [67, 70, 71].

2.5.3 Metal-ion complexes
In the absence of non-radiative electron relaxation mechanisms every material can
be made luminescent. This works particularly well for metal ions when incorpo-
rated in an adequate host lattice [72]. The possibility for a sensitiser (absorber) to
be separated from the emitter-ion allows for energy transfer between the excited
state of the absorber and the intermediate state of the emitter with some losses,
corresponding to a significant separation of the absorbed and emitted energies
and thus to spectral separation. An other reason for separation of absorption and
emission is the enhancement of the intrinsically small absorption of the emitter
ions by the large absorption of the sensitisers [73]

Several rare-earth metal systems have been studied for this purpose. A domi-
nant is the usage of an ytterbium/neodymium-ion complex, which emits at 970 nm
- fairly within the region of maximal spectral response of a silicon solar cell and not
far from its band-edge [74, 75]. Such complexes are typically incorporated in glass,
which is chosen to enhance the energy transfer between the absorbing neodymium
ions and the emitting ytterbium. They achieve a luminescence quantum efficiency
of 73% [75]. Similarly europium-ions have been studied for these purposes [50, 51].
A common spectral feature of rare-earth compounds is a wide absorption in the
UV-range and sharp emission at a particular wavelength in the infra-red or visi-
ble. As a consequence a large fraction of the incident light is not absorbed. The
sharp emission peaks are however advantageous when working with dichroic layers
(Section 2.6.1).

2.6 Light directing materials

2.6.1 Dichroic layers
With the arrival of photonic technology it became possible to have wavelength
tailored optical materials. A simple example is a dichroic mirror, which transmits
light of all but a narrow range of wavelengths. If the mirror is chosen to block
the light of the same wavelength as the emitted light by the luminophores within
the LSC, the escape losses can be reduced (Figure 2.10). Dichroic mirrors work
on the basis of Bragg-reflection. Layers with alternating refractive index reflect
the incident light partially. The interference of the reflected waves from multi-
ple interfaces amplifies the resulting reflection for a wavelength, that is equal to
four times the layer width [76], provided that the incidence is perpendicular. In-
deed constructions based on this principle have been proven to increase the overall
device efficiency with the modification that not a discrete set of layers with alter-
nating refractive indices have been applied but rather a material with a sinusoidal
index-gradient. This kind of filters is called Rugate-filters and they restricted the
reflection successfully even for a material with broad emission bands [52]. A simi-
lar effect can be obtained using cholesteric liquid crystals with regular twist of the
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Figure 2.10: Effect of a dichroic mirror in LSCs

helical structure with a period p [77]. This affects circularly polarised light of the
same chirality as the twist of the helix. Thus two layers of both chiralities have to
be applied to reflect both components of incident light

The application of this technique yielded an increase of LSC edge emission of
up to 17% compared with an otherwise identical LSC without the cholesteric mir-
ror [78]. This increase could be higher if the reflection properties of such periodic
structures were not dependent on the angle of incidence. In reality however such
reflective layers are optimised for a wavelength matching the maximum of the spec-
tral response of the solar cell at perpendicular incidence. For non-perpendicular
incidences a significant share of this light is being transmitted though the filter
and escapes the system [78].

2.6.2 Liquid crystals

A different approach to reduce the escape losses is the control of the emission
direction of light. This can be done by aligning the emitting molecules such that
their luminescence is directed outside of the escape cone (Figure 2.11). This can
be done by attaching the luminophores to liquid crystals, which can be aligned
[79, 80]. Such techniques indeed increase the edge emission of the LSC and reduce
the top/bottom-surface emissions, which thus increases the overall efficiency by
16% but at the same time reduces the absorption as the vertically aligned dipoles
do not absorb from the top. This can be circumvented by deploying an external
diffuser, that increases the share of a under grazing incidence

A different approach to prevent the weakening of absorption is the usage of
a sensitiser with isotropic absorption, which subsequently transfers the energy
by means of Förster resonance to the aligned dipoles of the luminophores. This
way the luminescence direction is restricted, while the absorption direction is not
(Figure 2.11) [81].

2.6.3 Back-reflector

As calculated in Table 2.1, escape losses and incomplete absorption are major con-
tributions to the overall losses in an LSC. Both can be minimised with the use
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Figure 2.11: Effect of alignment of luminophores using aligned liquid crystals
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Figure 2.12: Differences between specular and diffuse back-reflection at the surface
opposed to the aperture

of back-reflectors. Efficient mirrors almost neutralise escape losses at the surfaces
they cover however do not prevent the reflected light from escaping at the aperture
surface. The deployment of back-reflectors is nevertheless useful as reflection in-
creased the optical path within the LSC, which increases drastically the absorption
probability of the otherwise escaping light. It turned out, that for the surfaces op-
posite to the aperture surface a diffuse / Lambertian reflector should be preferred
[82]. While a specular reflection causes an initially escaping photon to propagate
again within the luminescent medium, it does not change the angle at which it
hits the aperture surface, so that it can escape if not absorbed on the way there.
A Lambertian reflection can also change this angle and thus bring the photon in a
wave-guiding mode and reduce somewhat the escape losses (Figure 2.12). This way
the solar cell can also harvest light, which is beyond the spectral absorption range
of the luminophore. For the purpose of back-reflection highly reflective materials
such as TiO2 [82], BaSO4 [52] and polytetrafluoroethylene (PTFE, also known as
Teflon) can be used.
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2.7 Characterisation
Just as any energy converting device, the LSC can be characterised by the power
conversion (or device) efficiency ηDevice. This is the ratio of the radiation power
Lin which it has been exposed to and the electric power it delivered at the terminal
of the solar cell attached to its edge PLSC.

ηDevice =
PLSC

Lin
(2.41)

Debije and Verbunt have listed a large number of manufactured LSCs according
to their achieved efficiencies [83]. This quantity can be compared with other
photovoltaic devices but is misleading if used exclusively. par For comparison of
LSCs among each other or with other concentration systems it is important to
compare the generated power with that of a bare solar cell not attached to any
concentrator. This can be done with the electrical concentration factor C∗, which
is a ratio between the electrical power output by the concentrator PLSC and the
electrical power output by the bare solar cell PSC at the same 1 Sun AM1.5G
illumination conditions

C∗ =
PLSC

PSC
. (2.42)

An LSC can achieve a high device efficiency but yet have a concentration factor
of less than one, which makes it an efficient solar diluter. Such devices are useful
to demonstrate the range of efficiencies of the technology but have no value for
application in power conversion as in this case it is more efficient to use the bare
solar cell. The highest reported device efficiency of 7.1% has been achieved by
Sloof et al. using four GaAs solar cells at every edge of an LSC [15]. Taken
into account, that GaAs-cells have a higher maximal (and thus typical) efficiency
(≈ 29%) compared with silicon-cells (≈ 25%) [31], less efficient LSCs can achieve
a higher efficiency if they use solar cells with high-efficiency. Therefore to compare
the merit of LSCs independently of the solar cells used one can deploy the optical
efficiency ηopt and the optical concentration factor C. These quantities are defined
as their electrical counterparts, however with the corresponding radiative power
of light before it hits the solar cell:

ηopt =
LEdge

Lin
C =

LEdge

LSC
, (2.43)

where LEdge is the radiative power of the edge emission of the LSC and LSC the
radiative power of the illumination hitting the bare solar cell. The corresponding
radiative power can be converted to their electrical counterpart using the solar cell
efficiencies:

PLSC = LEdge · η∗SC PSC = LSC · ηSC. (2.44)

The solar cell efficiency under illumination with the luminescence spectrum of the
LSC η∗SC is usually higher than the one under illumination AM1.5G, ηSC

Another form of concentration ratio is the geometric concentration factor G,
which is defined as the ratio between the collecting surface and the solar cell area
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in equation 2.1. It can be converted into optical concentration factor with the
optical efficiency C = Gηopt such that

C∗ =
LLSCη

∗
SC

LSCηSC
= C

η∗SC
ηSC

= Gηopt
η∗SC
ηSC

(2.45)

holds. Table 2.2 shows a pathway towards higher device efficiencies by matching of
luminescence spectra to the spectral response of the solar cells. This has been well
achieved by Goldschmidt et al. [52]: In spite of GaInP-cells with cell-efficiencies
below the ones of average silicon cells, the obtained device efficiencies for GaInP-
cells attached to LSCs are well above average and in one case the second best
in the field. This is due the large band gap of GaInP, which makes the material
transparent for a large fraction of the solar radiation but is in quasi-perfect match
with the energy of the luminescent light of the deployed organic dye

As can be seen from the efficiency table, smaller devices tend to achieve higher
efficiencies but lower concentration factors. For practical reasons it is most im-
portant to increase the concentration value because this is the crucial factor that
determines how much solar cell material can be replaced by one LSC.
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Chapter 3
Experimental methods

Abstract

This chapter presents the summary of the experimental techniques
deployed. The realisation of a liquid concentrator prototype requires
the luminophores. The synthesis of commercially not obtainable lu-
minophores is described in this chapter and characterisation of the
luminophores by means of spectroscopy is also contained here. A
special technique, the luminescence spectroscopy at variable optical
path lengths is introduced as a means to evaluate the impact of self-
absorption. The chapter contains also the description of the manufac-
turing process of the liquid phase luminescent solar concentrator and
the description of efficiency measurements as means for characterisa-
tion of the entire device.
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Since the optimal luminophore concentration and composition is not known
and a dependence of LSC-performance on the variations in luminophore concen-
tration is of interest, an experimental set-up that permits a quick and uncompli-
cated exchange of luminophore is needed. Morover the exchange of luminophores
must not change other parameters like the optical coupling of the luminophores
to the solar cell. This conditions were met by deploying a liquid-phase concentra-
tor, which could be filled with a luminophore solution of the desired composition
and concentration while leaving all the other parameters of the experiment un-
changed. The following chapter describes the synthesis of the semiconductor based
luminophores, the manufacturing of the liquid luminescent solar concentrator and
the luminophore characterisation processes.

3.1 Sample preparation

3.1.1 Synthesis

CdSe multi-shell quantum dots

We used highly luminescent (luminescence quantum efficiency, LQE >75%) Cd-
Se/CdS/CdZnS/ZnS alloy CdS/CdZnS - quantum dots (QDs) as an example of
highly re-absorbing but also highly luminescent semiconductor nanoparticles as
luminophores.

Their synthesis was performed under nitrogen-atmosphere with pre-dried chem-
icals, which were stored in a glovebox. The chemicals used for the reaction were:

cadmium acetate (Cd(Ac)2, Sigma-Aldrich), diethylzinc (Et2Zn, Sigma-Aldrich,
1.0 M solution in hexane), dimethylcadmium (Cd(Me)2, ARC technologies, 99.9%),
dodecylamine (DDA, Sigma-Aldrich, 98%), hexadecylamine (HDA, Sigma-Aldrich,
90%), oleic acid (OA, Sigma-Aldrich), 1-octadecene (ODE, Sigma-Aldrich, 90%),
octadecene amine (ODA, Siga-Aldrich, 90%), selenium (Se, Strem Chemicals,
99.99%), tellurium (Te, Heraeus, 99.999%), triethyl orthoformate (TEOF, Sigma-
Aldrich), sulphur (Alfa Aesar, 99%), trioctylphosphine (TOP, Sigma-Aldrich, 90%),
trioctylphospine oxide (TOPO, Sigma-Aldrich, 90%), trioctylphospine oxide
(TOPO99, Sigma-Aldrich, 99%). Most chemicals were used as shipped, except for
DDA, HDA, ODA, ODE and TOPO. These were dried at elevated temperature
(approximately 150 ◦C) under vacuum for several hours before transferring to a
glovebox.

The solvents involved were: Acetone (Merck, dry), buthanol (Sigma-Aldrich,
anhydrous 99.8%), cyclohexane (Sigma-Aldrich, anhydrous, 99%), hexane (Sigma-
Aldrich, anhydrous, 99.8%), methanol (Sigma-Aldrich, anhydrous, 99.8%), toluene
(Sigma-Aldrich, anhydrous, 99.7%)

The synthesis was carried out in two parts: First the CdSe nanocrystal seeds
have been prepared. Therefore a method similar to the one described by Li at al.
was used [85]. Subsequently the CdSe/CdS/CdZnS/ZnS multishell was synthesised
combining the techniques described by Li at al. [85] and Xie at al. [86].

Prior to the synthesis of the CdSe quantum dot seeds, the two precursors were
synthesised. OA (3.68 g), ODE (25.92 g), and Cd(Ac)2 (0.64 g) were mixed, heated
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to 150 ◦C, and kept under vacuum for 2 h to form cadmium oleate (Cd(OA)2).
Selenium (4.25 g) was dissolved in TOP (22.5 g) at 50◦C, followed by the addition
of ODE (35.7 g). The synthesis of CdSe nanocrystals was done by mixing TOP
(1.11 g), ODA (3.20 g), and Cd(OA)2-precursor (4.9 g) in a three-necked flask
while heating it. The synthesis was performed in a Schlenk-line to prevent oxygen
contact. As soon as the temperature of 300 ◦C was reached the Se-precursor
(5.2 g) was added rapidly. The size of the CdSe nanocrystals was controlled by
controlling the duration of the reaction. The particles were diluted by addition
of 1 volume equivalent of hexane. The quantum dots were washed by adding 2
volume equivalents of methanol and collecting the upper coloured hexane layer and
adding 1 volume equivalent of acetone to precipitate the QDs. The last step was
the re-dissolution of the seeds in toluene, which then were stored under nitrogen
atmosphere.

The multishell synthesis was started with the preparation of the three pre-
cursors. The zinc precursor solution (0.1 M) was prepared by dissolving 0.494 g
Zn(Et)2 in 5.05 ml OA and 19.8 ml ODE at 310 ◦C. The cadmium precursor solu-
tion (0.1 M) was prepared by dissolving 1.10 g Cd(Ac)2 in 10.83 g OA and 43.20 ml
ODE at 120 ◦C under vacuum for 2 hours. The sulphur precursor solution (0.1
M) was prepared by dissolving 0.032 g sulphur in 10 ml ODE at 180 ◦C. The Cd-,
Zn-, and Cd/Zn-precursor solutions were kept at about 80 ◦C, while the sulphur
injection solution was allowed to cool to room temperature.

The actual shell-growth proceeded as follows: CdSe QDs (10−7 mol of 3.6 nm
QDs), ODE (2.5 g) and ODA (0.75 g) were combined and heated up to 150 ◦C for
1 h to remove all toluene, afterwards the temperature was increased to 240 ◦C.
To calculate the amount of Cd-precursor for the growth of the first monolayer,
we assumed that the surface of the CdSe cores consists equally of Se- and Cd-
atoms and therefore used only 50% of the amount of calculated Cd-precursor for a
complete monolayer. After the addition of the cadmium precursor we alternated
the metal and the sulphur precursor addition. Each of these were added drop-
wise. After the addition of one precursor for the current shell was complete we
observed a waiting period of 15 minutes before the next one. After the final
addition the reaction was stirred for 30 minutes. One full monolayer of CdS,
1 mixed monolayer of CdZnS and a final layer of ZnS were grown. Afterwards
the reaction mixture was cooled to room temperature and diluted by adding 1
volume equivalent of toluene. The quantum dots were washed by adding 3 volume
equivalents of methanol:buthanol (2:1) mixture to precipitate the QDs. Finally,
the nanocrystals were re-dissolved in toluene and stored inside a glove box under
nitrogen atmosphere. This sample is being referred to as CdSe-multishell or CdSe-
MS.

CdTe/CdSe core-shell nanoparticles

Since these are also a core-shell particles, we have conducted the synthesis in two
steps of which the first was the synthesis of CdTe quantum dot seeds as described
by Wuister et. al. [87]. This was conducted in a three necked flask, where DDA
(10 g) and TOP (7 ml) were heated to 50 ◦C. To this solution Cd(Me)2 (0.22 g)
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Figure 3.1: Schematic representation of the liquid phase LSC system

in TOP (7 ml) and Te powder (0.16 g) were added. A Cd/Te ratio of about 1.25
was used in all the syntheses performed unless a different ratio is indicated. The
reaction mixture was heated to 1700 ◦C. The reaction was stopped 165 minutes
after the addition of the precursors. Excess of Cd- and Te-ions was not removed
during storage.

The second step was the growth of a shell and subsequent growth of CdSe to
anisotropic hetero-nanocrystals. In preparation to the actual synthesis the two
precursors were synthesised: For the Cd-precursor (0.3 M) 0.459 Cd(Ac)2 was
dissolved in 5.75 ml at 1500 ◦C. For the Se-precursor (0.3 M) 0.56 g selenium was
dissolved in 5 ml TOP. The CdSe-Shell does not grow isotropically, i.e. certain
crystal orientations are preferred as growth direction. As a consequence the CdTe
particles receive multiple CdSe-arms and are therefore referred to as multipods.

3.1.2 Preparation of liquid phase luminescent solar concen-
trators

The LSC was a custom-built quartz cuvette ordered from Hellma Analytics with
the internal dimension 100 mm x 35 mm x 10 mm. This cuvette is screw capped
but the injection and removal of fluid is possible through the septum using a
syringe (Figure 3.1). This way it is possible to work with air sensitive samples
without exposing them to oxygen, provided that the cuvette and the syringe were
prepared under a nitrogen atmosphere.

Commercially available poly-crystalline solar cells (157 mm x 18 mm, 14.56%
and 15.13% efficiency, obtained from Solar_rex, Germany) was deployed. Con-
tacts were soldered to the back- and front side of the solar cell. For stability
the cell was glued using a 3-5 mm thick layer of non-acidic silicone glue (Bison -
transparant siliconen kit- Bi3311) on a glass substrate. The cell was covered with
black absorber paper, which contained a window, such that a 35 mm x 10 mm
facet of the cuvette was in firm contact with the cell, while the remaining solar cell
area was blocked from receiving light (Figure 3.2). The cell was characterised by
recording the current-voltage curves in the dark and under AM1.5 illumination,
which yielded its efficiency.

The efficiency measurements were carried out on a WACOM dual solar sim-
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Figure 3.2: Solar cell preparation for the liquid phase LSC device

ulator, where a voltage is applied on the solar cell illuminated with the AM1.5
spectrum as described in Section 3.3. The current-voltage measurements were
performed using a Keithley 238 High Current measure unit. First the window of
the solar cell was illuminated and its current-voltage characteristic is recorded.
Then the cuvette was glued onto the solar cell using the glue MY-146 with a re-
fractive index of 1.461 at 589 nm from “Mypolymers” that matched the refractive
index of quartz. The polymer was cured for a few seconds using a UV-lamp. Upon
curing some air-bubbles appeared, which reduced the quality of optical coupling.
The prototype was coupled to a 14.13% poly-crystalline silicon solar cell.

The cuvette was filled with anhydrous toluene (Sigma-Aldrich, 99.7%) under
nitrogen-atmosphere. The cuvette was screw capped with a septum and trans-
ported to the solar simulator. At the solar simulator site the current-voltage-
curve of the pure solvent LSC was measured. This measurement constitutes the
zero concentration reference.

Subsequently the following steps were repeated multiple times: The extraction
of an amount of the current luminescent liquid from the cuvette and the addition
of the same amount of highly concentrated luminophore Stock-solution. The ex-
traction and addition were carried out with a Hamilton 25 µl-syringe (Figure 3.3),
which had been flushed with nitrogen before. This way the luminophore concen-
tration was increased in controlled steps and the exposure of the luminophore to
air could be minimised. Larger amounts were added with a 1 ml-one-way-syringe.
After the injection of the luminophores the LSC was turned around multiple times
to homogenise the solution. The quartz cuvette was wrapped into a multi-cellular
polyethylene terephthalate reflector (MCPET, Furukawa Electric) such that all
sides but the one facing the solar cell and the one facing the light source were cov-
ered. The LSC was placed on the measurement table of the Solar simulator such,
that the gas bubble remained in the bottle-neck and thus did not contribute much
to reflections. The current-voltage characteristic was recorded while the LSC was
illuminated, which lasted for not longer than five seconds. The short illumination
time ensured, that the temperature did not increase significantly above 25 ◦C.
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Figure 3.3: A photograph of the model LSC being filled with the organic dye
Lumogen Red 305.

3.2 Spectroscopic techniques

3.2.1 Principle

Optical spectroscopy probes material for interaction with photons of different ener-
gies. The presence of interaction at a given energy is a consequence of the existence
of energy states in the material which are separated by an amount of energy equal
to that of the probing photon (see Figure 3.4). The probability of such a transition
is given (in first approximation) by the transition dipole moment, which can be
zero even if the energy resonance condition is fulfilled. A necessary requirement

excited state

ground state

transition

photons
with energy

Figure 3.4: Principle of spectroscopy

for this technique to work is a reliable monochromator, which disperses light in
beams of different wavelengths λ, which is related to the photon energy E by the
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de-Broglie relation E = hc/λ, with Planck’s constant h and speed of light c. This
is presently done with blazed reflection gratings that reflect the light in slightly
different directions depending on its wavelength. The alignment of the grating by
a certain angle sends thus a light beam of a narrow wavelength region to the slit,
whic hThe determines the wavelength even more precise. The relevant interactions
of light with matter are absorption and emission, the measurements of which are
described in the following sections.

3.2.2 UV-visible absorption spectrophotometry

Absorption of light can be either derived from reflection or transmission measure-
ments. The latter one can be measured directly using UV/vis-spectrophotometry
(Figure 3.5). In this technique two light beams are compared with each other.
One of them passes the measured sample, while the other one passes the refer-
ence. The reference is for liquid samples usually the solvent without the substance
whose absorption is to be measured. After the two beams pass their corresponding
samples, they hit photo-diodes, where two photo-currents are generated. The dif-
ference between the photo-currents corresponds to the fraction of light absorbed
by the measured sample.

Light for the visible region is generated by a tungsten filament lamp, while the
UV-part is generated by a Deuterium lamp. This light passes through a monochro-
mator, which selects a wavelength component of the beam. This component is then
sent through a beam-splitter, where it is separated into two beams: one for the ref-
erence and one for the measured sample. By comparing the two at any wavelength
adjusted in the monochromator a transmission spectrum T (λ) can be recorded and
converted to absorption A(λ) using A(λ) = 1− T (λ). The logarithm of the signal
is displayed as optical density (or absorbance), which scales linearly with optical
path and concentration.

3.2.3 Photoluminescence spectroscopy

Luminescence is the reverse process to absorption. A photon can be emitted upon
relaxation of electrons from excited states into excited states of lower energies
or ground states. In case of photoluminescence, the electron is brought into the
excited state using light. Therefore the sample has to be illuminated with light
of wavelength at which absorption is large. To do this for a wide variety of lu-
minescent samples the excitation is carried out with a xenon lamp, which has a
broad spectrum covering the whole UV-visible range (200 nm-900 nm). Its light is
passed through a monochromator, which selects the excitation wavelength. This
light excites the electrons of the sample, which may relax non-radiatively or ra-
diatively i.e. emit a photon. In case of emission the photon flux passes a second
monochromator and is then detected by a photo-detector. By scanning with the
emission monochromator the intensity of the light emitted at different wavelengths
is measured yielding an emission spectrum.

For photoluminescence spectroscopy in this work the Edinburgh Instruments
FLS 920 spectrofluorometer setup has been used, unless indicated otherwise. The
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Figure 3.5: Schematic representation of a UV-visible absorption-
spectrophotometer

excitation has been performed with an Edinburgh Instruments Xe900 Xenon lamp.
Filters can be positioned both before the excitation light hits the sample and
before the luminescence enters the emission monochromator. The former are used
as spectral filters to ensure, that no second order radiation of the monochromator
excites the sample, the latter are used as neutral density filter to prevent damage
to the detector at high intensity. The emission monochromator contained two
gratings blazed at different angles of which one was optimised for the visible and
the other for the near infra-red part of the spectrum. The system is equipped
with two photo-multiplier tubes detectors, Hamamatsu R928 for the visible range
(250-800 nm) and a Nitrogen-cooled Hamamatsu R5509-72 for detection in the
infra-red range (700-1700 nm). The set-up is displayed in Figure 3.6.

3.2.4 Luminescence quantum efficiency measurements

The luminescence quantum efficiency or quantum yield is the ratio between the
number of emitted photons Φem and the number of absorbed photons Φem.

ηLQE =
Φem

Φabs
(3.1)

Since most photo-detectors are based on the photo-electric effect, their signal is
proportional to the photon flux and not the radiative power of the photons. The
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Figure 3.6: Schematic representation of the set-up used for photo-luminescence
spectroscopy

response of monochromators, however, is wavelength dependent, which makes a
response correction of the signal necessary. For an accurate measurement of this
flux ratio both fluxes have to be measured with the same detector and under
identical conditions. This can be achieved with an integrating sphere, which is
a hollow sphere with a quasi perfect diffuse reflective inner surface. It redirects
all the incoming light independently of its direction of origin (excitation source or
the sample luminescence) equally to all directions, and thus also onto the emission
detector.

The quantum yield was measured with an Edinburgh Instruments integrating
sphere. The set-up was an Edinburgh Instruments FLS 920 spectrofluorimeter with
double-grating excitation and emission monochromators as described in Section
3.2.3 and schematically shown in Figure 3.6. The excitation light was chosen
such, that is well within the absorption spectrum of the sample. The sample
concentration was chosen such that the absorption was around 10%. The low
concentration reduces the possible effects of self-absorption, which could lead to
an underestimation of the actual LQE value. The intensity of the excitation light
was measured after it had passed the sample (Tsample(λ)) and after it had passed
the solvent only (Tsolvent(λ)) in the domain of the excitation wavelength λex ± 5
nm. After the recorded spectra were corrected by the sensitivity function (S(λ)) of
the instrument, the difference of the two intensities was attributed to absorption.
The emission spectra were measured under the same conditions as the absorption,
but detected over a broader spectral region starting at a wavelength 5 nm longer
than that used for excitation. The emission spectra were recorded for the excited
sample solution (Fsample(λ)) and for the solvent only (Fsolvent(λ)) and subsequently
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Figure 3.7: Schematic representation of the set-up for spectroscopy at variable
optical paths

corrected. Integrating the emission and absorption as

F =

∞∫
λex+5nm

Fsample(λ)− Fsolvent(λ)

S(λ)
dλ (3.2)

A =

λex+5nm∫
λex−5nm

Tsolvent(λ)− Tsample(λ)

S(λ)
dλ, (3.3)

results in the luminescence quantum yield:

ηLQE =
F

A
(3.4)

3.2.5 Spectroscopic measurements at variable optical path-
lengths

The number of self-absorption events is not accessible for direct measurement.
Instead the presence of self-absorption can be demonstrated by measuring the
luminescence signal at different distances from the excitation spot, so that the
emitted light has to travel through different amounts of the medium before detec-
tion. Since absorption scales according to Lambert-Beer law

A = 1− 10−εcx, (3.5)

where ε is the molar absorption coefficient, c the concentration of luminophores
and x the optical path length of the light through the medium, self-absorption will
be stronger at longer x, such that its effects on the emission spectrum will become
more evident with measuring x.

The measurements were conducted with a position-adjustable excitation source
that illuminates different spots in the material so that the optical path length
travelled by the emitted light inside the luminophore solution can be varied (Fig-
ure 3.7). A Spectral Products ASBN-D2-W100F-L Halogen lamp (power 100 W,
colour temperature 3000 K) filtered through a band pass filter at (520 ± 25) nm
was used as excitation source. The use of narrow-band light for excitation was
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necessary to allow luminophores with widely different absorption spectra to be
reliably compared. An optical fibre with a slit exit aperture and a lens were used
to focus the excitation light on a quartz cell (figure 3.7). The quartz cell was
screw capped to prevent oxidation of the luminophore solution inside. The inter-
nal volume of the cell was 10 mm × 10 mm × 35 mm. The bottom of the quartz
cell was mounted in firm contact with an optical fibre, which collected the emit-
ted light and guided it to a monochromator and subsequently to a CCD (Spectra
Pro 300i from Action Research) to record the emission spectra. The cell with the
collection fibre could be moved along the x-axis with a step-size of several mi-
crometres. When operating with air-sensitive samples, the cells were filled under
nitrogen atmosphere. The x-axis was chosen to point upwards to collect eventual
gas bubbles in the bottleneck of the quartz cell, such that they could not influence
the measurement.

3.3 Device characterisation with the solar simula-
tor

Photovoltaic devices can be compared universally by means of their efficiency. To
this end the device is illuminated with a lamp, that resembles the AM1.5G spectral
conditions while the device is at 25◦C. During this illumination an increasing bias
voltage is applied to the device and its current is recorded. With this information
a current-voltage curve is obtained, which can be used to compute the device
efficiency ηdevice, which is defined as the ratio of the electrical power delivered by
the solar cell PSC and the radiation power of the incident light LAM1.5

ηdevice =
PSC

LAM1.5
(3.6)

In the ideal diode approximation the current I delivered by a solar cell at an
applied voltage V is given by (adopted from [88]):

I(V ) = −Iph + I0(e
qV −IRs

nkT − 1) +
V − IRs

Rp
. (3.7)

This equation can be derived from the following equivalent circuit (Figure 3.8),
which treats the solar cell as an ideal diode of saturation current I0 with a shunting
resistanceRp and a photo-current source Iph in parallel and an Ohmic resistanceRs
in series. In the contribution of the ideal diode q stands for the elementary charge,
k for the Boltzmann constant, T for the operating temperature and n the diode
quality factor. The highest efficiency is measured at optimal operation conditions -
mpp (maximum power point), that is the one with the maximal delivered electrical
power Pmpp. To find this point the applied bias voltage V is continuously increased
and the current I(V ) is recorded as a function of voltage. From this data the
following parameters can be extracted as in Figure 3.9: The current at which
no voltage is applied is the short circuit current Isc = I(V = 0), the open circuit
voltage Voc, which is defined as the voltage at which no current is flowing, I(Voc) =
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Figure 3.8: Equivalent circuit for a solar cell efficiency measurement (adopted from
[88])

0.2 0.0 0.2 0.4 0.6
Bias voltage [V]

8

6

4

2

0

2

4

6

8

C
u
rr
e
n
t
d
e
n
si
ty

th
o
ru
g
h
th
e
d
e
v
ic
e
[m

A
/c
m
2
]

Isc

Voc

mpp

Vmpp

Impp

Figure 3.9: Current as a function of voltage as measured on an a solar cell attached
to an LSC

0 and the fill-factor FF , which is defined as:

FF =
Pmpp

IscVoc
=
ImppVmpp

IscVoc
(3.8)

In practise the power the device delivers scales with the illuminated area of the
device. Therefore one actually measures the current area densities with respect
to the device area. In our experiments llumination was carried out by a solar
simulator fabricated by WACOM, Japan. Its light intensity is calibrated to 1000
W/m2. A Keithley 238 High Current measuring unit has been used to apply a
bias voltage and to record the current.
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Chapter 4
Tackling self-absorption in

luminescent solar concentrators with
type-II colloidal quantum dots

Abstract

In this chapter we apply luminescence spectroscopy at variable op-
tical path lengths to a variety of luminophores. The goal is to study the
impact of self-absorption in these materials. The result is that type-II
CdTe/CdSe nanocrystals are impacted the least by self-absorption and
may thus be a suitable candidate for the application as luminophores
in luminescent solar concentrators.

Based on: Solar Energy Materials and Solar Cells 111 (2013) 57 –
65.
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4.1 Introduction

Luminescent solar concentrators (LSCs) have been proposed as alternative pho-
tovoltaic (PV) devices, as they require less semiconductor material per unit of
generated power, compared with conventional PV-technologies. While initially in-
troduced as a means for better exploitation of high efficiency solar cells [12, 39, 89]
and therefore for cost reduction, recently the focus has shifted towards LSCs as a
promising concept for integration of PV into buildings [83, 90].

LSCs are essentially thin sheets of transparent plastics, in which luminescent
species (luminophores) are dispersed (Figure 4.1). Long and slim solar cells are
attached to the small side faces such that their collection surface is directed to the
plastic plate. Sun light enters the sheet through the large top face and is absorbed
by the incorporated luminophores, which re-emit light. The wavelength of the re-
emitted light is different from the incoming wavelength, just like the propagation
direction. Because of this change in direction a large fraction of the re-emitted
light cannot leave the plate through the plastic-air interface, as it is in the regime
of total internal reflection (TIR). Therefore the light is wave-guided until it reaches
the solar cell.

This way the light entering a large face Atop = a ·b is diverted onto a small face
ASC = b · d of the solar cell. The maximum achievable geometric concentration
factor for an LSC-device with one solar cell face and three faces with perfect
mirrors is:

G =
Atop

ASC
=
a · b
b · d

=
a

d
, (4.1)

where a, b and d are the length, width and thickness of the plastic sheet. The
wavelength of the re-emitted light depends on the choice of the luminophore, which
is ideally chosen such that the emission band matches the maximum of the spectral
response of the solar cell. The solar cell will thus operate with a higher efficiency
than under broad spectrum illumination [91, 92].

The best, so far obtained efficiencies are still modest (7.1% [15], 6.9% [52]),
and have been obtained for rather small devices (a few cm2). The low efficiencies
and limited dimensions of the currently available LSCs are due to a number of
loss mechanisms. These loss mechanisms have been discussed in detail in the
work of Roncalli et al. [40], and therefore will be only briefly addressed here.
The optical loss mechanisms involved are partial surface reflection and parasitic

solar cell

escaping ray

luminescent centre

light trapped by 
total internal reflection

incident light

transmitted radiation

Figure 4.1: Principle of of operation of a LSC for building integrated PV.
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absorption by the plastic sheet [13]. More significant losses occur due to non-
radiative energy dissipation by the luminophores when their quantum yield ηLQE
is low, as well as by light emission or reflection within the escape cone of the
plastic-air interface, such that no TIR can take place [14]. For a single PMMA-air
interface approximately 25% of the photons are thus lost (loss factor Pconic ≈ 0.25)
[39, 93]. Further losses occur due to self-absorption. In this case, luminophores
in the LSC re- absorb previously emitted photons before they can reach the solar
cell. Upon every re-absorption event the photon energy can be dissipated again
through one of the above mentioned loss channels, even if the re-absorbed photon
was being transported in the wave-guiding mode towards the solar cell before the
self-absorption event occurred. Even in an idealised LSC with TIR-escape losses
only, the trapping probability for every emitted photon is Ptrap = 1−Pconic = 0.75.
Consequently for a given input energy flux Φin the output flux Φout decreases after
an average of N − 1 re-absorptions per photon to

Φout = Φinη
N
LQE(1− Pconic)

N (4.2)

This equation shows that re-absorption maximises the occurring losses as the light
output into the solar cell decreases exponentially with the number of re-absorption
events [93]. This limits size of LSC plates and thus the maximum concentration
ratio. Therefore, it is essential to tackle the self-absorption problem in order to
improve the efficiency of LSCs.

Re-absorption can be minimised by using luminophores that have a negligi-
ble absorption cross-section at their emission energy (Self-absorption cross sec-
tion: Section 4.2). This implies that their emission spectrum should be well sep-
arated from their absorption spectrum, i.e. the Stokes shift should be reasonably
large. Among the luminophores with the required optical properties, colloidal
type-II semiconductor hetero-nanocrystals are particularly promising. Semicon-
ductor hetero-nanocrystals (HNCs) consist of two (or more) different materials
joined in the same particle by hetero-interfaces. Depending on the energy offsets
between the valence and conduction band levels of the materials that are com-
bined at the heterointerface, different carrier localisation regimes will be observed
after photoexcitation (Figure 4.2) [60]. In type-I HNCs both carriers are primarily
localised in the same material, whereas in type-II HNCs electrons and holes are
spatially separated, creating a spatially indirect exciton. The photon emitted upon
radiative recombination of the spatially indirect exciton will have a lower energy
than the band gap of both components of the HNC, and thereby its re-absorption
probability is greatly reduced. Type-II HNCs have been successfully synthesised
in recent years by a number of groups [94, 69, 70, 60]. The suitability of type-II
HNCs for application in LSCs has been theoretically investigated for the first time
[95].

In this chapter, we compare the self-absorption behaviour of several types of
widely applied luminophores (viz., three different organic dyes and CdSe QDs)
with that of recently available CdTe/CdSe Type-II HNCs. In order to do so,
we developed a liquid model LSC device, consisting of a quartz cell in which
the studied luminophore solution can be quickly and easily exchanged. The loss
mechanisms in this model LSC are the same as in a real LSC, and therefore
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Figure 4.2: Schematic representation of band structure in type-I QDs (left) and
type-II semiconductor QDs (right). The spatially direct band gap energies are
indicated as solid arrows. The spatially indirect one is shown as a broken line.

our experiments offer a convenient and reliable way to evaluate the potential of
luminophores for application in LSCs.

4.2 Self-absorption cross section

Self-absorption occurs when there is a finite probability for a luminophore to absorb
the light emitted by the same species. This can be visualised as an overlap between
the spectra of absorption A(λ) and emission F (λ). This overlap σSA quantifies the
self-absorption cross section per 1 cm optical path as

σSA =
1

K

∞∫
0

F (λ)A(λ)dλ (4.3)

with K =

∞∫
0

F (λ)dλ and [σSA] =
1

cm
.

This expression gives the fraction of the emission that is absorbed by the lu-
minophore itself while travelling through 1 cm of the medium. This optical path-
length was chosen because it corresponds to that used for the absorption mea-
surements in solution. The integration is carried out between the boundaries of
the wavelength in the emission spectrum. The self-absorption cross section can be
used to characterise luminescent species from their emission spectra and absorption
spectra.

4.3 Materials and methods

4.3.1 Materials

The dyes used for the experiment were purchased as powders. Rhodamine 6G was
obtained from Radiant Dyes Laser & Accessories GmbH dissolved with absolute
ethanol for experiments. Lumogen Orange and Lumogen Red were supplied by
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CdSe Silica

TII-iso TII-an

Figure 4.3: TEM images of the colloidal nanoparticles investigated in this work:
CdSe-QDs, Silica nanospheres, CdTe/CdSe/ZnS core/multishell type-II HNCs
(TII-iso), and CdTe/CdSe type-II dot-core/rod-shell nanorods (TII-an).

Kremer Pigmente as “94738 Fluoreszenzorange” and “94720 Fluoreszenzrot” and
used as solutions in anhydrous toluene. Colloidal CdSe QDs were synthesised fol-
lowing the method reported by Peng et al. [94]. Colloidal type-II CdTe/CdSe
HNCs with two different shapes were investigated: concentric CdTe/CdSe/ZnS
core/multishell QDs (hereafter labelled TII-iso) and CdTe/CdSe dot core/rod shell
heteronanorods (hereafter labelled TII-an). The TII-iso type-II QDs were synthe-
sised following a method introduced by Zhang et al. [70]. The method described
by Zhong and Scholes [71] was used to synthesise the TII-an type-II nanorods.
Silica nanoparticles were synthesised for reference scattering measurements fol-
lowing the method described by Koole et al. [96]. Representative transmission
electron microscopy (TEM) images of the nanoparticles synthesised in this work
are provided in Figure 4.3.

4.3.2 Optical characterisation

Absorption spectra of solutions of the luminophores were recorded with a Perkin-
Elmer double beam UV/Vis spectrophotometer, using the solvent as the reference.
The amount of scattered light was negligible in all cases. Therefore, the absorption
(A) could be obtained directly from the measured optical densities (α) as A =
1− 10−α = 1− T .

Self absorption in luminescent solar concentrators 49



CHAPTER 4. TACKLING SELF-ABSORPTION IN LUMINESCENT SOLAR
CONCENTRATORS WITH TYPE-II COLLOIDAL QUANTUM DOTS

The quantum yield was measured with an integrating sphere using sufficiently
diluted samples (sub-µM concentration range). The setup was an Edinburgh In-
struments spectrofluorimeter with double-grating excitation and emission monochro-
mators, and a 450 W Xenon lamp as the excitation source. Colloidal QDs and
HNCs were excited with a xenon lamp at λex = 400nm, Lumogen Orange at
λex = 450nm. The intensity of the excitation light was measured after it had
passed the sample (Tsample(λ)) and after it had passed the solvent only (Tsolvent(λ))
in the domain of the excitation wavelength λex± 5nm. After the recorded spectra
were corrected by the sensitivity function (S(λ)) of the detector, the difference of
the two intensities was attributed to absorption. The emission spectra were mea-
sured under the same conditions as the absorption, but detected over a broader
spectral region starting at a wavelength 5 nm longer than that used for excitation.
The emission spectra were recorded for the excited sample solution (Fsample(λ))
and for the solvent only (Fsolvent(λ)) and subsequently corrected. Integrating the
emission and absorption as

F =

∞∫
λex+5nm

Fsample(λ)− Fsolvent(λ)

S(λ)
dλ (4.4)

A =

λex+5nm∫
λex−5nm

Tsolvent(λ)− Tsample(λ)

S(λ)
dλ, (4.5)

results in the luminescence quantum yield:

ηLQE =
F

A
(4.6)

4.3.3 Intensity profiles
The measurements of self-absorption effects were conducted with a position-adjustable
excitation source that illuminates different spots in the material so that the op-
tical path length travelled by the emitted light inside the luminophore solution
can be varied. (Figure 4.4). A Spectral Products ASBN-D2-W100F-L Halogen
lamp (power 100 W, colour temperature 3000 K ) filtered through a band filter
at (520± 25) nm was used as excitation source. The use of narrow-band light for
excitation was necessary to allow luminophores with widely different absorption
spectra to be reliably compared. The optical densities of the luminophore solu-
tions were adjusted to 0.17±0.04 at 520 nm, in order to ensure that the amount of
light absorbed by different samples was comparable (see spectra in supplementary
information). However, it should be noted that the effective photon absorption
cross-section for different luminophores could not be rendered identical, since the
excitation bandwidth ±25 nm was not sufficiently narrow to prevent variations
due to the different absorption band shapes. Nevertheless, these variations have
no impact on the validity of the conclusions drawn from the experiments, since we
compare only the fraction of the emitted light that is lost due to self-absorption,
and not the absolute intensities.
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An optical fibre with a slit exit aperture and a lens were used to focus the
excitation light on a quartz cell (the liquid model LSC device) (figure 4.4). The
quartz cell was screw capped to prevent oxidation of the luminophore solution
inside. The internal volume of the cell was 10 mm × 10 mm × 35 mm. The bottom
of the quartz cell was mounted in firm contact with a second optical fibre, which
collected the emitted light and guided it to a monochromator and subsequently to
a CCD (Spectra Pro 300i from Action Research) to record the emission spectra.
The cell with the collection fibre could be moved along the x-axis with a step-
size of several micrometres. When operating with air-sensitive samples, the cells
were filled under nitrogen atmosphere. The x-axis was chosen to point upwards
to collect eventual gas bubbles in the bottleneck of the quartz cell, such that they
could not influence the measurement. Toluene was employed as solvent for all the
samples but Rhodamine 6G, which was dissolved in Ethanol.

 

x [µm]

Quartz cell with 
luminophore solutionMonochromator and CCD

Optical fibre

Figure 4.4: Schematic representation of the setup for intensity profile measure-
ments

4.4 Results and Discussion

4.4.1 Characterisation

The normalised absorption and emission spectra are provided in Figure 4.5. The
self-absorption cross section of Rhodamine 6G was calculated to be 8.5% and its
quantum yield was taken to be 95% [53]. The quantum yield of Lumogen Orange
was found to be 95%. The self-absorption cross section was calculated to be
6.7%. The absorption spectra of the semiconductor QDs (Figure 4.5) are much
wider than those of the dyes, since they consist of a large number of different
exciton transitions that partially overlap producing a spectrally broad absorption
spanning from the band edge to the UV. The self-absorption cross-sections of the
semiconductor QDs were calculated to be 52.2%, 2.5%, and 0.2%, for CdSe, Type-
II-iso, and Type-II-an QDs, respectively. The quantum yields of the semiconductor
QDs were found to be 27% and 48%, for CdSe, and Type-II-iso QDs, respectively.
The absorption and emission spectra of Type-II-an QDs are similar to those of
Type-II-iso QDs, and are shown in the Figure 4.6supplementary information.
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Figure 4.5: Normalised absorption and emission spectra of diluted solutions of
selected dyes (Rhodamine 6G, top right, and Lumogen Orange, bottom right)
and colloidal semiconductor nanocrystals (CdSe, top left, and CdTe/CdSe/ZnS
core/multishell type-II HNCs, bottom left). Note that the absorption spectra are
given in 1-Transmission (1-T) scale. Spectral data of type-II-an can be found in
Appendix A, Figure A.1.
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Figure 4.6: The normalisation of luminophore concentration resulting in compa-
rable absorption at 520 nm.

4.4.2 Self-absorption effects

The emitted light can subsequently be absorbed by the emitting medium itself. As
the Lambert-Beer law states, the probability for absorption grows exponentially
with increasing path the light has to travel through the medium. The longer the
path between the spot of excitation and the detector, the higher the probability for
this process to occur and to repeat itself. In a weakly luminescent sample, such as
the CdSe QDs investigated here (Figure 4.7), the measured emission peak-intensity
drops rapidly with increasing optical path. Although a spectral shift of the peak
is observed, the position of the red band edge of the peak remains unchanged.

For single composition QDs (e.g., CdSe QDs) and Type-I HNCs the energy
of every emitted photon is up to a few (< 20 ) meV lower than the band gap of
the emitting quantum dot [60, 97, 98]. This is the intrinsic (or resonant) Stokes-
shift. The so-called global (or non-resonant) Stokes-shift is larger and its origin
is found in the fact that real samples always consist of an ensemble of QDs of
slightly different sizes. The size distribution of the ensemble of QDs is reflected in
the line width of the optical transitions, which becomes broader due to inhomoge-
neous broadening, and in the non-resonant Stokes shift, which increases for larger
size dispersions and higher concentrations [98]. The increase in the non-resonant
Stokes shift is due to the fact that the absorption cross sections at energies far
above the band-edge scale with the volume [99]. Therefore, larger QDs will absorb
relatively more light, resulting in a redshift of the ensemble PL spectrum from
the statistically weighted maximum at excitation energies far above the band-edge
(such as those used in the present work). Moreover, self-absorption also leads
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Figure 4.7: Emission spectra of CdSe quantum dots recorded at different distances
from the excitation spot.

to a concentration- and optical path-length-dependent increase in the observed
non-resonant Stokes shift. Figure 4.7 shows that this increase is primarily due to
the shift of the emission peak to lower energies with increasing number of self-
absorption events, which can occur as a result of increasing optical path lengths
and/or increasing concentrations. A requirement for the self-absorption process
is that the photon energy must be equal to or larger than the band gap of the
absorbing QD. Therefore, photons emitted by the largest QDs in the ensemble do
not have sufficient energy to be re-absorbed by most of the QDs in the ensem-
ble, and therefore have a higher probability of reaching the detector. In contrast,
photons emitted by smaller QDs carry sufficient energy to be absorbed by most
members of the QD-ensemble and therefore are more likely to be absorbed before
reaching the detector. This is consistent with the observed loss in intensity in the
range 530 nm - 570 nm and the almost unchanged red shoulder starting from 580
nm, as the optical path increased (Figure 4.7). The overall effect is the loss in
total intensity and a total red shift as shown in Figure 4.8 for CdSe QDs.

The intensity decrease appears exponential (Figure 4.8 left). Nevertheless the
behaviour cannot be strictly exponential, because the fraction of absorbed photons
is not constant. It depends on the wavelength of the input photons, which changes
upon every self-absorption event.

The integration of the recorded emission spectra provides a measure for the
amount of light that would reach the solar cell at the side-face of a luminescent
solar concentrator. We have performed the same analysis on a selection of dyes
and colloidal semiconductor QDs and HNCs. The same experiments were also
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Figure 4.8: Effects of self-absorption on intensity (left) and on peak position (right)
of colloidal CdSe QDs
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Figure 4.9: Absolute intensity profiles for CdSe QDs, Type-II-an QDs, Lumogen
Orange, Lumogen Red, Rhodamine 6G, and silica nanoparticles. Note that the
signal for silica nanoparticles is totally due to scattering of the excitation light,
since these particles are non-luminescent.
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carried out on non-luminescent silica nanoparticles of comparable size (25 nm)
to the QDs (5-15 nm) in order to provide a reference for potential losses due to
light scattering. The results show that the impact of light scattering is negligible
(Figure 4.9, black line).

Although the optical coupling throughout the measurement of one sample is
constant, that cannot be guaranteed when the sample is changed, since small
variations in the optical alignment between the cuvette and the in-coupling and
out-coupling fibres may occur. Moreover, the quantum yields and absorption
band shapes within the wavelength range of the excitation light are not the same
for the different luminophores. Therefore, in order to allow the self-absorption
characteristics of the different samples to be properly compared, we normalised
the intensities with respect to that acquired at the closest distance (d = 5 mm)
from the detector (Figure 4.10).

All samples show intensity losses over the first half of the optical path. The
observed losses are summarised in Table 4.1. The quantitative differences allow
the classification of the investigated luminophores in three distinct groups: those
with a strong intensity loss (group A: CdSe QDs), those for which the output is
moderately reduced (group B: Lumogen and Rhodamine dyes), and those for which
the output is only slightly reduced (group C: both type-II HNCs). The increase in
intensities at longer optical paths observed in some cases can be explained by the
increasingly stronger reflection of excitation light as the bottleneck of the quartz
cell is approached.

4.4.3 Red-shift

As discussed above for CdSe QDs, the increase of the optical path length travelled
by the emitted light prior to detection leads to a red shift of observed emission
peak (Figures 4.7 and 4.8). However, the magnitude of the red-shift is not the
same for different luminophores, as can be clearly seen in the emission spectra of
the Lumogen Orange (Figure 4.11) and Type-II-iso QDs (Figure 4.12). To allow
the different luminophores to be compared the red-shift ∆λ is calculated as

∆λ = λmax(dmax)− λmax(dmin), (4.7)

where λmax(d) denotes the wavelength at which the emission attains its maximum.
The argument d is the length of the optical path at which the spectrum was
recorded.

The observed intensity loss in groups A and B can be confidently attributed
to self-absorption as it is accompanied by a red-shift of the peak (Figure 4.13).
This red-shift is also correlated to the intensity drop: the luminophore with the
strongest intensity loss (CdSe QDs) also reveals the largest red-shift (and lowest
quantum yield) (see Table 4.1). The spectra of the group B are only slightly
red-shifted, however with a well pronounced trend to increase.
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Figure 4.10: Normalised intensity profiles of a selection of dyes (top) and semicon-
ductor nanocrystals (bottom). Group A consists of luminophores whose lumines-
cence losses are negligible even if the propagation length through the medium has
been considerably increased; Group B contains luminophores whose luminescence
decreases moderately and Group C are the luminophores whose luminescence de-
creases heavily.
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4.4.4 Type-II QDs in comparison with other luminophores
For type-II HNCs a red-shift can be calculated with eq. (4.7). However facing the
relatively strong data scattering (Figure 4.13) it is more meaningful to consider
the mean value of the shift, which is −0.6 nm for both type-II HNC samples
(Table 4.1). This average is of the same order of magnitude as the resolution
of the monochromator used (0.5 nm) and hence a strong indicator for no red-
shift at all. Together with the minimal intensity loss this indicates the absence of
self-absorption in type-II samples.

The long wavelength part of the emission spectra of the type-II HNCs could
not be recorded accurately as the sensitivity of the used CCD is very low beyond
860 nm (Figure 4.12). Since the intensity drops mostly at the blue end of the
spectrum eventual self-absorption effects could be detected if present. The red
(λ > 860nm) part of the spectrum is not entirely reliable. This inaccuracy means
that the intensities reported here for TII-iso and TII-an QDs represent a lower
limit, and the overall output flux might be larger.

From all the investigated samples the type-II HNCs show the least self-absorption
effects. Even if compared with the dye with the best performance (Lumogen
Orange, Figure 4.11) the photons emitted by the type-II HNC samples seem al-
most unaffected by the amount of material they travelled through. It should be
pointed out that monochromatic excitation was used in our experiments. Although
these conditions are suitable to allow the self-absorption properties of different lu-
minophores to be reliably compared, they do not reveal an important advantage
of colloidal semiconductor NCs: their broad absorption spectrum. In order to
account for the total amount of light that could potentially be absorbed by the
different luminophores under excitation by a broad band source (like the sun)
we have integrated their absorption spectra from 300 to 800 nm, and normalised
the result with respect to the total absorption cross section of Lumogen Orange
(quantity ξ in Table 4.1). The amount of emitted light F is then given by

F = ξ · ηLQE. (4.8)

If this is taken into account one can conclude that under uniform broad band
excitation the light output of type-II-iso HNCs at 1 cm optical path length would
be ∼ 2 times larger than that of the Lumogen Orange, despite its lower PL QY
(48% vs. 95%, see Table 4.1). However, PL QYs as high as 80% have been reported
in the literature for CdTe/CdSe Type-II HNCs similar to those investigated in the
present work [98], demonstrating that the high outputs reported here for type-II
HNCs can be even better with proper optimisation of the sample preparation.
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Figure 4.11: Emission spectra of Lumogen Orange recorded at different distances
from the excitation spot.
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Figure 4.12: Emission spectra of type-II-iso quantum dots recorded at different
distances from the excitation spot.
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Table 4.1: Summary of the key quantities determined in the present work for
a number of luminophores: CdSe QDs, Rhodamine 6G (R6G), Lumogen Or-
ange (Lumo O), CdTe/CdSe/ZnS-core/multishell Type-II QDs (TII-iso), and
CdTe/CdSe dot-core/rod-shell Type-II nanorods (TII-an): ηLQE - luminescence
quantum yield, σSA - self-absorption cross section, ∆λ - spectral shift after 30 mm
optical path length, Loss - relative intensity loss after 30 mm optical path length
and ξ -integrated absorption spectra from 300 to 800 nm normalised with respect
to Lumogen Orange

Sample ηLQE σSA ∆λ Loss ξ
CdSe QDs 27% 52.2% 11.0 nm 57% 4.04
R6G 95% 8.5% 4.0 nm 7.0% 1.31
Lumo O 95% 6.7% 2.2 nm 7.5% 1.0
TII-iso - 2.5% -0.6 nm 3% 4.13
TII-an 48% 0.2% -0.6 nm 3% 4.02
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4.5 Conclusions
In this chapter, we have compared the self-absorption behaviour of a number of
luminophores in a model liquid LSC: colloidal CdSe QDs, Rhodamine 6G, Lumo-
gen Orange, Lumogen Red, and colloidal CdTe/CdSe Type-II hetero-nanocrystals
(HNCs). Our results clearly demonstrate that the re-absorption losses of type-II
CdTe/CdSe HNCs are negligible with respect to the other luminophores investi-
gated. This shows that type-II colloidal QDs are promising materials for lumi-
nescent solar concentrators, as they have the potential to strongly minimise the
efficiency losses induced by self-absorption. Moreover, their emission in the near
infra-red ( 900 nm) is of high importance for application in LSCs, since it matches
the region of maximal spectral response of crystalline silicon solar cells. In this
spectral range, organic dyes do not perform well, due to a combination of lower
quantum yields (≈ 50% or below [100]) and poor photostability.

Furthermore, the broad absorption spectra of these colloidal HNCs makes them
excellent light harvesters, which should further increase the potential light output
of LSCs. The quantum yield of the type-II HNC samples investigated in this work
is ∼ 50%, but PL QYs as high as 80% have already been reported for similar
structures [98]. It is thus clear that the use of type-II HNCs in LSCs may offer
sizeable benefits with respect to other commonly used luminophores. It remains
however to be investigated whether these colloidal type-II HNCs can be easily
dispersed into polymer matrices without loss of efficiency. Tests of performance
in type-II HNCs in actual luminescent solar concentrator devices are described in
Chapter 8.

The experimentally observed influence of the self-absorption cross-section on
the losses with increasing path-length is studied in Chapter 5.
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Chapter 5
Self-absorption in luminescent solar

concentrators studied by
ray-tracing/Monte-Carlo simulations

Abstract

Combined ray-tracing and Monte-Carlo simulations is a widely used
tool for efficiency estimations of LSC-devices prior to manufacturing.
We have applied this method to a model experiment, in which we anal-
ysed the impact of self-absorption onto LSC-efficiency of luminophores
with different absorption/emission-spectral overlaps: several organic
dyes and semiconductor quantum dots (single compound and type-II
core/shell hetero-nanostructures).

These results are compared with the ones obtained experimentally
demonstrating a good agreement. The validated model is used to sys-
tematically investigate the influence of spectral separation and lumi-
nescence quantum efficiency on the intensity loss in consequence of
increased self-absorption.

The results are used to define a quantity called the self-absorption
cross-section and establish it as reliable criterion to assess self-absorption
properties of materials. This quantity can be obtained from funda-
mental data and has a more universal scope of application, than the
currently used Stokes-shift.

Based on: Proceedings of SPIE - The International Society for Op-
tical Engineering 8821 (2013)
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5.1 Introduction

The suitability of a luminophore for LSCs can be assessed by measuring the ef-
ficiency of the final device. This method, however, reflects not only the material
properties but also the effect of manufacturing processes, the properties of the
solar cell and optical coupling. Moreover, the fabrication of LSC devices solely
for the assessment of material properties is inefficient use of resources, which can
be avoided with a reliable simulation technique that uses only fundamental mate-
rial characterisation data. In chapter 4 we discussed an experimental method to
determine the effect of self-absorption (SA) in an easily conducted model exper-
iment. In this chapter we introduce a simulation technique that accurately pro-
vides such information which requires experiments for validation purposes only.
Ray-tracing/Monte-Carlo simulation allow assessing the suitability of materials
from their fundamental optical properties such as emission/absorption and lumi-
nescence quantum efficiency (LQE). This model is validated experimentally for
samples with different spectral overlap and is applied to investigate the impact of
different material parameters on both the self-absorption losses and the overall ef-
ficiency of the devices. Moreover, this simulation offers the possibility of studying
SA-effects depending on only one parameter, which is hardly possible in an ex-
periment, where the change of spectral shape or quantum yield requires a change
of the luminophore and thus a change of other material properties as well. Such
interplay can be excluded in a simulation by changing deliberately only one pa-
rameter. Such changes may result in fictional luminophores, which do not appear
in nature but permit systematic study of influencing parameters. The previously
introduced quantity self-absorption cross-section, that we adopted from Hammond
[101], is proposed as a evaluation criterion for self-absorption effects.

5.1.1 Influencing parameters

Since self-absorption cannot be detected directly, the luminescence signal is studied
instead. This signal is composed of the first generation emission, which follows
from external excitation of the luminophore and second, third etc. generation
of emission, which follows from absorption of the first or higher generations of
emitted light. The latter reduces the intensity of the first generation emission and
is thus an effect of self-absorption. This signal reduction depends on how efficiently
previous generations of emitted light have been self-absorbed and how efficiently
this self-absorbed light has been re-emitted and how much has been dissipated
through loss mechanisms.

Spectral separation

The amount of absorbed light can be calculated using the absorption spectrum
multiplied point-wise with the spectrum of the light initially hitting the sample
(incoming light). In case of self-absorption, the incoming light is luminescence of
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the sample. Thus the self-absorption probability is given by:

σSA =
1

K

∞∫
0

F (λ)A(λ)dλ (5.1)

with K =

∞∫
0

F (λ)dλ,

where F (λ) is the luminescence spectrum, A(λ) the absorption spectrum. We
denote the resulting quantity σSA as self-absorption cross-section.

A heuristic indicator of large self-absorption cross-section is a small Stokes-shift.
So far this has been the main criterion for luminophore suitability in the attempts
to circumvent self-absorption [48]. This is a fast method for exclusion of substances
since a small Stokes-shift necessarily results in a large absorption/emission spectral
overlap. This method however does not take into account the shape of the spectra
and cannot be used to compare different luminophores with identical Stokes-shift.

5.2 Methods

5.2.1 Experimental data collection

The effects of self-absorption were measured in solution using an excitation source
whose position and therefore the coordinate x of incidence on the luminescent
material could be adjusted (Figure 4.4, Chapter 4). This way the distance between
the excitation spot and the detector can be varied in steps of 10 µm, such that the
emitted light travels along paths of different length through the material. With
increasing distance self-absorption effects become more and more prominent. The
experiment was performed with the organic dye Lumogen Orange 240 and with
CdSe single-compound and CdTe/CdSe core-shell quantum dots. All luminophores
were dissolved in toluene.

The luminophore solutions were placed into a screw capped quartz cell with
the internal volume of 10 mm × 10 mm × 35 mm. The bottom of the cell was
brought in firm contact with an optical fibre, which was directed perpendicular to
the direction of the excitation light and perpendicular to the x-axis along which
the excitation light beam is moved. The range of optical paths between 5 mm and
30 mm was covered. The spectrum of luminescence was recorded after each 0.5
mm step.

The measured spectra were integrated over wavelength to obtain the output
intensity, which was normalised with respect to intensity at the shortest optical
path (5 mm). These normalised intensities were plotted against the corresponding
x-coordinate. These plots are denoted as “intensity profiles”.

For characterisation the emission spectra were obtained from the intensity pro-
file measurements of the intensity at the shortest optical path. The absorption
spectra have been measured with a Perkin Elmer lambda 950 UV/vis double beam
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absorption spectrometer. The LQEs were determined with the integrating sphere
method on an Edinburgh Instruments FLS 920 spectro-fluorometer setup.

5.2.2 Ray-tracing/Monte-Carlo - simulation
The a-priori analysis of efficiency of an LSC-system can be carried out by mod-
elling the photo-physical processes involved. The relevant ones are the absorption
of the incident photon by the luminophore, re-emission of a photon, refraction/re-
flection at the boundary surfaces including total internal reflection. For this work
“pvtrace”, a simulation software developed by Daniel J. Farrell was used [102, 103].
The run-time environment was Python in the version 2.7 [104]. It computes the
paths of a fixed number of photons for a given set of initial conditions. These
conditions include the illumination spectrum (Fsource(λ)), position and direction
of the illuminating light, the geometry of the LSC-device and its material prop-
erties: index of refraction (n), the luminescence quantum efficiency (ηLQE) and
absorption / emission spectra of the luminophore (A(λ)), F (λ)). Each time the
photon path intersects a surface a Monte-Carlo process is invoked to compute the
fate of the photon.

The simulation generates source photons at random emission wavelength λem,
which are given by the numerical solution of the probability density integral equa-
tion for a generated random number ξ ∈ [0, 1]

1

K

λem∫
0

Fsource dλ = ξ (5.2)

with K =

∞∫
0

Fsource dλ.

The programme determines the point of intersection of the photon coming
from the illumination source with the luminescent material under the assumption
of ray-like propagation of photons. Upon intersection with a material with a dif-
ferent refractive index the probabilities for reflection and refraction are calculated
according to Fresnel-equations.

The path length l of the photon within an absorbing medium is calculated
using the Lambert-Beer law

A(λ) = 1− I

I0
= 1− 10−ε(λ)cl. (5.3)

With I and I0 being the transmitted and initial intensities, ε(λ), the absorption
coefficient of the absorbing material which depends on the wavelength λ of the
individual photon, c the concentration of the absorbing material. Replacing the
absorption probability A(λ) by a random number ξ ∈ [0, 1] we obtain a randomly
generated absorption path by “solving for l” [105]:

l =
− log10(1− ξ)

ε(λ)c
. (5.4)
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Figure 5.1: Visualisation of the pvtrace processes: The source emits a green photon
and a red photon is emitted at x-coordinate of 15.0 mm. It is being absorbed
within the cuvette and re-emitted as infra-red (visualised as black) photon, which
undergoes several reflections until it leaves the system close to the cell neck. The
thick lines are the x, y and z - coordinate axis.

With this path length one can calculate the coordinates of the point at which the
photon is absorbed. In a number of cases it is re-emitted, which is given by the
luminescence quantum efficiency ηLQE. The wavelength of the re-emitted photon
is determined in a analogous fashion as in equation (5.2), however the wavelength
of the re-emitted photon cannot be shorter than the one of the absorbed photon
λabs due to energy conservation. Thus the lower bound of the integral equation
is changed to λabs, such that λem is obtained from the solution of the integral
equation for the emission of the luminophore F

1

K

λem∫
λabs

F dλ = ξ. (5.5)

This wavelength along with the photon’s coordinates, number of previous absorp-
tions, number of surface interactions, present direction is stored by pvtrace in a
database and thus can be used for further analysis.

5.2.3 Comparison of ray-tracing/Monte-Carlo - simulations
with self-absorption measurements

We defined a cell of the same dimensions as the experimental cell (Figure 5.1).
Subsequently an illumination source 1 mm wide and 10 mm long was defined,
which corresponds to the slit aperture of the illumination fibre in the experiment.
AM1.5G was chosen as the illumination spectrum [17]. For each run of the simula-
tion the illumination source is moved by one mm in the x-direction. We had 26 of
such runs with 50,000 photons per illumination, which covered a range of optical
paths from 5 mm to 30 mm. The photons that leave the cell through the facet
at x = 0 are considered as detected. This output signal can be plotted against
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the x-coordinate to generate an intensity profile just as the one obtained from
the experiment. The pseudo random number generator of the “python” runtime
environment was used with a fixed seed of 2. The same seed ensures that the
same sequence of pseudo random numbers is generated. The generated numbers
still fulfil randomness tests but the repetition of the simulation under the same
conditions results in the same results. This way causes for errors can be find eas-
ier and the simulation is not influenced by changes in the pseudo random number
generation process. Coumarin 153 has a low absorption in the spectral region of
the AM1.5G spectrum. The initial spectra for both absorption and emission of
Coumarin 153 have therefore been red-shifted by 200 nm to match the maximum
intensity of AM1.5G and keep the intrinsic Stokes-shift unchanged (denoted as
Coumarin 153R or C153R). Since we studied the dependence of SA on specific
parameters only and not on the properties of the luminescent species as a whole,
the information obtained is still valid.

Validation of the model

To validate the model we rendered the experiment as close as possible and com-
pared the results of the simulation with the ones from the experiment as obtained
in Chapter 4. Therefore a set of luminophores with contrast in their properties
was investigated. The absorption/emission-spectra of CdSe-nanocrystals overlap
heavily (σSA = 0.522, while there is hardly any overlap in case of CdTe/CdSe-
core/shell quantum dots (σSA = 0.002) and a moderate one for Lumogen Or-
ange 240(σSA = 0.064). The range of luminescent quantum efficiencies is from
ηLQE = 0.27 for CdSe over ηLQE = 0.48 for CdTe/CdSe to ηLQE = 0.95 for Lumo-
gen Orange 240 [106].

Impact of Stokes-shift

To investigate the impact of a varying Stokes-shift we simulated several runs with
the 200-nm red shifted spectral data of Coumarin 153, while increasing and de-
creasing the relative wavelength shift of the total emission spectrum in steps of
∆λ = 10 nm from the intrinsic Stokes-shift of 74 nm (Figure 5.2 top). Coumarin
153R was chosen for its simple and featureless spectral shape such that a large
Stokes-shift leads to a small self-absorption probability. The luminescence quan-
tum yield has been fixed at 0.7.

Impact of spectral shape

Irregular spectral shapes may have different spectral overlap and thus self-absorption
probability in spite of no changes in Stokes-shift. To investigate the predictive
power of self-absorption overlap in such case we have modified the width of the
emission spectra without changing the peak position and preserving the area un-
der the graph not to change the quantum yield, which has been fixed to 0.7. The
emission spectra have been generated as Gaussian curves centred at 675 nm, with
a variance σ2 ranging from 300 nm2 to 3000 nm2 as shown in Figure 5.2 (bottom)
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using

FGauss(λ) =
1

σ
√

2π
e
−

(λ− 675nm)2

2σ2 . (5.6)

The absorption spectra of Coumarin 153 were shifted by 200 nm to absorb the
light of the AM1.5G source more efficiently but remained otherwise unchanged.

Impact of luminescence quantum efficiency

Here we did not impose any changes on the spectra but varied the luminescence
quantum efficiency and used the values 0.05, 0.15, 0.50, 0.70 and 0.95. These
simulations have been carried out once for (red-shifted) Coumarin 153 with a
moderate self-absorption cross-section and once for CdSe quantum dots for a large
one.

5.2.4 Technical realisation
Pvtrace was initially designed to collect all relevant information in an SQL-lite
database. Such database files are stored on the hard disk directly, which sub-
stantially slows down the simulation. This bottleneck can be circumvented by
executing the simulation in a RAM-disk. The SQL-database is then written into
the memory, which is up to 25 times faster than writing it on the hard disk drive
directly [107, 108].

Self absorption in luminescent solar concentrators 69



CHAPTER 5. SELF-ABSORPTION IN LUMINESCENT SOLAR
CONCENTRATORS STUDIED BY RAY-TRACING/MONTE-CARLO
SIMULATIONS

300 400 500 600 700 800 900 1000 1100
wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

in
te

ns
ity

 [a
.u

.]

shifted by -20nm
shifted by -50nm
shifted by 0nm
shifted by 20nm
absorption

500 550 600 650 700 750 800 850 900
wavelength [nm]

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

in
te

ns
ity

 [a
.u

.]

σ2 = 10nm2

σ2 = 300nm2

σ2 = 700nm2

σ2 = 1400nm2

σ2 = 2500nm2

σ2 = 3000nm2

absorption

Figure 5.2: Selection of modified absorption/emission-spectra as used for the varia-
tion of Stokes-shift (top) and as used for the variation of spectral shape for different
width parameters/variances (bottom)
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5.3 Results and Discussion

5.3.1 Comparison of computational and experimental re-
sults

The intensity profiles for a series of luminophores show that the detected intensity
drops with increasing optical path-length through the luminescent solution. The
intensity drop can be safely attributed to self-absorption [106]. The results from
the simulation are in good agreement with the experimental ones as Figure 5.3
shows. The experimentally obtained numbers of photons however is mostly less
than the calculated ones. This may originate from the assumption in the calcula-
tion that the liquid matrix has no parasitic absorption or scattering, which is not
exactly accurate. The model also confirms the experimental finding, that materials
with a large SA cross-section such as CdSe quantum dots result in large intensity
losses as compared to materials with moderate (Lumogen Orange 240) or negligi-
ble ones (CdTe/CdSe Core/Shell-quantum dots). The scattering of the intensities
obtained from simulation indicates that the number of photons used should be
increased for statistically more accurate results, which would require more compu-
tational resources. Under given conditions the differences between the loss for each
sample are significantly larger than the scattering in each graph, which is sufficient
to demonstrate the validity of the model for different self-absorption cross-sections
σSA.

5.3.2 Impact of Stokes-shift

Some of the intensity profiles for variations in Stokes-shift can be seen in Figure
5.4 (top). They appear roughly in the sequence in which their wavelengths have
been reduced or increased. The intensity profile of the original spectrum however
does not quite fit in this sequence. It should be pointed out, that in the regime
starting from -10 nm the statistical scattering is already larger than the separation
between neighbouring intensity profiles, which explains the irregular behaviour
in case of the original spectrum. Figure 5.4 (bottom) depicts the intensity loss
in relation to the Stokes-shift. The same is represented as a function of self-
absorption cross-section. For an easier comparison of the two representations the
x-axis for the relative wavelength shift is inverted by plotting the negative shift.
This corresponds to a mere redefinition of relative wavelength shift, i.e. negative
shift indicate shift to the blue and positive to the red.

It can be observed, that in the case of Coumarin 153R both graphs follow
the same trend: The intensity loss decreases with increasing Stokes-shift and de-
creasing self-absorption cross-section. This is in line with the notion that spectral
separation inhibits self-absorption. Thus Stokes-shift and SA cross-section can be
used for the prediction of self-absorption losses equally for luminophores with one
clearly defined emission peak.
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Figure 5.3: Comparison of experimentally obtained intensity profiles [106] with
the ones obtained from simulation: LumoO - Lumogen Orange 240 (σSA = 0.064,
LQE=0.95); CdSe - CdSe quantum dots (σSA = 0.522, LQE=0.27); TII -
CdTe/CdSe core/shell quantum dots with a type-II band-structure (σSA = 0.002,
LQE=0.48).

5.3.3 Impact of self-absorption cross-section

Figure 5.5 presents the effect of an altered spectral band width without changes in
Stokes-shift. The intensity profiles appear quite noisy so that their arrangement is
not quite in the same sequence as their width parameter σ2, but the general trend
of narrow emission bands result in small intensity losses and vice versa for wider
emission bands. The plot of the intensity loss versus the SA cross-section shows
good correlation and therefore permits the comparison of luminophores with the
same Stokes-shift. It can be concluded that the SA cross-section is a criterion with
a much wider scope than the Stokes-shift and is thus recommended for luminophore
characterisation, when applied to LSCs.

Upon increase of concentration of the luminophore the absorption spectra scale
up. This is desired as more photons can be absorbed by the system and the ef-
ficiency increases. If the initial SA cross-section is already non-negligible, it will
significantly increase and introduce more losses than efficiency gain. If however the
initial SA cross-section is negligible, then SA losses are not increased by concen-
trating the luminophores and a substantial efficiency gain can be achieved. This
may help compensating the shortcoming of lower quantum yield in some spectrally
separated organic dyes as presented in Chapter 6.
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Figure 5.4: Intensity profiles for a selection of variations of Stokes-shift (top). The
bottom plot displays the intensity loss after the total optical path of 30 mm. The
lower x-axis belongs to the black data points and displays the intensity loss as a
function of negative relative wavelength-shift. The upper x-axis is linked to the red
datapoints and gives the dependence of the intensity loss on the SA cross-section.
The inset show the relationship between the SA cross-section and the Stokes-shift
for various shifts of the emission spectra of Coumarin 153R.
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5.3.4 Impact of luminescence quantum efficiency
The influence of luminescence quantum yield is displayed in Figure 5.6. It can be
seen that for a luminophore with high self-absorption (σSA = 0.522) as CdSe QDs
the intensity profile graphs are arranged in the same sequence as the quantum
yields (Figure 5.6 top). The lowest quantum yield of 0.05 results in a small overall
number of re-emitted photons, making the statistical scattering more dominant
thus leading to a higher deviation from the general trend, in contrast large LQEs
result in very little of such scattering. This shows that the higher the quantum
yield the less prominent self-absorption losses become. It also shows that SA-losses
cannot be eliminated entirely even with a near unity LQE, because for the LQE
of 0.95 a loss of more than 40% is detected, after 30 mm. This is because non-
radiative dissipation of energy within the luminophores is not the only limiting
issue in LSCs and escape losses since parasitic absorption are also enhanced by
self- absorption [39, 93].

In the case of moderate self-absorption (σSA = 0.040) for the dye Coumarin
153R in Figure 5.6 (bottom) the initial intensity is mostly preserved, which appears
to be independent of the LQE.

Since we consider in Figure 5.6 normalised intensities, no effect of the LQE
on the first generation emission can be observed and the detected intensity loss is
mostly due to losses occurring after self-absorption events. Since self-absorption
is not likely to occur the no significant loss is observed.

Another interesting impact of increasing LQE is the reduction of statistical
scattering as Figure 5.6 demonstrates. The number of photons collected at shortest
optical paths varied from ∼ 50 for ηLQE = 0.05 to ∼ 900 for ηLQE = 0.95 for
Coumarin 153R and ∼ 2000 for CdSe with ηLQE = 0.95. Therefore an increase in
quantum yield would have a positive effect on the operation efficiency of an LSC
disregarding if SA-losses are eliminated or not.
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Figure 5.6: Intensity loss with increasing luminescence quantum yield for a
Coumarin 153R a dye with a moderate (σSA = 0.040) self-absorption cross-section
(bottom) and a large one(σSA = 0.522) (top )
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5.4 Conclusions
We have experimentally validated a combined ray-tracing/Monte-Carlo model as
deployed by PVtrace for luminophores of a wide range of spectral overlap. We
have used it to demonstrate that the self-absorption cross-section is a meaningful
criterion for evaluation of self-absorption losses in luminophores for luminescent
solar concentrators prior to device fabrication and that it can be applied to com-
pare luminophores with the same Stokes-shift. Furthermore we have shown, that
increasing the luminescence quantum efficiency does not improve the relative losses
if self-asborption is not prevalent.
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Chapter 6
Response of luminescent solar

concentrators to the variation of
luminophore concentration

Abstract

In this chapter we studied the power output of a liquid phase lu-
minescent solar concentrator with increasing Lumogen Red 305 con-
centration. The expected decrease of the output power with increas-
ing luminophore concentration was not observed even though the self-
absorption effects increased as can be inferred from spectroscopy at
variable optical path-lengths. Moreover a prototype with a top-range
performance in the field in both merit parameters device efficiency and
concentration factor is presented.
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6.1 Introduction
The experimental determination of the optimal luminophore concentration remains
as yet rather difficult for Luminescent Solar Concentrators. This is because to ac-
curately asses the efficiency of a particular dye concentration, the concentrator
device has to be build first. Computer simulations can help if their results have
been validated in practice [109]. However no tests of models with respect to a
concentration variation has been done so far to our knowledge. The experimental
validation is difficult to realise with a polymer matrix as the same quality of poly-
merisation cannot always be achieved. The same is true for the optical coupling of
the solar cell to the LSC-edge. Therefore a testing LSC device which keeps these
peripheral factors constant is developed using luminophores in liquid phase. This
testing device is used to find the optimal concentration of Lumogen Red 305.

A major source of losses in LSCs is the weak absorption of the incident light
(Section 2.3.4). The exponential increase of the absorption with the concentration
of the luminophores according to Lambert-Beer-law makes it possible to counter
this problem by addition of more luminophores. Since the self-absorption cross-
section depends on the absorption increasing the latter will increase the former.
The increase of self-absorption will contribute to larger losses, hence there could be
an optimal luminophore concentration at which the gain by increase of absorbed
photons is compensated by the loss from the self-absorption. The goal of this work
is to find this optimal concentration.

6.2 Materials and methods

6.2.1 Luminophore solution

The commercially available BASF Lumogen Red 305 (Lumogen Orange 240) dye
has been used to prepare a highly concentrated Stock-solution with a dye mass
of 120.8 mg (7.8 mg) diluted in 10 ml toluene (aceton). This solution has been
diluted 12 times to obtain a second Stock-solution. The second solution was used
to record the optical properties in standard 10 mm x 30 mm x 10 mm cells that
are commonly used for absorption and luminescence spectroscopy. The absorption
spectra were recorded using a Perkin-Elmer Lambda 950 spectrometer.

6.2.2 Model LSC device

The LSC was custom-built quartz cuvette ordered from Hellma Analytics with the
internal dimensions 100 mm x 35 mm x 10 mm. This cuvette is screw capped but
the injection and removal of fluid is possible through the septum using a syringe
(Figure 6.1). Commercially available poly-crystalline solar cells (obtained from
Solar_rex, 14.56% and 15.13% power conversion efficiency) have been deployed.
Contacts were soldered to the back- and front side of the solar cell. For stability
the cell was glued using a 3-5 mm thick layer of non-acidic silicone glue (Bison -
transparant siliconen kit- Bi3311) on a glass substrate. The cell was covered with
black absorber paper, which contained a window, such that the 35 mm x 10 mm
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Figure 6.1: Schematic representation of the liquid phase LSC system

glass substrate
solar cell

shade cover

electric contacts

Figure 6.2: Solar cell preparation for the liquid phase LSC device

facet of the cuvette was in firm contact with the cell, while the remaining solar cell
area was blocked from receiving light (Figure 6.2). The cell was characterised by
recording the current-voltage curves in the dark and under AM1.5 illumination,
which yielded its efficiency. The efficiency measurements were carried out on a
WACOM solar simulator, where a voltage is applied on the solar cell illuminated
with the AM1.5 spectrum. The current-voltage measurements were performed
on a Keithley 238 High Current measure unit to characterise the bare solar cell,
the LSC with pure solvent and the LSC with a luminophore solution of different
concentration. The cuvette was glued onto the solar cell using the glue MY-146
with a refractive index of 1.461 at 589 nm from “Mypolymers” that matched the
refractive index of quartz. The polymer was cured for a few seconds using a
UV-lamp. Upon curing some air-bubbles appeared, which reduced the quality of
optical coupling. The prototype with Lumogen Red 305 was coupled to the 14.56%-
efficient poly-crystalline silicon solar cell, the prototype with Lumogen Orange
240 to the 15.13%-efficient solar cell and with better quality optical coupling as
indicated by the reduced amount of air-bubbles in the interface polymer layer.

Toluene was injected into the device through the septum using a Hamilton
25 µl-syringe (Figure 6.3) and subsequently the current-voltage characteristic of
the device was measured. This way the luminophore concentration was increased
in controlled steps. After the injection of the luminophores the LSC has been
turned around multiple times to homogenise the solution. The quartz cuvette has
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Figure 6.3: A photograph of the model LSC being filled with Lumogen Red 305

been wrapped into a multi-cellular polyethylene terephthalate-reflector (MCPET,
Furukawa Electric) such that all sides but the one facing the solar cell and the
one facing the light source were covered. The LSC has been placed on the mea-
surement table of the Solar simulator such, that the gas bubble remained in the
bottle-neck and thus did not contribute much to reflections. The current-voltage
characteristics have been recorded while the LSC was illuminated for less than 5
seconds.

6.2.3 Spectroscopy at variable optical pathlengths

To check for the presence of self-absorption, its effects have been measured in
solution using an excitation source whose position and therefore the coordinate x
(the distance from the aperture of optical fibre) of incidence on the luminescent
material could be adjusted (Figure 6.4). This way the distance between the entry
spot of light and the detector can be varied in steps of 10 µm, such that the
emitted light by luminescence travels along paths of different length through the
material. With increasing distance self-absorption effects become more and more
prominent. In case of a strongly self-absorbing solution the luminescence signal
weakens strongly as the distance x is increased. A weakly self-absorbing sample
would weaken the luminescence signal, too, however after a much longer distance
x. The luminescent sample solutions were placed into a screw capped quartz cell
with the internal volume of 10 mm × 10 mm × 35 mm. The bottom of the cell was
brought in firm contact with an optical fibre, which was directed perpendicular to
the direction of the excitation light and perpendicular to the x-axis along which
the excitation light beam is moved. The range of optical paths between 5 mm and
30 mm was covered. The spectrum of luminescence was recorded after each 0.5
mm step.

The measured spectra were integrated over wavelength to obtain the output
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Figure 6.4: Setup for spectroscopy at variable optical path lengths.

intensity, which was normalised with respect to intensity at the shortest optical
path (5 mm). These normalised intensities were plotted against the corresponding
x-coordinate. These plots we denote as “intensity profiles”.

For characterisation the emission spectra have been obtained from the intensity
profile measurements of the intensity at the shortest optical path. A more detailed
description is given in Chapter 4 or [106].

6.3 Results and Discussion
The efficiency of the LSC with increasing dye concentration is plotted in Figure 6.5.
The efficiency increases at first until saturation is reached. The saturation sets
on at 57 ppm, which corresponds to the absorption spectra in Figure 6.6. This
saturation is expected from the Lambert-Beer law

A = 1− 10−εcx, (6.1)

which states, that the fraction of absorbed light A increases and saturates as the
dye concentration c for the same absorption coefficient ε and the same optical
path x. In the actual LSC of 1 cm thickness, the optical path is at least twice as
long because the light gets reflected back from the reflector at the back side and
it will have to pass the LSC at least one more time. The absorption properties
in this case are described more accurately by the spectra for the optical path of
2 cm in Figure 6.6 than for the the conventional 1 cm. From where it is visible
that at 57 ppm on a large spectral domain more than 99% of light is absorbed.
The absorbed fraction of the incident AM1.5 spectrum α can be computed as a
function of concentration of the luminophore c

α(c) =
1

K

∞∫
0

FAM1.5(λ)A(c, λ) dλ (6.2)

with K =

∞∫
0

FAM1.5(λ) dλ,
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Figure 6.5: Figures of merit: device efficiency and concentration factor with in-
creasing dye concentration of BASF Lumogen Red 305.
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Figure 6.6: Absorption Spectra of Lumogen Red 305 at different concentration
after an optical path of 2 cm.
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Figure 6.7: Absorbed fraction of incident light from a AM1.5 light source as the
concentration of LR305 increases.

with FAM1.5 being the incident AM1.5 spectrum, A(c, λ) the absorption spectrum
of the dye at the concentration c. This absorbed fraction is plotted against the
concentration in Figure 6.7. The graphs for the figures of merit (Figure 6.5) and
absorbed fraction are fitted with the Lambert-Beer law for equation (6.1). The

Table 6.1: Fitting parameters for the graphs in Figures 6.5 and 6.7 for the de-
pendence of the figures of merit on the concentration c described by the function
A(1− 10−Bc) + C for Lumogen Red 305

Efficiency Concentration factor Absorption fraction
A 1.41 0.96 0.50
B 0.033 0.033 0.024
C 0.71 0.48 0.02

qualitative similarity - adequate fit with the same type of functions indicates that
increased absorption of incident light is a dominating effect upon increase of the
dye concentration. Judging from the decay exponent B in Table 6.1 it can be
seen, that the output of the concentrator reaches the saturation faster than the
absorption itself.

We observed similar behaviour with Lumogen Orange 240 as Figure 6.8 and
Table 6.1 illustrate. However there the saturation of the device efficiency sets on
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Figure 6.8: Figures of merit: device efficiency and concentration factor and the
fraction of absorbed light with increasing dye concentration of BASF Lumogen
Orange 240.

at higher concentrations than the saturation of the light absorption. A reason
therefore might be the different location of the secondary absorption bands in
the respective spectra: Lumogen Orange 240 has its secondary absorption band at
370 nm (see Figure 6.9), where the AM1.5G intensity is very small, while Lumogen
Red 305 has its secondary band at 450 nm, where the AM1.5G intensity approxi-
mately three times larger. The increase of dye concentration keeps increasing the
secondary absorption band in both cases even after the primary absorption band
are saturated. For Lumogen Orange 240 this increase contributes much less pho-
tons to the LSC compared to the ones, that are absorbed by the primary band.
Thus saturation of the absorbed fraction sets in essentially with the saturation
of primary absorption peaks. For the same reason increasing the concentration
of Lumogen Red 305 still contributes to the increase of its absorption band at
450 nm (see Figure 6.6 ) even though the main peaks at 550 nm-600 nm are al-
ready saturated. Thus increasing concentration still leads an increasing absorption
fraction. The contribution from the increasing flux that the system absorbs seem
to compensate for the increasing self-absorption losses. So that the overall device
efficiency does not drop. This does not mean, that the self-absorption effects are
weakened: Figure 6.10 (top) shows also the increase of self-absorption cross-section
with increasing dye concentration, which denotes the probability of the lumines-
cence being absorbed by the same material after 2 cm of optical path length and
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Figure 6.9: Absorption Spectra of Lumogen Orange 240 at different concentration
after an optical path of 2 cm plotted over the AM1.5G incident spectrum

is defined as:

σ(c) =
1

K

∞∫
0

FLR305(λ)A(c, λ) dλ (6.3)

with K =

∞∫
0

FLR305(λ) dλ,

where A(c, λ) is the absorption spectrum of the solution of the used concentration
after an optical path length of 2 cm and FLR305 the emission spectrum of a diluted
solution of Lumogen Red 305. The self-absorption cross-section increases from
9.5% at 4 ppm to 43.3% at 115ppm and increases even further to 50.0% at 336

Table 6.2: Fitting parameters for the graphs in Figure 6.8 for the dependence of the
figures of merit on the concentration c described by the function A(1−10−Bc)+C
for Lumoge Orange 240

Efficiency Concentration factor Absorption fraction
A 0.61 0.40 0.29
B 0.038 0.038 0.068
C 0.99 0.66 0.00
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ppm. Direct evidence for presence of self-absorption losses has been collected by
means of spectroscopy at variable optical paths lengths. The results are shown
in Figure 6.10. It can be seen clearly, that the measured luminescence intensity
decreases with increasing optical path length.

This decrease in intensity is however not strictly correlated to the increase of
concentration as at higher dye concentrations most of the luminescence takes place
very close to the surface of the cuvette i.e. the excitation light is absorbed imme-
diately after entering the cuvette as expected from the law of Lambert-Beer. This
region of maximal luminescence is outside the detection field of the optical fibre
for short optical paths and enters it for longer optical paths Figure 6.10 (bottom).
Thus it may happen at sufficiently high concentrations that at long optical paths
with high attenuation due to self-absorption, a higher signal is detected compared
to the less attenuated luminescence at shorter optical paths. Such concentrations
have been reached above 120 ppm. The recorded intensity spectra of the edge
emission reveal that the intensity decrease is mostly due to a decrease in the blue
part of the spectrum. This decrease in the blue and a slight increase in the red is
well detectable even at concentrations as high as 96 ppm (Figure 6.11), which is
further evidence for the presence of self-absorption [Chapter 4][106].

The observed experimental results suggest, that the increase of dye concentra-
tion even if it increases self-absorption losses does not inhibit the device efficiency
of LSCs because the increase of absorbed radiation flux is large enough to com-
pensate. This compensation can be described using the equation of Oleson et al.
[45] in combination with the one of Goetzberger et al. [39]:

Pout

Pin
= ηabs(1− ηint)

〈NSA〉, (6.4)

where Pout is the power flux of the LSC-edge emission, Pin - the incident power
flux, ηabs the absorption efficiency of the luminophore solution, ηint the internal
optical efficiency, that is the ratio of power of the LSC-edge emission and the
absorbed incident power, 〈NSA〉, the average number of self-absorption events
per incident photon, which increases with ηabs. In case of Lumogen Red 305
the absorption efficiency increases with concentration faster than (1 − ηint)

〈NSA〉

decreases. This may be different for other luminophores with lower luminescence
quantum efficiency and thus a resulting lower ηint. Similarly larger self-absorption
cross-section could contribute to a higher 〈NSA〉.

Since the increased dye concentration did not reduce neither the device effi-
ciency nor the concentration factor in spite of increased self-absorption it is ex-
pected that the addition of near UV absorbing dyes or other regions not yet covered
by Lumogen Red 305 will increase the device efficiency also in spite of increasing
self-absorption. That has been demonstrated by van Sark et al. by adding CRS
040 to Lumogen Red 305 and increasing the efficiency from 2.4% to 2.7% [14].

Efficiency optimised prototype

From the presented information we can expect, that at even higher dye con-
centrations the device efficiency will increase even further even though in small
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Figure 6.10: Top: Normalised intensity profiles for Lumogen Red 305
Bottom: Effects observed in spectroscopy at variable optical paths at high concen-
tration: The light emitted by the luminophores at longer optical paths is entirely
in the field of detection of the pinhole, while the light emitted at short optical
paths is almost entirely outside the field of detection. Even though the lumines-
cent light is attenuated more strongly at longer paths, at high concentration this
set-up will receive more signal.
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Figure 6.11: Spectral changes with increasing optical path for Lumogen Red 305
at a concentration of 96 ppm

steps. To obtain a higher device efficiency we chose the best performing solar cell
(ηSC = 15.13%) from our purchased batch to rebuild the liquid LSC and filled it
with a Lumogen Red 305 solution to a concentration of 153 ppm. For this rebuild
LSC a larger amount of index matching polymer was used to optically couple the
solar cell to the quartz wall of the cuvette, yet again upon curing some air-bubbles
appeared, though less than in the first LSC.

This way we are operating very close to the saturation efficiency. The measure-
ments of device efficiencies for this device yielded 2.31% at a concentration factor of
1.53. The I-Vcurve is provided in Figure 6.12. The open-circuit voltage was mea-
sured as VOC = 0.65V, the short circuit current density as JSC = −0.53mA/cm2.
This is among the best achieved efficiencies for Lumogen Red and silicon cells.
A comparison is given in Table 6.3. The LSC we fabricated does not set a new
record in any single parameter but delivers high values in all categories. Judging
from the presented results it appears clearly, that larger devices result in smaller
device efficiencies. This is because in larger LSCs the optical path lengths are
larger on average. Larger optical paths for re-emitted photons in the concentrator
result in larger likelihood for self-absorption and thus higher loss. Unlike in the
case of increasing concentration, the increasing length and width of the LSC do
not increase the relative fraction of the light absorbed but increase the aperture,
which is cancelled out as the device efficiency ηLSC is calculated with respect to
the aperture area:

ηLSC =
ELSC

Ein
=
PLSC

Pin
=

PLSC

L ·Atop
. (6.5)

For an LSC in practice a high efficiency is not the only critical criterion. It is also
important, that the concentrator delivers more energy than the bare cell, otherwise
it does not fulfil its purpose of concentration, which is equivalent to a concentration
factor larger than one. This is defined as the ratio of the electrical energy leaving
the terminals of the solar cell attached to the LSC-plate ELSC and energy of the
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Figure 6.12: Current as a function of voltage as measured on an LSC

light incident on the entire LSC aperture Ein per unit of time. This is identical to
the power delivered by the solar cell PLSC and the radiative power directed at the
LSC Pin. The latter can be calculated from the power density of the light source
(assumed constant) L and the illuminated aperture area Atop. This area decreases
the device efficiency by the same factor by which it increases the absorbed light.
Thus the net effect of an increase of the dimensions of the LSC is an increase in
optica path and thus an increase in parasitic absorption and self-absorption. The
concentration factor C increases with LSC dimensions, because the geometrical
concentration factor G does. The former is defined as the ratio radiative power
delivered to the solar cell attached to the LSC plate LLSC and the radiative power
delivered to the bare solar cell LSC while illuminated under the same conditions:

C =
LLSC

LSC
. (6.6)

The geometrical concentration factor is given by the ratio of the collecting aperture
surface Atop and the solar cell surface ASC. If multiple solar cells are applied, then
the summed up solar cell area is used or in case of solar cells of identical size the
product of the number of solar cells nPV times the single solar cell size A1SC

G =
Atop

ASC
=

Atop

nPVA1SC
. (6.7)

The two concentration factors are transformed into one another through the optical
efficiency of the LSC ηopt:

C = Gηopt. (6.8)

The radiative power delivered to the solar cell is converted into electrical power
PLSC there. This is done with an efficiency η∗SC, which is higher than the conven-
tional solar cell efficiency ηSC under AM1.5 illumination, as the luminescent light
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of the LSC is emitted in region of higher spectral response of the solar cell. The
relationship is given by

C∗ =
LLSCη

∗
SC

LSCηSC
= C

η∗SC
ηSC
≥ C (6.9)

this is however not critical for comparison with the listed works as there the con-
centration factor has been obtained the same way and in practice the concentration
ratio of electrical power C∗ is more relevant than the one of radiative power C.
Taken the electrical concentration factor to be larger than one for a criterion to
call a device a concentrator, our device delivers the second best efficiency after
the one of van Sark et al. [14]. This is partially because the used solar cell had
a relatively poor efficiency of 15.13%, which is worse than any of the cells used
in the listed works of others and the obtained device efficiency is a product of
the solar cell efficiency and the optical efficiency. In the device we produced, the
luminophores were dispersed in liquid toluene, which scatters light somewhat less
than solid PMMA, which has been deployed in most other works a matrix for the
dye molecules. This reduced scattering permits us to achieve high results in spite
of not using wavelength selective reflection layers as done by van Sark and Desmet
[14, 82].
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6.4 Summary and conclusion
In this work we have demonstrated that in spite present and increasing self-
absorption in an LSC upon increasing dye concentration the LSC device efficiency
and the electrical concentration factor increase because of increasing absorption
of incident light. An optimal dye concentration with respect to efficiency has not
been found, however there might be one with respect to material costs as increase
in dye concentration increases not only the device efficiency but also the costs of
the system. Since the gain in efficiency per added dye mass decreases, the gain in
efficiency will not pay off the necessary material costs.

We used this information to fabricate an LSC with very high dye concentration
to present a working LSC device with one of the highest device efficiencies of all
the concentrators using Lumogen Red 305.

The findings motivate a systematic follow up study to investigate if the addi-
tion of a luminophore with absorption in the spectral region that is not covered
by absorption of Lumogen Red 305 will result in significant increase of device
efficiency.
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Chapter 7
Experimentally validated

ray-tracing/Monte-Carlo simulations
of luminescent solar concentrators

Abstract

In this chapter we validate the ray-tracing/Monte-Carlo simulation
software PVtrace. The validated model was used to present the up-
per limit for the efficiency luminescent solar concentrators based on
ideal luminophores. These results are compared with the simulations
of luminescent solar concentrators based on real luminophores, which
permit the identification of the most important loss mechanisms. Con-
clusion for device design are presented.
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7.1 Introduction

Ray-tracing methods have found their way into the design of luminescent solar
concentrators (LSCs) and have become part of the research tool-kit in this field [14,
103, 110, 105, 111]. Calculations of LSC device efficiencies however are rather rare,
as most works consider the optical efficiencies or even fractions of photons collected
only. An accurate validation of the ray-tracing model requires the comparison of
actually measured device efficiencies with the ones obtained by means of ray-
tracing simulation. Such models then do not only predict the merit of an LSC
based on basic data (size, luminophore absorption/emission spectra, solar cell
spectral response), but also permit the identification of loss mechanisms.

In Chapter 6 we have demonstrated that the increase in luminophore concen-
tration for Lumogen Red 305 does not reduce the LSC device efficiencies in spite
of increasing self-absorption. With the data from Chapter 6 we validate in this
chapter the ray-tracing/Monte-Carlo simulation PVtrace on a real LSC prototype,
which allows for change of luminophore concentration and the luminophore itself as
parameters. Subsequently we use this model to investigate whether the experimen-
tally observed lack of decrease in efficiency is due to high luminescence quantum
efficiency of the used luminophores or to their small self-absorption cross-section,
or a combination of both. Furthermore we use this model to study the losses in
LSCs with real luminophores and ideal luminophores without non-radiative energy
dissipation and zero self-absorption cross-section. This way it is possible to focus
on the main sources of escape losses and find pathways for their reduction. The
individual loss mechanisms are known in advance, their impact can be estimated
using the descriptions in the following section.

Loss mechanisms in LSCs

The efficiency of LSCs so far did not exceed 7.1% [15] while the the highest con-
centration factor reported is ∼ 5 [30]. The causes for that are to be found in the
loss mechanisms involved. Most of these losses are obvious from the the pathway
of the light through the concentrator The incident photons (Figure 7.1a) hit the
concentrator via the top surface. A fraction 1 − ηFresnel of these photons will be
reflected by at the air-plastic interface (Figure 7.1b). The luminophores embed-
ded in the LSC absorb a fraction ηAbsorption of the incoming photons (Figure 7.1c)
and the rest is transmitted through the plate (Figure 7.1d). Not every absorp-
tion leads to re-emission of a photons, as some of the absorbed energy dissipates
by non-radiative relaxation (Figure 7.1 e). The luminescence quantum efficiency
(LQE) is

ηLQE =
NEmission

NAbsorption
, (7.1)

where N are the respective numbers of absorbed and emitted photons. The pho-
tons are mostly emitted after non-radiative relaxation to a lower energy excited
state, so that the energy of the emitted photons is typically lower than those of
the absorbed photons (Figure 7.1f). This effect is referred to as the Stokes shift.
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Figure 7.1: Pathway of a photon thorough the LSC and the resulting loss-
mechanisms. a) incident photon, b) reflected photon, c) entering photon, d) not
absorbed photon, e) absorbed but not re-emitted photon, f) re-emitted photon, g)
escaping photon, h) totally reflected photon, i) photon absorbed by the matrix

The LQE alone does not provide information about the energy content of the lu-
minescence light. To include this information we denote the ratio of the energy of
emitted photons and the absorbed ones as ηStokes. The product of ηLQEηStokes It
provides the energy efficiency of the luminescence process if multiplied with the
luminescence quantum efficiency.

From those re-emitted photons some will be transmitted to the environment as
not all will hit the interface in the regime of total internal reflection (Figure 7.1g).
The critical angle of total internal reflection defines a cone of escape. The solid
angle of two of such cones each one for the top and one for the bottom surface
corresponds to the escape probability, which is the opposite of trapping efficiency
ηTrapping and can be denoted depending on the refractive index n as

ηTrapping =

√
1− 1

n2
. (7.2)

Surface roughness reduces the efficiency of total internal reflection and parasitic
absorption reduces the efficiency of wave-guiding. Both result in additional effi-
ciency terms ηRoughness and ηTransmission (Figure 7.1i).

The external optical efficiency (without consideration of self-absorption) is a
product of the partial efficiencies mentioned here [39]

ηopt = ηFresnelηAbsorptionηLQEηStokesηTrappingηRoughnessηTransmission. (7.3)

Efficiency components were estimated in Table 7.1 with the external optical effi-
ciency to be ηopt = 0.19. (Figure 7.1). In addition to the losses mentioned, further
efficiency limitations arise due to self-absorption. During this processes light pre-
viously emitted by the luminophore can be absorbed by the luminophore itself if
it is within its own spectral range of absorption. This alone does not reduce the
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Table 7.1: Efficiency components for equation 7.3 for an LSC based on Lumogen
Red 305 at 105 ppm. Details on the estimate can be found in Chapter 2.

efficiency component value
ηFresnel > 0.95

ηAbsorption ∼ 0.3
ηLQE > 0.95
ηStokes ∼ 0.95

ηTrapping ∼ 0.75
ηRoughness > 0.99

ηTransmission ∼ 0.99
ηopt ∼ 0.19

efficiency of the LSC but it amplifies all the previously listed loss mechanisms as
the re-absorbed photon has again the possibility of leaving the system through one
of them. Since self-absorption depends on the overlap between the absorption/e-
mission spectra [106, 109], it scales just like the general absorption according to
Lambert-Beer law with concentration. Thus an increase in loss-amplification due
to self-absorption is expected with increasing concentration. The effective losses
due to self-absorption can be estimated in terms of external optical efficiency ηopt
from the work of Olson et al. [45] as

ηopt =
Lout

Lin
= ηabs(1− ηint)

〈NSA〉, (7.4)

where Lout is the radiative power flux of the LSC-edge emission, Lin - the incident
power flux, ηabs the absorption efficiency of the luminophore solution, ηint the
internal optical efficiency, a product of all partial efficiencies of Table 7.1 but
ηabs and 〈NSA〉, the average number of self-absorption events per incident photon,
which increases with ηabs. A decrease in efficiency is thus expected if (1−ηint)

〈NSA〉

decreases faster with concentration than ηabs increases. This is investigated in
this chapter by means of ray-tracing simulation for various self-absorption cross-
sections and thus various 〈NSA〉 and different luminescence quantum efficiencies
and thus different ηint.

Another source of losses is the attached solar cell, which has a limited conversion
efficiency even if its spectral response can be maximised in the spectral region of
the luminescence.

By simulation of an LSC with an ideal luminophore, which has negligible
Stokes-shift losses, 99% absorption on a long spectral range, and emission matched
with the spectral response of the solar cell, this chapter provides insights on the
only relevant losses left: escape losses.
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Figure 7.2: Schematic representation of the liquid phase LSC system
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Figure 7.3: Solar cell installation for the liquid phase LSC device

7.2 Materials and methods

7.2.1 Measurements on liquid phase LSC-prototype

The measurements for validation were carried out on a liquid phase LSC-device
made from a custom-built quartz cuvette with the internal dimensions 100 mm x
35 mm x 10 mm (Hellma Analytics). Commercially available poly-crystalline solar
cells (14.56% and 15.13% efficiency) were attached to one of the 35 mm x 10 mm -
facets. The cell was covered with black absorber paper, which contained a window
allowing the 35 mm x 10 mm facet of the cuvette to be in firm contact with the cell,
while the remaining solar cell area was blocked from receiving light (Figure 7.3).
For the attachment a rapidly UV-curing polymer with the refractive index of
1.461 at 589 nm from “Mypolymers” was used. The device was filled with Toluene
and in between the measurements controlled µl-portions of highly concentrated
luminophore solutions of known concentration were added. The quartz cuvette
was wrapped into a multi-cellular polyethylene terephthalate-reflector (MCPET,
Furukawa Electric) such that all sides but the one facing the solar cell and the one
facing the light source were covered. The LSC was placed on the measurement
table of the Solar simulator such that the gas bubble remained in the bottle-neck
and thus did not contribute much to reflections. The current-voltage characteristic
was recorded while the LSC was illuminated, which lasted less than five seconds.

7.2.2 Ray-tracing/Monte-Carlo - simulation

For this chapter“PVtrace”, a simulation software developed by Daniel J. Farrell
was used [102, 103]. The run-time environment was Python in the version 2.7
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Figure 7.4: A photograph of the model LSC being filled with Lumogen Red 305

[104]. It computes the paths of a fixed number of photons for a given set of initial
conditions. These conditions include the illumination spectrum (Fsource(λ)), posi-
tion and direction of the illuminating light, the geometry of the LSC-device and
its material properties: index of refraction (n), the luminescence quantum effi-
ciency (ηLQE) and absorption/emission spectra of the luminophore (A(λ)), F (λ)).
Each time the photon path intersects a surface a Monte-Carlo process is invoked
to compute the fate of the photon.

The simulation generates source photons at random emission wavelength λem,
which are distributed according to the spectrum of the source. The programme
determines the point of intersection of the photon coming from the illumination
source with the luminescent material under the assumption of ray-like propagation
of photons. Upon intersection with interfaces the new propagation direction is
calculated according to Fresnel equations.

The path length l of the photon within an absorbing medium is calculated
using the Lambert-Beer law

A(λ) = 1− I

I0
= 1− 10−ε(λ)cl. (7.5)

With I and I0 being the transmitted and initial intensities, ε(λ), the absorption
coefficient of the absorbing material which depends on the wavelength λ of the
individual photon, c the concentration of the absorbing material. Replacing the
absorption probability A(λ) by a random number ξ ∈ [0, 1] we obtain a randomly
generated absorption path by “solving for l” [105]:

l =
− log10(1− ξ)

ε(λ)c
. (7.6)

With this path length one can calculate the coordinates of the point at which the
photon is absorbed. In a number of cases it is re-emitted, which is given by the
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luminescence quantum efficiency ηLQE. The wavelength of the re-emitted photon
λem is obtained from the solution of the integral equation (7.7) for the emission
of the luminophore F , where ξ is a pseudo-randomly generated number ξ for λem.
An important constraint is that the wavelength of the re-emitted photon cannot
be shorter than the one of the absorbed photon λabs due to energy conservation.

1

K

λem∫
λabs

F dλ = ξ. (7.7)

This wavelength along with the photon’s coordinates, number of previous absorp-
tions, number of surface interactions, present direction is stored by pvtrace in a
database and thus can be used for further analysis.

Analysis

PVtrace delivers a data base with positions, directions, wavelengths, crossed sur-
faces, numbers of intersections, numbers of absorptions for almost every photon.
In cases in which re-absorption occurs immediately after a previous absorption i.e.
without intermediate reflections, the information about the photon state prior to
the re-absorption is replaced by the information at the state after the re-absorption.
The photon is still traced correctly, but the intermediate state information is not
accessible. The accessible information is however sufficient to determine the ef-
ficiency of the simulated LSC. Therefore the following steps were taken: The
wavelength of all photons, which hit the solar cell, is recorded. The photons are
counted in bins according to their wavelengths. This corresponds to the intensity
pectrum of the light that is absorbed by the solar cell S(λ).

The solar cell converts photons according to its specific spectral response func-
tion r(λ). This function has to be normalised to match the spectral response
with the efficiency of the solar cell ηSC. Therefore the following condition for the
normalisation constant R and the AM1.5 photon-flux spectrum FAM1.5(λ) must
hold:

ηSC =
1

KAM1.5

∞∫
0

Rr(λ) · FAM1.5(λ)dλ (7.8)

where KAM1.5 = hc

∞∫
0

FAM1.5(λ)

λ
dλ

and λ is the wavelength of incident light, h the constant of Planck and c the speed
of light. With the normalised spectral response of the solar cell Rr(λ) one can
calculate the device efficiency of the entire LSC ηLSC from the spectrum of the
absorbed light S(λ)

ηLSC =
1

KAM1.5

∞∫
0

Rr(λ) · S(λ)dλ (7.9)
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Spectral response of a multi-crystalline cell

Figure 7.5: The spectral response of a typical multi-crystalline solar cell as re-
trieved from [112].

The spectral response of a silicon solar cell was retrieved from the work of van
Sark et al. [112], figure 7.5.

In practice the results obtained that way depend on the chosen numerical in-
tegration method. The commonly accepted trapezoidal rule turned out to be
unreliable for the integration of the one-point sharp emission peak of the ideal
luminophore and other spectra containing sharp peaks. An indication for that
was the strong dependence of the integration on the spectral resolution of the
luminescence input spectrum. Since 50000 photons can be treated as discretely
distributed an equation based on summation was used instead:

ηSC =
1

KAM1.5

49999∑
i=0

Rr(λi), (7.10)

where KAM1.5 =

49999∑
i=0

EAM1.5(λi).

This equation is a summation over the individual wavelengths λi or energies
EAM1.5(λi) = hc/λi of the 50000 incident photons from the AM1.5G source and
can be used to find out the normalisation constant R. Subsequently the device
efficiency of the LSC can be calculated using

ηSC =
1

KAM1.5

z−1∑
i=0

Rr(λEdge,i), (7.11)
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which is a sum over the individual wavelengths λEdge,i of the z photons emitted
by the edge of the LSC.

Validation

To check if PVtrace give accurate and reliable results, we performed simulations
on the same geometry as in the experiment: we simulated the internal volume of
the quartz-cuvette - 35x100x10 mm3 with a bottleneck - a cylinder of the radius
4 mm and of the length 15 mm, which was placed on one of the 100x10 mm2

surfaces. The bottom was covered with 95% reflective diffuse mirrors and the three
side faces not connected to the solar cell were covered with 95% reflective specular
mirrors. The reflectors were places at a distance of 1 mm to the surface they cover.
This was done to achieve total internal reflection in the PMMA plate whenever
possible. If the reflector had been in firm contact with the surface, the reflection
would have taken place with a probability given by the reflection coefficient of the
reflector and not as total internal reflection. The illumination source emitted 50000
photons from a rectangular source of 35x100 mm2 precisely parallel to the LSC
but 50 mm above it. The photons were sampled from the AM1.5G spectrum of
NREL, however truncated after 1150 nm [17]. This truncated spectrum contained
81.4% of the energy and 64.2% of the photons of the full AM1.5G spectrum,
which was used to correct the results in the analysis. The truncation omitted
the computation of photons that neither could be absorbed by the luminophores
nor by the solar cell and thus consumed computation time without contributing
to the obtained value. The refractive index of the modelled LSC was chosen to
be 1.5. This value is valid even if in the case of Lumogen Orange 240, where
acetone with a refractive index of 1.36 was used as solvent, because total internal
reflection takes place at the quartz walls of the cuvette, whose refractive index
is 1.46. The solar cell was modelled by an object 35x10x1 mm3, called Raybin,
which stops any photon hitting it. The other surfaces of the LSC were covered
either with a Lambertian reflector with reflectivity of 95% or perfect mirrors. One
of the larger facets was left open to be the aperture surface (Figure 7.6). The
simulation was run with the emission spectra, which were obtained by exciting
the luminophore solution a Spectral Products ASBN-D2-W100F-L Halogen lamp
(power 100 W, colour temperature 3000 K ) filtered through a band filter at
(520 ± 25) nm. The luminescence was measured perpendicular to the excitation
using a CCD (Spectra Pro 300i from Action Research). To minimise the effects of
self-absorption, the spectra were recorded at an optical path length of 5 mm and at
low concentration (<4 ppm). The absorption spectra were recorded with a Perkin
Elmer Lambda 950 spectrophotometer for various concentrations. For the sake
of testing the model, the simulations were run like the experiment with changes
in luminophore concentration (from 0 ppm to 163 ppm ) only. The luminescence
quantum efficiency was assumed as 95%.
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Figure 7.6: Annotated visualisation of a running PVtrace simulation resembling
the experiments in Chapter 6 to validate the model.

Variation of self-absorption cross-section

As shown in Chapter 5 or [109] the self-absorption cross-section σSA, is defined as

σSA =
1

K

∞∫
0

F (λ)A(λ)dλ (7.12)

with K =

∞∫
0

F (λ)dλ,

with F (λ) being the luminescence spectrum, A(λ) the absorption spectrum at 2
cm optical path through the luminophore solution, can be increased by moving
the emission spectrum more into the direction of the absorption spectrum, such
that their overlap increases. We have proceeded that way and shifted the emission
spectra by -120, -60, -30 nm to the blue and similarly shifted the emission by
60 nm to the red. This measure ensured that the self-absorption cross-sections per
2 cm of luminophore solutions remained well distinguishable over a large span of
dye concentrations (Figure 7.7). For the investigation of the influence of the self-
absorption cross-section the simulation was run with the shifted emission spectra
at otherwise identical conditions.

Variation of luminescence quantum efficiency

To study the influence of luminescence quantum efficiency we have run the simu-
lation of Lumogen Red 305 at the same conditions as in the validation procedure
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Figure 7.7: Left: Shift of emission-spectra causes different overlap between ab-
sorption and emission spectra. Right: Self-absorption cross-sections as a function
of luminophore concentration for the differently shifted emission spectra.

however with a luminescence quantum efficiency of 30% and 70%. This models a
case, where impurities in the dye solution quench the luminescence. This can be
the case in a LSC-matrix based on organic polymers, if radicals are formed.

Variation of LSC dimensions

The geometrical concentration factor G = Atop/ASC is the ratio of the collecting
aperture surface Atop and the surface with solar cells attached ASC. By changing
the dimensions of the LSC the change in optical concentration and device efficiency
is studied. We have run the simulation with the same lateral dimensions thus
keeping the illuminated area constant and changed the thickness of the LSC plate
from 2 cm to 1 mm.

Loss analysis

Since PVtrace saves information about the position and direction of the photons
during their propagation, we obtained the information about the photons that
have not been collected in the solar cell and thus identified the most common loss
mechanisms within the limits of PVtrace-model.

7.3 Results and Discussion

7.3.1 Validation
The device efficiency ηdevice is defined as the ratio of the electrical power delivered
by the solar-cell attached to the LSC (PLSC) and the incoming radiative power
illuminating the LSC (Pin). Figures 7.8 show that the simulations agree qualita-
tively very well with the experiment. Both the experimentally obtained and the
simulation results were fitted with the Lambert-Beer-law like function that is using
the function ηdevice = A(1 − 10−Bc) + C, where cincreases. is the luminophore
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Figure 7.8: Experimentally obtained and simulated device efficiencies as a function
of luminophore concentration for Lumogen Red 305 on the left and Lumogen
Orange 240 on the right.

concentration and A,B,C are freely chosen fit parameters. Quantitatively the
Lumogen Red 305 simulations overestimate the efficiency. The overestimate may
originate from PVtrace not implementing the losses that are caused by scattering
of the light at dye molecules or the solvent itself. Neither have the quartz walls of
the LSC been implemented in the simulation. Furthermore the optical coupling
between the quartz walls and the solar cell was not optimal, even though an index
matching polymer was applied. During curing some air-bubbles appeared that
reduced the optical coupling to the cell, which may have caused a further loss of
signal. By introducing a coupling constant κ, the simulation can be calibrated
with the experiment to obtain a good quantitative agreement between the two.

The agreement for simulation of Lumogen Orange 240 is still qualitatively
present. The simulation underestimates the device efficiencies. A reason therefore
might be that the PTFE-reflector that was used in the experiment was not exactly
parallel to the quartz wall it was attached to, as the simulation assumed. A not
exactly parallel side reflects more light coming directly from the solar simulator
than an exactly parallel one. This may have caused an increase in effective aperture
area of the entire device and thus increased the radiative power hitting the solar
cell. This seems present in both experiments at low dye concentrations, where most
of the light harvested by the solar cell originates in reflection and scattering, since
yet too little luminophores are present. At higher concentration luminescence plays
a more dominant role and thus the coupling of the solar cell to the luminescent
material, which was more efficient in the case of Lumogen Orange 240.

7.3.2 Variation of self-absorption cross-section

Figure 7.9 shows the device efficiency with increasing dye concentration for LR305
and fictional emission spectra derived from it by shifting the emission to either
side in the spectrum. With increasing dye concentration the device efficiency
increases strongly at first but saturates at higher concentrations. This saturation
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Figure 7.9: Device efficiencies as function of luminophore concentration as simu-
lated for LR305 with the indicated shift. (Assumed coupling κ = 0.81)

behaviour is present for all fictional spectra even at dye concentration, where the
self-absorption cross-section has exceeded 80%. The fictional luminophores with
larger shift to the blue and thus a higher self-absorption cross-sections show an
overall smaller device efficiency but qualitatively the same behaviour as the real
luminophore. While the fictional dye, whose emission was shifted by 60 nm to
the red and so a small spectral overlap was obtained, achieved even higher device
efficiencies of 2.5%.

The simulation counts for every simulation run starting with the initially emit-
ted (generation-zero) photon by the AM1.5G source the number of absorptions/re-
emissions that occur during that run until the next emission by the AM1.5G source.
This number is called the photon generation and is inaccessible in the experiment
but is the most direct quantitative representation of self-absorption. The absolute
number and fraction of photons in each generation at the end of each simulation
run for the LSC based on Lumogen Red 305 as used in the experiment are pre-
sented in Figure 7.10. Figure 7.11 presents the same data for the fictional dye
with 120 nm emission shift to the blue. The average number of subsequently
emitted/absorbed photons per initially emitted (zero-generation) photon by the
AM1.5G-source at the end of each simulation run (average photon generation)
is given in Figure 7.12. It can be seen that even at higher luminophore concen-
trations the photons are not re-absorbed beyond a maximum photon generation.
This supreme photon generation seems specific for the luminophore and increases
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Figure 7.10: Frequency of absorption that one photon experienced when propa-
gating through the LSC based on LR305
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Figure 7.11: Frequency of absorption that one photon experienced when propa-
gating through the LSC based on the fictional dye with emission shift of 120 nm
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Figure 7.12: Average photon generations in the real luminophore LR305 (shifted
by 0 nm) and the fictional ones obtained by the corresponding red-shift of the
emission. Absence of self-absorption corresponds to an average photon generation
of 1.0.

with the self-absorption cross-section. Since the number of self-absorption events
is bounded, the amplification of losses induced by them is, too. A decrease in
intensity with increasing dye concentration is not obtained because the increasing
dye concentration causes the total light absorption to increase. The losses them-
selves are limited by the high luminescence quantum efficiency (95%), such that
even after an average of 2.9 photon generations the efficiency droped to 1.93%
(-120 nm) from 2.22% (LR305) and 1.5 photon generations.

The up-conversion of light as simulated by the 120 nm-shifted luminophore
does not infringe on the loss-process because the surplus photon energy dissipates
upon photovoltaic conversion to the band gap energy of the cell and below.

7.3.3 Variation of luminescence quantum efficiency

The simulation was used for qualitative prediction of the concentration response
for fictional dyes with the same spectra as Lumogen Red 305 but a much lower
LQE. Figure 7.13 shows that even at significantly lower LQEs the saturation is
present and no efficiency drop at higher concentrations is observed. The change in
LQE appears to have a strong effect on the maximal achievable efficiencies. The
saturation behaviour with increasing dye concentration however is not altered.
Apparently even at low LQEs the absorption in the non overlapped spectral region
and thus the gain of photons is larger than the losses by self-absorption.
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Figure 7.13: Simulated device efficiency as a function of concentration of Lumogen
Red 305 for different luminescence quantum efficiencies (Assumed coupling κ =
0.81).

7.3.4 Variation of LSC thickness

The device efficiencies and the concentration factor for different thickness as a
function of dye concentration are compared in Figure 7.14 the quantitative com-
parison is listed in Table 7.3 in form of the fitting coefficients for the graphs. With
increasing thickness of the LSC its absorption increases as evident from the law of
Lambert-Beer and thus more light can be directed to the solar cells. Additional
increase of delivered power comes from the increase of solar cell area. At the same
time the geometrical concentration factor decreases with larger thickness of the
LSC.

Table 7.2: Fitting parameters for the graphs in Figure 7.13 for the dependence
of the device efficiency on the concentration c described by the function A(1 −
10−B(c)) + C in the simulation for Lumogen Red 305 with altered LQE.

LQE = 95% LQE = 70% LQE = 30%
A 1.67 1.03 0.29
B 0.022 0.024 0.025
C 0.51 0.50 0.50
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Figure 7.14: Simulated device efficiency (left) and concentration factor (right) as
a function of LR305 concentration for different LSC-thickness (Assumed coupling
κ = 0.81)

7.3.5 Upper efficiency limit for luminescent solar concen-
trators achievable by spectral modification

From the results presented in sections 7.3.3 and 7.3.2 it is clear that improving the
LQE to unity and removing a possible spectral overlap between absorption and
emission results in better LSC performance. To make an estimate for an upper
limit for the efficiency and the concentration factor that is achievable with LSCs
by spectral optimisation we have simulated a perfect LSC within the given set-
ting. That means that the reflectivity of all the reflectors was set to unity. So
was the luminescence quantum efficiency. Moreover, it was assumed that light
couples perfectly from the LSC into the solar cell. The spectra were chosen such
that no overlap between absorption and emission can take place: The absorption
was set to 99% in the spectral region between 350 nm and 10 nm less than the
emission wavelength. The spectrally sharp emission was placed at several wave-
lengths to find an optimal one at which the LSC attains its highest performance.
The limits for the emission wavelength were chosen around the maximum of the
spectral response of the poly-crystalline silicon solar cell that is between 850 nm
and 1050 nm. The same spectral response as before was chosen, but a solar cell
efficiency under full AM1.5G illumination of ηSC = 20.0% was used for normal-

Table 7.3: Fitting parameters for the graphs in Figure 7.14 for the dependence
of the device efficiency on the concentration c described by the function A(1 −
10−B(c)) + C in the simulation for Lumogen Red 305 with altered LQE.

Thickness 20.0 mm 10.0 mm 5.0 mm 2.5 mm
A 1.73 1.67 1.44 1.03
B 0.033 0.022 0.013 0.008
C 0.80 0.51 0.35 0.23
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Figure 7.15: Device efficiency of a ideal LSC as a function of the chosen wavelength
of infinitely narrow emission peak (Assumed coupling κ = 1).

isation, which is an achieved efficiency on the module scale [113]. The resulting
device efficiencies from the simulation are displayed in Figure 7.15.

The LSC-performance attains its maximum at 880 nm with a device efficiency
of 9.48%, which corresponds to the maximum of the spectral response of the silicon
solar cell attached. This maximum is however not defined very sharply, such that
with an emitter between 850 nm and 950 nm a higher device efficiency than 9%
could be achieved. From 950 nm onwards the spectral response drops very rapidly,
which results in a rapid drop of LSC performance. The concentration factor for
the given geometry of 100x35x10 mm3 remains above 4.5 between for emission
between 850 nm and 850 nm and attains its maximum at 880 nm with 4.74 times
as much electrical power. The optical efficiency ηopt that is the ratio of radiative
energy delivered at the edge where the solar cell is attached and the incident
radiative energy shows a different behaviour: Figure 7.16. Since no solar cell is
involved, its dependence on the wavelength of the emitter is not dominated by
the spectral response. Within the relevant spectral region for silicon solar cells
25.6% of the incident energy can be delivered at the LSC-edge to the solar cell
at 940 nm and even 25.8% at 1050 nm, which is however hardly converted into
electrical power. The graph in Figure 7.16 shows also an slight drop in optical
efficiency starting at 940 nm and a stabilisation at 955 nm. This is a consequence
of the shape of the AM1.5G spectrum and its realisation in the PVtrace model
(Figure 7.17). There are only few photons with these wavelengths in the incident
spectrum. Thus there are few additional photons absorbed by the LSCs as the
emission wavelength of the ideal luminophore moves into this wavelength region
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Figure 7.16: Optical efficiency of a LSC depending on the emission wavelength of
the ideal luminophore

and beyond. The average Stokes-shift of the luminophore however increases in
this region because the average absorption wavelength hardly changes while the
emission wavelength changes by several nano-meters. Thus the larger average
Stokes-shift introduces a larger energy loss and the optical efficiency decreases.
This is compensated as soon as the emission wavelength of the ideal luminophore
comes close to 1050 nm, where additional photons from the incident spectrum
are absorbed and compensate the energy losses due to Stokes-shift. The quantum
efficiency of the LSC that is the ratio of photons harvested by the solar cell attached
to the LSC and the incident photons confirms that (Figure 7.18). The share of
absorbed photons increases slightly between 940 nm and 960 nm and so does the
ratio of the harvested photons and the incident photons i.e. the external quantum
efficiency Since Stokes-shift does not reduce the number of photons as it does with
the photon energy, there is no decrease in external quantum efficiency. The internal
quantum efficiency stays fairly constant at 57% - 58% with a slightly decreasing
trend. This is because as more photons get absorbed, because the absorption
spectrum extends further into infra-red, less photons get reflected into the solar
cell without being absorbed. The non-absorbed photons still contribute to the
number of photons detected by the solar cell without contributing to the number
of photons absorbed, thus artificially increasing the internal quantum efficiency.

Between 41% and 49% of the incident photons are absorbed if the emission
of the luminophore is in the relevant range 850 nm - 950 nm. In those cases the
external optical quantum efficiency (the ratio of photons emitted at the LSC-edge
and incident photons) increases from 24% to 28%. The figures of merit of an LSC
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Figure 7.17: Energy spectrum of the 50 000 incident photons distributed according
to AM1.5G spectrum in PVtrace model.

850 900 950 1000 1050
Wavelength [nm]

30

40

50

60

Ef
fic

ie
nc

y 
[%

]

Share of absorbed photons [%]
External quantum efficiency [%]
Internal quantum efficiency [%]

Figure 7.18: Absorption and quantum efficiencies as functions of changing emission
wavelength of an ideal luminophore. External quantum efficiency is the ratio of
harvested photons and the incident photons. Internal quantum efficiency is the
ratio of harvested photons and the photons absorbed.
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based on an ideal luminophore represents the upper limit of LSC performance that
can be achieved by spectral optimisation of the luminophore. Not included are
performance increases due to alignment of the emitters that may constraint the
emission direction, such that escape losses are less likely. Also not included are
up-converting luminophores, which absorb at longer wavelengths than 1150 nm
and emit at shorter ones. Those measures could increase the performance of LSCs
beyond the limits discussed here.

7.3.6 Loss analysis in real LSC

With the performance data in an idealised situation as in Section 7.3.5, it becomes
possible to analyse the achievements in the simulation of a real LSC device and
point out which aspects of the real LSC can be improved the most.

The key optical efficiencies of the Lumogen Red 305 based concentrator are
given in Figure 7.19. Since the absorption spectrum of LR305 does not extend
beyond 650 nm, only up to 19.5% of photons get absorbed by the LSC. While the
absorption spectrum of the ideal luminophore extends until at least 840 nm, up to
49% of the incident photons get absorbed. From here it is evident that widening the
absorption spectrum of the luminophores has the potential to double the efficiency
of LSCs. Possible candidates for that are especially lead based quantum dots
[114]. Another option, would be the addition of infra-red absorbing organic dyes
like indocyanine green [115]. To make those options actually feasible near unity
luminescence quantum efficiencies and stability have to be achieved.

Fluorescence efficiency

The external quantum efficiency of LR305 based LSC is with up to 10.7% signifi-
cantly lower than the 24% - 28% of the ideal luminophore, which can be explained
by the fewer number of photons absorbed. The role of narrow absorption spectra
is additionally confirmed by the apparent convergence of internal quantum effi-
ciency at 55% compared with 58% of the ideal luminophore, which indicates the
absorbed photons are exploited in a quasi-optimal way. This is seen even stronger
in Table 7.5, which states that only 7.4% of the initially absorbed photons are lost
though non-radiative pathways in LR305. While strictly without self-absorption
this number should be identical with the one resulting from the luminescence
quantum efficiency of the material 1 − ηLQE = 5%, making the contribution of
re-absorption in fact very small. The present self-absorption in the LR305-LSC
(Figure 7.10) appears hardly to influence the internal quantum efficiency of the
LSC, moreover same analysis on the fictional red-shifted version of LR305, where
the self-absorption is hardly present, yields internal quantum efficiencies of 59%
similar to the one obtained for a ideal luminophore.

The internal quantum efficiency in Figure 7.19, which is the ratio of harvested
photons and the photons absorbed is much larger especially for low dye concentra-
tion where it even exceeds 100% because few photons are being absorbed by the
dyes but yet some are reflected by the (diffuse) back-reflector into the solar cell,
where they are converted into electricity.
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Figure 7.19: Various optical figures of merit of a LR305 based LSC as a function
of increasing dye concentration.

Other losses

The photons succumbing to the individual loss mechanisms are listed in the Tables
7.4 and 7.5. Fresnel losses occur prior to the entry of the photons into the system.
Their share appears not to change beyond the statistical variation between the two
luminophores and cannot be improved by luminophore modification. As reported
above, LR305 absorbs fewer photons than the ideal luminophore and therefore
more photons are subjected to reflection at the background reflector without ab-
sorption but still changing the direction to end up in the solar cell.

Table 7.5 lists the destination of photons after absorption. It shows that the
escape losses are hardly more significant for LR305 than for a ideal luminophore
which is in line with findings of Batchelder et al. [30]. They stated that self-
absorption offers a pathway for a fraction of photons, which would have been
destined to escape the LSC, to re-enter the wave-guiding mode of the system by
an additional change in propagation direction resulting from self-absorption. In
a highly idealised system with hardly any losses other than the conical escape,
which was closely realised with the liquid concentrator, with hardly any internal
scattering, parasitic absorption and a near unity luminescence quantum efficiency
of LR305 the absorbed photons face essentially only two possibilities: either they
are being re-emitted in wave-guiding mode with the probability p or they are being
re-emitted within the escape cone with a probability 1−p. The same probabilities
apply for a photon to escape or be trapped after the final re-emission step. If the
luminophore-concentration is high enough that after a few mm 99% of the photons
are being absorbed, provided their wavelength is within the absorption range of
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Table 7.4: Photon destination of 50000 incident photons prior to absorption. The
very last photon does not enter the counting due to technical shortcomings.

Photon destination LR305 ideal luminophore
Fresnel losses at the top surface 1956 3.9% 2047 4.1%

Transmitted photons 32865 65.7% 13722 27.4%
Absorbed photons 15178 30.4% 34230 68.5%

Total 49999 100% 49999 100%
Hit the solar cell without absorption 1497 3.0% 726 1.5%

Table 7.5: Photon destination of the respective number of initially absorbed pho-
tons.

Photon destination LR305 ideal luminophore
Imperfectly reflected 801 5.3% 0 0

Imperfect fluorescence 1129 7.4% 0 0
Escaped photons 6147 40.5% 13404 39.2%
Killed photons 282 1.9% 1548 4.5%

Hit the solar cell after absorption 6819 44.9% 19278 56%
Total 15178 100% 34230 100%

the luminophore, the re-absorption probability becomes quasi-independent on the
path length of the photons as most photons travel these few mm anyway. In this
case the total probability for a photon to be trapped or to escape is described still
by the same numbers p and 1−p, because only the final re-emission step determines
the final destination of the photon. Thereby such an idealised system is hardly
affected by self-absorption, which is in line with the limited device efficiency drop
that was observed with in Figure 7.9.

The “killed” photons in Table 7.5 result from photons entering infinite simula-
tion loops or for practical purposes loops with more than 50 runs. They make up
a significant amount of the absorbed photons in an LSC with ideal luminophore.
Some of those would have reached the solar cell at some point, most however would
be absorbed parasitically by the PMMA in a real situation.

Escape losses

As demonstrated above the optimisation of a nearly perfectly luminescent LR305
does not affect the share of photons escaped by much. Information about the
history of escaped photons however might reveal measures to reduce them. The
Table 7.6 lists the last surface the photon has passed before its escape. By far
the most photons (≈70%) escape through the top surface of the LSC. This escape
cannot be reduced by spectral optimisation of the luminophore, but dichroic layers
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Table 7.6: Share of photons that escaped from the LSC through the respective
surface. Figure 7.6 is helpful for the identification of the surfaces.

Last surface LR305 ideal luminophore
Top 4239 69.0% 9840 73.4%

Bottom 34 0.6% 73 0.5%
Opposite solar cell 87 1.4% 188 1.4%

Side with bottleneck 252 4.1% 727 5.4%
Side opposite the bottleneck 387 6.3% 736 5.5%

Bottleneck 562 9.1% 0 0
Mirror-bottom 52 0.8% 120 0.9%

Mirror-bottleneck 214 3.5% 746 5.6%
Mirror-opposite bottleneck 225 3.7% 769 5.7%

Mirror-opposite SC 95 1.5% 205 1.5%
Other than top 1908 31.0% 3564 26.6%

Mirrors 586 9.5% 1840 13.7%
Total 6147 100% 13404 100%

have shown a reducing effect [52, 78]. This is particularly powerful when combined
with a luminophore with a sharp emission such as present in Tm3+ - ions [116].

Still roughly 30% of the escaping photons are leaving the system from other
surfaces than the top one. The photons escape through the air gap between the
LSC and the reflectors. One option to circumvent these losses is to reduce the
airgap to a minimum while still leaving it present for the purpose of total internal
reflection at the LSC-air interfaces, rather than conventional reflection at the LSC-
mirror interface. A complete circumvention of these losses is possible when instead
of the side-mirrors solar cells are attached. This would add 12% of the absorbed
photons and still 3.6% of the incident photons and could add up to 0.7% device
efficiency, but would decrease concentration factor and increase costs.

Effects of bottom back-reflector

As seen in Figures 7.18 and 7.19 the internal quantum efficiency decreased with
increasing absorption of photons. An explanation for that is that it is mostly
the transmitted photons that reach the bottom back-reflector and get redirected
towards the solar cell. The back-reflector can be reached only by photons that are
not internally reflected. A specular reflector would simply send the photon back
to the LSC, which would at most increase the path length of the photon inside the
luminophore and increase its chances for absorption. A diffuse back-reflector can
additionally change the direction of the photon, such that it can hit the solar cell.
This is most effective close to the edge of the LSC, where the solar cell is attached.
Highly absorbing large scale LSCs would however not significantly benefit from
these processes.

A simulation of the ideal luminophore LSC without the back-reflector revealed
the quantitative contribution of the back-reflector (Table 7.7). The share of escape
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Table 7.7: Share of photons that escaped from the LSC through the respective
surface with and without back-reflector. Figure 7.6 is helpful for the identification
of the surfaces.

Last surface no back-reflector with back-reflector
Top 4298 30.7% 9840 73.4%

Bottom 4147 30.0% 73 0.5%
Opposite solar cell 240 1.7% 188 1.4%

Side with bottleneck 717 5.1% 727 5.4%
Side opposite the bottleneck 708 5.0% 736 5.5%

Mirror-bottom 0 0 120 0.9%
Mirror-bottleneck 1682 12.0% 746 5.6%

Mirror-opposite bottleneck 1701 12.1% 769 5.7%
Mirror-opposite SC 527 3.8% 205 1.5%

Other than top or bottom 5575 39.8% 3564 26.6%
Mirrors 3910 27.9% 1840 13.7%
Total 14020 100% 13404 100%

losses from the total losses increased a little from 39.2% (or 13404 out of 34230
photons) to 41.3% (or 14020 out of 33927 photons).

More important however is that the back-reflector redistributed the escape
losses from the side faces to the top surface. This way the 39.8% of the escaping
photons were escaping from side facets rather than 26.6% as in case with the back-
reflector. While escape from the sides can be prevented by attaching more solar
cells to all the side surfaces, this cannot be achieved for the top surface, which
makes it even more advantageous to apply solar cells to all the side-facets and
refrain from the use of a back-reflector. Such that some light could be used for
ambient lighting.

The above result appears counter-intuitive: One expects that the presence of a
scatterer on the bottom would redirect escaping photons from the bottom to the
side surfaces, which is why at low dye concentrations the application of a back-
reflector with 95% enhances the device efficiency from 0.7% with a black absorber
to 2.1% (Appendix C). The simulations revealed however a different picture. This
is because a large fraction of the photons, which escape through the side surfaces,
escape in fact through the gap between the mirrors and the LSC. This gap was
introduced to exploit the regime of total internal reflection which reflects the light
with a quasi-unity reflection coefficient, while a firmly attached mirror reflects the
light with its (non-unity) reflection coefficient. The air-gap however permits for
the photons that are not trapped by total internal reflection but are reflected at
the mirror to escape without re-entering the LSC (Figure 7.20). This behaviour
contributes to ≈50% of the escape after hitting the side mirrors. The application
of a Lambertian reflector at the bottom of the LSC closes the air gap to the
bottom side and the otherwise escaping photon is being redirected mostly to the
top surface, where it can escape again. This is confirmed by an increase on losses
through the top surface in Table 7.7 by more than just double of the losses in the
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Figure 7.20: Annotated visualisation of an ideal luminophore LSC simulation with
a highlighted final segment of the path of a photon prior to its escape through the
air gap between the LSC and a mirror.

case without a back-reflector.

7.3.7 Shortcomings of the model

Even though a reasonable agreement between the experiment and the simulation
could be found, the model used here is limited mainly when it comes to the be-
haviour of the solar cell. Throughout all the simulations it was assumed that the
output power of the solar cell depended linearly on the amount of incoming pho-
tons. This corresponds to an increase of the photo-current only. In a real solar cell,
the open circuit Voltage increases logarithmically with the photo current and thus
the output power. Furthermore there was no model for the coupling losses between
the LSC plate and the solar cell, other than a linear damping coefficient κ. More
inaccuracies were introduced because the Stokes-shift was sampled randomly from
the wavelength of absorption according to the remaining emission spectrum. So
no physical influences were regarded. The solvent was considered as free from par-
asitic absorption and scattering, which is not given. Other limitations are intrinsic
to the ray-tracing process, like the avoidance of infinite loops by killing photons,
which distort the results slightly. Also the luminophores have been treated as
purely absorbing/emitting elements without regards for their interaction, which
may have reduced the luminescence quantum efficiency due concentration quench-
ing [117]. Another assumption was the isotropic emission of the luminophores,
which is not necessarily granted [118].
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7.4 Summary and conclusions
We showed that in spite of some limitations PVtrace provides a useful tool, to
analyse LSC performance by means of ray-tracing and delivers results that agree
well with the experiment.

The simulation showed that a reduced overlap between the emission/absorption-
spectra causes fewer self-absorption events and thereby a higher LSC device effi-
ciency. It also demonstrated that the effects of the luminescence quantum efficiency
of the luminophore are more dominant than the one of the spectral overlap.

The simulation of a highly absorbing, non-self-absorbing and perfectly lumi-
nescent luminophore provided an upper limit for a device efficiency of 9.5%. The
results indicate that for the sake of spectral matching with multi-crystalline silicon
solar cell a bandwidth of 100 nm can be used and still deliver 90% of the device
efficiency at peak.

The comparison of the current state of the art luminophore Lumogen Red 305
with the idealised highly absorbing, non-self-absorbing and perfectly luminescent
luminophore revealed that spectral optimisation of the luminophores by widening
the absorption spectrum can significantly improve the device-efficiency by increas-
ing the amount of light entering the system. On the other hand pure reduction of
the absorption/emission spectral overlap does not contribute significantly to the
reduction of loss mechanisms once, the light entered the system. This does not
include spectral optimisation in combination with dichroic layers.

It was also shown that highly absorbing LSCs do not gain much by applica-
tion of back-reflectors to the bottom side. Moreover, our simulations revealed
that replacing side mirrors by solar cells saves 12% of the absorbed photons from
escaping.
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Chapter 8
Luminescent solar concentrators

with semiconductor nano-particles
as luminophores

Abstract

Based on the results in previous chapters it is expected that lu-
minophores with a small to negligible spectral overlap between absorp-
tion and emission suffer less from self-absorption effects. This is verified
in this chapter by comparison of the performance of luminescent solar
concentrators based on type-II CdTe/CdSe quantum dots with small
spectral overlap with the performance of devices based on highly lu-
minescent CdSe-multishell quantum dots with large spectral overlap.
Both performed roughly equally well in spite of the poor luminescence
of the type-II luminophores.
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8.1 Introduction
Self-absorption re-exposes trapped light in luminescent solar concentrators to loss
mechanisms and acts thus as an amplifier to those. As indicated in Chapter 4,
CdTe/CdSe type-II hetero-nanostructures hardly show self-absorption effects, which
makes them a candidate for circumvention of the self-absorption problem in lumi-
nescent solar concentrators (LSCs). However no experimental realisation of type-II
hetero-nanostructures based LSCs have yet been demonstrated.

In this chapter we present experimental results obtained on solution based
LSCs containing type-II CdTe/CdSe multipods and highly luminescent CdSe/Cd-
S/CdZnS/ZnS alloy CdS/CdZnS type-I quantum dots, which we also compare
with results from ray-tracing/Monte-Carlo simulations.

Self-absorption losses are strongly correlated with the overlap between absorp-
tion and emission (Chapters 4, 5 and 7). This overlap is heavily reduced for type-II
hetero-structures, which can be explained by the band-structure in Figure 8.1.

Upon photo-excitation the electrons in the valence band of the semiconductor
absorb energy and are thus elevated to the conduction band. This process is
most likely spatially direct, which means that an electron from the valence band
of the core material is promoted into the conduction band of the core material,
while the shell-electron can be promoted into the shell. The next step is the partial
relaxation of the exciton in the bands according to the band shape. In case of type-
I, both the electron and the hole follow the potential and relocate in the same part
of the nanostructure, the CdSe-core in Figure 8.1. In the type-II case oppositely
charged carriers locate in different parts of the nanoparticles. In Figure 8.1 the
electron relocates to the CdSe-shell, while the hole to the CdTe-core, which are
the parts with the lowest potential for the respective charges. When now exciton
recombination occurs, it does so between the valence band of the CdTe-core and
the conduction band of the CdSe-shell. The effective spacing between the two
bands is smaller than the band gap of either of the two semiconductors. This way
the emission, which results from radiative recombination has a lower energy than
the absorption, which results in a high Stokes-shift and small overlap between the
absorption/emission spectra.

CdSeZnS
Eg

(2)Eg
(1) Eg

(2)Eg
(1)

CdTeCdSe

ee

e-

h+

Figure 8.1: Schematic representation of band structure in type-I QDs (left) and
type-II semiconductor QDs (right). The spatially direct band gap energies are
indicated as solid arrows. The spatially indirect one is shown as a broken line.
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8.2 Materials and methods

8.2.1 Luminophores

CdSe multi-shell quantum dots

We used highly luminescent (luminescence quantum efficiency, LQE >75%) Cd-
Se/CdS/CdZnS/ZnS alloy CdS/CdZnS - quantum dots (QDs) as an example of
highly re-absorbing but also highly luminescent semiconductor nanoparticles as
luminophores.

Their synthesis was performed under nitrogen atmosphere with pre-dried chem-
icals, which were stored in a glovebox. The chemicals used for the reaction were:
cadmium acetate (Cd(Ac)2, Sigma-Aldrich), diethylzinc (Et2Zn, Sigma-Aldrich,
1.0 M solution in hexane), dimethylcadmium (Cd(Me)2, ARC technologies, 99.9%),
dodecylamine (DDA, Sigma-Aldrich, 98%), hexadecylamine (HDA, Sigma-Aldrich,
90%), oleic acid (OA, Sigma-Aldrich), 1-octadecene (ODE, Sigma-Aldrich, 90%),
octadecene amine (ODA, Siga-Aldrich, 90%), selenium (Se, Strem Chemicals,
99.99%), tellurium (Te, Heraeus, 99.999%), triethyl orthoformate (TEOF, Sigma-
Aldrich), sulphur (Alfa Aesar, 99%), trioctylphosphine (TOP, Sigma-Aldrich, 90%),
trioctylphospine oxide (TOPO, Sigma-Aldrich, 90%), trioctylphospine oxide
(TOPO99, Sigma-Aldrich, 99%) Most chemicals were used as shipped, except for
DDA, HDA, ODA, ODE and TOPO. These were dried at elevated temperature
(approximately 150◦C) under vacuum for several hours before transferring to a
glovebox.

The solvents involved were: Acetone (Merck, dry), buthanol (Sigma-Aldrich,
anhydrous 99.8%), cyclohexane (Sigma-Aldrich, anhydrous, 99%), hexane (Sigma-
Aldrich, anhydrous, 99.8%), methanol (Sigma-Aldrich, anhydrous, 99.8%), toluene
(Sigma-Aldrich, anhydrous, 99.7%)

The synthesis was carried out in two parts: First the CdSe nanocrystal seeds
have been prepared. Therefore a method similar to the one described by Li at al.
was used [85]. Subsequently the CdSe/CdS/CdZnS/ZnS multi-shell was synthe-
sised combining the techniques described by Li at al. [85] and Xie at al. [86].

Prior to the synthesis of the CdSe quantum dot seeds, the two precursors were
synthesised. OA (3.68 g), ODE (25.92 g), and Cd(Ac)2 (0.64 g) were mixed, heated
to 150◦C, and kept under vacuum for 2 h to form cadmium oleate (Cd(OA)2). Se-
lenium (4.25 g) was dissolved in TOP (22.5 g) at 50◦C, followed by the addition
of ODE (35.7 g). The synthesis of CdSe nanocrystals was done by mixing TOP
(1.11 g), ODA (3.20 g), and Cd(OA)2-precursor (4.9 g) in a three-necked flask
while heating it. The synthesis was performed in a Schlenk-line to prevent oxy-
gen contact. As soon as the temperature of 300◦C was reached the Se-precursor
(5.2 g) was added rapidly. The size of the CdSe nanocrystals was controlled by
controlling the duration of the reaction. The particles were diluted by addition of
1 volume equivalent of hexane. The quantum dots were washed by adding 2 vol-
ume equivalents of methanol and collecting the upper hexane layer (coloured) and
adding 1 volume equivalent of acetone to precipitate the QDs. The last step was
the re-dissolution of the seeds in toluene, which then were stored under nitrogen
atmosphere.
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The multi-shell synthesis was started with the preparation of the three pre-
cursors. The zinc precursor solution (0.1 M) was prepared by dissolving 0.494 g
Zn(Et)2 in 5.05 ml OA and 19.8 ml ODE at 310◦C. The cadmium precursor solu-
tion (0.1 M) was prepared by dissolving 1.10 g Cd(Ac)2 in 10.83 g OA and 43.20 ml
ODE at 120◦C under vacuum for 2 hours. The sulphur precursor solution (0.1 M)
was prepared by dissolving 0.032 g sulphur in 10 ml ODE at 180◦C. The Cd-,
Zn-, and Cd/Zn-precursor solutions were kept at about 80◦C, while the sulphur
injection solution was allowed to cool to room temperature.

The actual shell-growth proceeded as follows: CdSe QDs (10−7 mol of 3.6 nm
QDs), ODE (2.5 g) and ODA (0.75 g) were combined and heated up to 150◦C
for 1 h to remove all toluene, afterwards the temperature was increased to 240◦C.
To calculate the amount of Cd-precursor for the growth of the first monolayer,
we assumed that the surface of the CdSe cores consists equally of Se- and Cd-
atoms and therefore used only 50% of the amount of calculated Cd-precursor for a
complete monolayer. After the addition of the cadmium precursor we alternated
the metal and the sulphur precursor addition. Each of these were added drop-
wise. After the addition of one precursor for the current shell was complete we
observed a waiting period of 15 minutes before the next one. After the final
addition the reaction was stirred for 30 minutes. One full monolayer of CdS,
1 mixed monolayer of CdZnS and a final layer of ZnS were grown. Afterwards
the reaction mixture was cooled to room temperature and diluted by adding 1
volume equivalent of toluene. The quantum dots were washed by adding 3 volume
equivalents of methanol:buthanol (2:1) mixture to precipitate the QDs. Finally,
the nanocrystals were re-dissolved in toluene and stored inside a glove box under
nitrogen atmosphere. This sample is being referred to as CdSe-multi-shell or CdSe-
MS.

CdTe/CdSe core-shell nanoparticles

Since these are also a core-shell particles, we have conducted the synthesis in two
steps of which the first was the synthesis of CdTe quantum dot seeds as described
by Wuister et. al. [87]. This was conducted in a three necked flask, where DDA
(10 g) and TOP (7 ml) were heated to 50◦C. To this solution Cd(Me)2 (0.22 g)
in TOP (7 ml) and Te powder (0.16 g) were added. A Cd/Te ratio of about 1.25
was used in all the syntheses performed unless a different ratio is indicated. The
reaction mixture was heated to 1700◦C. The reaction was stopped 165 minutes
after the addition of the precursors. Excess of Cd- and Te-ions was not removed
during storage.

The second step was the growth of a shell and subsequent growth of CdSe to
anisotropic hetero-nanocrystals. In preparation to the actual synthesis the two
precursors were synthesised: For the Cd-precursor (0.3 M) 0.459 Cd(Ac)2 was
dissolved in 5.75 ml at 1500◦C. For the Se-precursor (0.3 M) 0.56 g selenium was
dissolved in 5 ml TOP. The CdSe-Shell does not grow isotropically, i.e. certain
crystal orientations are preferred as growth direction. As a consequence the CdTe
particles receive multiple CdSe-arms and are therefore referred to as multipods.
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8.2.2 Luminophore characterisation

For the characterisation of the luminophores the spectra of absorption and lu-
minescence were measured. From this data the self-absorption cross-section per
2 cm was calculated. Moreover, the luminescence quantum efficiencies (LQEs)
were determined.

The characterisation was carried out on diluted samples. The stock solutions
were diluted 100 times for the samples CdSe-MS and CdTe/CdSe-745. All dilutions
were carried under nitrogen atmosphere to prevent oxidation of the samples. For
the same reason anhydrous 99.8% toluene (Sigma-Aldrich) was used as solvent.
The diluted samples were enclosed in screw-capped quartz cells before they were
taken out of the nitrogen atmosphere for measurements. The absorption spectra
were recorded with a Perkin Elmer Lambda-950 double beam spectrophotometer.
The luminescence spectrum was obtained with Edinburgh Instruments FLS 920
spectrometer. The samples were excited with an Edinburgh Instruments Xe900
xenon lamp at 475 nm. The emitted light went through a monochromator and was
detected with Hamamatsu R928 photomultiplier, where the spectra were recorded.

The LQEs were measured with the same set-up, however with an Edinburgh
instruments integrating sphere. The samples CdTe/CdSe-745 were excited at
560 nm, while the multi-shell QDs were excited at 520 nm both with a band
width of 5 nm. A long pass filter was used to suppress the excitation by higher
order maxima of the monochromator at wavelengths shorter than 500 nm.

The amount of absorbed quanta was measured by comparing the transmission
of the excitation light by the solvent alone and the luminophore solution. For the
measurement of absorption a Balzer 1.2% neutral density filter was used, of which
the transmittance was measured to be 1.4% at the excitation wavelengths.

The emitted light was measured directly without the neutral density filter.
The measurement of the scattered light solvent has provided the background for
the emission. The raw spectral data does not yet reflect the true luminescence
spectrum because the monochromator-transmission and detector sensitivity are
wavelength dependent. The sensitivity function of the instrument corrects for this
information. After correction of all spectra by the instrument sensitivity function
and the excitation by the transmittance of the neutral density filter we obtained
the LQE as the ratio of the integrated emission and absorption.

8.2.3 Measurements on liquid phase LSC-prototype

The LSC was custom-build quartz cuvette ordered from Hellma Analytics with the
internal dimensions 100 mm x 35 mm x 10 mm. This cuvette was screw capped
but the injection and removal of fluid was possible through the septum using a
syringe (Figure 8.2). This way it was possible to work with air sensitive samples
without exposing them to oxygen, provided that the cuvette and the syringe were
prepared under a nitrogen atmosphere.

A commercially available poly-crystalline solar cell (157 mm x 18 mm, 15.13%
efficiency, obtained from “Solar_rex”, Germany) was deployed. Contacts were
soldered to the back- and front side of the solar cell. For stability the cell was glued
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Figure 8.2: Schematic representation of the liquid phase LSC system.

using a 3-5 mm thick layer of non-acidic silicone glue (Bison - “transparant siliconen
kit- Bi331”1) on a glass substrate. The cell was covered with black absorber paper,
which contained a window, such the at the 35 mm x 10 mm facet of the cuvette
was in firm contact with the cell, while the remaining solar cell area was blocked
from receiving light (Figure 8.3). The cell was characterised by recording the
current-voltage curves in the dark and under AM1.5 illumination, which yielded
its efficiency.

The efficiency measurements were carried out on a WACOM dual source solar
simulator, where a voltage is applied on the solar cell illuminated with the AM1.5
spectrum. The current-voltage measurements were performed on a Keithley 238
High Current measure unit. First the window of the solar cell was illuminated
and its current-voltage characteristic is recorded. Then the cuvette was glued
onto the solar cell using glue MY-146 with a refractive index of 1.461 at 589 nm
from “Mypolymers” that matched the refractive index of quartz. The polymer was
cured within a few seconds using a UV-lamp and the refractive. Upon curing some
air-bubbles appeared in the adhesive layer, which reduced the quality of optical
coupling. The prototype was coupled to a 15.13% poly-crystalline silicon solar
cell.

The cuvette was filled with anhydrous toluene (Sigma-Aldrich, 99.7%) under
nitrogen atmosphere. The cuvette was screw capped with a septum and trans-
ported to the solar simulator. At the solar simulator site the current-voltage curve
of the solvent only LSC was measured as the zero concentration.

Subsequently the following steps were repeated multiple times: The extraction
of an amount of the current luminescent liquid and the addition of the same
amount of highly concentrated luminophore Stock solution. The extraction and
addition were carried out with a Hamilton 25 µl-syringe (Figure 8.4), which had
been flushed with nitrogen before. This way the luminophore concentration was
increased in controlled steps and the exposure of the luminophore to air could
be minimised. Larger amounts of luminophores were added with a 1 ml-one-
way-syringe. After the injection of the luminophores the LSC was turned around
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Figure 8.3: Solar cell installation for the liquid phase LSC device.

Figure 8.4: A photograph of the model LSC being filled with CdSe-multi-shell
quantum dots. The nitrogen bubble is kept in the bottleneck during measurements.

multiple times to homogenise the solution. The quartz cuvette was wrapped into
a multi-cellular polyethylene terephthalate-reflector (MCPET, Furukawa Electric)
such that all sides but the one facing the solar cell and the one facing the light
source were covered. The LSC was placed on the measurement table of the solar
simulator such, that the gas bubble remained in the bottle-neck and thus reflections
at the bubble/solvent interface did not contribute much to the light incident on
the solar cell. The current-voltage characteristic was recorded while the LSC was
illuminated in less than 5 seconds.

8.2.4 Ray-tracing/Monte-Carlo - simulation

We simulated the internal volume of the 100x35x10 mm3 quartz cuvette including
the bottleneck (Figure 8.5). We assumed the absence of parasitic absorption,
which is justified in a liquid phase LSC. The absorption/emission spectra were
taken from the characterisation data and the absorption spectra were adjusted
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Figure 8.5: Annotated visualisation of a running PVtrace simulation resembling
the experiments.

for the concentration using the law of Lambert-Beer. The illumination source in
the simulation emitted 50000 photons from a rectangular source of 35x100 mm
precisely parallel to the LSC but 50 mm above it. The photons were sampled
from the AM1.5G spectrum of NREL, however truncated after 1150 nm [17]. This
truncated spectrum contains 81.4% of the energy and 64.2% of the photons of the
full AM1.5G spectrum, which was used to correct the results in the analysis. The
LSC was surrounded by three specular reflectors with a reflection coefficient of
95% at the side faces, where no solar cells were attached. The back reflector at the
bottom was Lambertian with a reflection coefficient of 95%. An air gap of 1 mm
was placed between the reflectors and the LSC. The solar cell was realised by a
rectangular (35x10 mm2) object Raybin, which absorbed all incoming photons.
It was placed in firm contact with the LSC at one of its sides. The refractive index
of the solvent was set to 1.5.

8.3 Results and discussion

8.3.1 Characterisation

The absorption/emission-spectra are given in Figure 8.6. The Lambert-Beer law
was used to extrapolate the absorption spectra to what would be measured if
the nanocrystal concentration was high enough to absorb 99.0% of the incident
light at 520 nm. At these projected concentrations the CdTe/CdSe sample has
a smaller overlap between absorption and emission than the multi-shell sample.
Quantitatively that results in a self-absorption cross-section of 71% for CdSe-
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multi-shell sample and 12% for CdTe/CdSe. For comparison the self-absorption
cross-section of the state-of-the- art organic dye Lumogen Red 305 is 30% at the
same conditions for absorption at 520 nm.

The broad absorption spectra in both cases provide almost total absorption over
the spectral region from 300 to 550 nm (CdTe/CdSe) and even 600 nm (CdSe-
multi-shell). This was reached in principle by Lumogen Red 305 (Figure 8.7),
however not without dips at 473 nm and 378 nm, where the absorption is far from
unity. This flaw can be compensated by increasing the concentration of Lumogen
Red 305. Doing so will not reduce the efficiencies even though self-absorption
cross-section increases [Chapter 6, 7]

The luminescence quantum efficiencies were calculated to at least 35% for
CdTe/ CdSe nano particles and at least 79% for CdSe-multi-shell. For comparison
the LQE of Lumogen Red 305 is at least 95%.

8.3.2 Results from device measurements and simulation

Experiment

The device efficiency ηdevice, which is defined as the ratio between the electrical
power delivered by the device PLSC and the radiation power of the incident light
LAM1.5, is plotted in the Figure 8.8 for the highly luminescent CdSe-multi-shell
sample. Its counterpart for CdTe/CdSe luminophores can be found in Figure 8.9.
The ordinate shows the optical density at 520 nm for the concentration used.
This is an indirect measure for the concentration, as the optical density increases
linearly with it. It can be seen that in both cases the device efficiency of the
LSC multiplied by the geometrical concentration factor 10 does not reach the
efficiency of the bare solar cell and thus concentration of light is not achieved. For
comparison Figure 8.10 shows the same data for Lumogen Red 305 as obtained in
chapters 6 and 7, where concentration of light was achieved.

The highest efficiency obtained with CdSe-MS luminophores is 1.23%. Higher
efficiencies would be possible, if a larger stock on these quantum dots was available
to further increase the absorption beyond the optical density of 25 m−1. The
highest obtained efficiency with type-II CdTe/CdSe-nanocrystals is 1.27%, which
was obtained at the optical density at 520 nm of 68 m−1. For a fair comparison
we contrast the performance of both quantum dot based LSCs at the optical
density of ∼ 20 m−1: Here the CdSe-MS LSC performs with a device efficiency
of 1.23% and the CdTe/CdSe LSC with an efficiency of 1.1%. This is remarkable
close, in spite of the sample CdSe-MS having an LQE of 79% and CdTe/CdSe
having a much lower LQE of 35%. The relatively high device efficiency of the
CdTe/CdSe-LSC originates from a small self-absorption overlap and less losses
due to self-absorption.

The experimental data follows the simulated trend qualitatively. Quantitative
matching can be achieved by scaling the simulated data by a factor κ, which
reflects the quality of the coupling of the light from the LSC into the solar cell
among others (Chapter 7).
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Figure 8.6: Characterisation data of the samples CdTe/CdSe and CdSe multi-shell
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Figure 8.7: Characterisation data of Lumogen Red 305 for comparison
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Figure 8.8: Device efficiency as a function of optical density, which serves as a
measure for concentration of CdSe-MS nanoparticles. The nature of the synthesis
process does not yield larger volumes of the luminophore, so that the optical
density could not have been increased beyond 25 m−1.
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8.3.3 Simulation

The simulation of CdSe-MS based LSC shows, that there is an optimal luminophore
concentration at which the device efficiency attains its maximum. This maximum
is obtained as a result of two competing processes: With increasing luminophore
concentration more light is being absorbed into the system as predicted by the
law of Lambert-Beer. Simultaneously the increase of absorption increases the self-
absorption overlap and thus decreases the probability of the photon to reach the
solar cell. At a certain concentration the efficiency gain by increase of absorbed
photons is balanced by the losses due to increasing self-absorption. This behaviour
is not found in Lumogen Red 305 and CdTe/CdSe based LSCs, because with in-
creasing luminophore concentration the self-absorption increases much less than
the overall absorption. This is especially clear for LR305, whose absorption at
380 nm and 470 nm (the minima in Figure 8.7) still increase without overlapping
with the emission. This increase is more than enough to compensate for the in-
crease of the small overlap at 600 nm. The compensation by increased absorption
in the blue/near-UV region is not possible in CdSe-MS LSC, as their absorp-
tion there is close to unity already at small luminophore concentrations, which
is typical for semiconductor nanocrystals. Thus indeed an optimal luminophore
concentration can be observed. The compensation of the small self-absorption in
CdTe/CdSe-LSCs takes place in the region between 550 nm and 650 nm and also
contributes to the absence of a maximum in Figure 8.9.

The maximal achieved simulated device efficiency of 2.2% (Figure 8.8) for CdSe-
MS LSCs with a exaggerated quantum yield of 95% is still lower than the one
obtained by simulations for the same conditions for LR305 of 2.7% (Figure 8.10).
This comparison illustrates the importance of minimising the overlap between
absorption- and emission-spectra particularly, because the emission of CdSe-MS
and LR305 is in the same spectral region, which constitutes approximately the
same spectral response of the solar cell and thus the only significant difference
between these two simulated LSCs is the spectral overlap of their respective lu-
minophores.

Counts of absorption events

The simulation CdTe/CdSe-nanocrystals with higher LQEs shows also, that LSCs
with these nanocrystals are capable of achieving higher efficiencies (2.6%) even at
a modest LQE of 70%. This is within reach, as CdTe/CdSe-nanocrystals with an
LQE of 80% have already been synthesised [60].

Further evidence for the strongly reduced self-absorption in CdTe/CdSe-based
LSCs can be obtained from the direct counts of self-absorption events in the simula-
tions. We defined the photon generation in Chapter 7 as the number of absorptions
that occur during a smiulation run in between two emissions of zero-generation
photons by the AM1.5G source. The average photon generation is thus the number
of all absorption events divided by the number of photons which were absorbed at
least once.

In the CdTe/CdSe-based LSC the average photon generation reaches hardly
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1.15 while in CdSe-MS-based LSCs an average photon generation of 2.2 can be
reached at the same optical densities at 520 nm, which is in contrast to an ideal
LSC without any self-absorption with an average photon generation of 1.0. From
this we can conclude that self-absorption in CdSe/CdTe nanocrystals is heavily
reduced and even lower than that of LR305 (1.5). The effect of this reduction
if projected onto the simulations of CdTe/CdSe with exaggerated LQE of 95% in
Figure 8.9: An LSC with such particles could reach record efficiencies of 3.7% with
a concentration factor of 2.4 . The exact distribution of photon generations can
be found in appendix B.

8.3.4 Internal efficiency
The simulation also allows to count the photons at their different final destinations.
Table 8.1 lists the photon count for LSC based on CdSe-MS with an LQE of
79% and CdTe/CdSe with an LQE of 35%. It also compares them to the same
results simulated for LR305 (LQE=95%) and an ideal luminophore LSC. The real
luminophores were compared at the same optical density at 520 nm of 164±1 m−1.
The perfect luminophore is a fictional luminophore with constant absorption of
99% from 300 nm to 870 nm, perfect luminescence efficiency and narrow emission
at 880 nm. Moreover, the perfect LSC deploys perfect mirrors and no bottleneck,
which contribute to photon losses. The internal quantum efficiency of an LSC
is the number of photons that reaches the solar cell divided by the number of
photons the LSC absorbed. The internal quantum efficiency of CdTe/CdSe-LSCs
is the lowest with 17.6%. This is expected as the luminophore itself has the lowest
luminescence quantum efficiency. The internal quantum efficiency of CdSe-MS
LSCs is with 34.1% somewhat higher but self-absorption reduces it significantly
if one considers its high LQE, which comes close to that of LR305 but does not
reach its internal quantum efficiency of 54.8%. LR305 in its turn almost reaches
the internal quantum efficiency of an ideal LSC with 58.4%.

On the other hand CdSe-MS absorb even less photons (28.9%) than LR305
(30.4%) at the same optical densities at 520 nm. CdTe/CdSe absorbes already
41.1% which is still less, than what is theoretically obtained (68.5%). These
results show that the deployment of highly self-absorbing semiconductor parti-
cles even with a high LQE has no advantages to stable organic dyes like LR305.
CdTe/CdSe-nanoparticles have a potential if their luminescence quantum efficiency
can be substantially increased. The LSC can especially benefit from their increased
absorption at longer wavelengths, compared to the other presented luminophores.
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8.4 Conclusions
We have presented the efficiency of liquid phase luminescent solar concentrators
at various concentrations of semiconductor nanocrystals as their luminophores.
The obtained results on CdSe-multi-shell quantum dots represent the behaviour
of type-I hetero-nanostructures, while CdSe/CdTe represents a type-II system.
The results indicate, that the efficiency of LSCs based on these luminophores is
not high enough to compete with the state-of-the-art luminophore Lumogen Red
305. The reasons for that are elucidated by means of ray-tracing/Monte-Carlo sim-
ulations, which reveal that LSCs based on type-I quantum dots suffer significantly
more from self-absorption in spite of their high luminescence quantum efficiency.
Type-II structures on the other hand show hardly any self-absorption effects but
their low luminescence quantum efficiency limits the LSC device efficiency. In the
experiments the type-II system achieved device efficiencies comparable to the type-
I system, in spite of the large difference in luminescence quantum efficiency. The
extrapolation of these results to type-II systems with higher luminescence quan-
tum efficiencies by means of simulations suggests that highly luminescent type-II
based LSCs can deliver significantly more power than the current standard.
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Appendix A
Additional spectral data

In Chapter 4 we did not include the following absorption and emission spectrum
of the type-II anisotropic nanocrystalls sample as its spectrum does not included
signficantly different features from the presented type-II isotropic sample. For
completeness the spectra are presented here. In both cases the overlap between
the absorption and the emission spectra is very small.
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Chapter 4
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Appendix B
Counts of absorption events

In this appendix we present the detailed distribution of self-absorption events oc-
curring at various concentrations of the two quantum dot samples CdSe-MS -
highly luminescent and strong spectral overlap and CdTe/CdS - weakly lumines-
cent but also negligible to small spectral overlap. All photon generation counts
were conducted on PVtrace simulations output. The photon-generation is the
number of times absorption and re-emission of photons took place in between the
two emissions of the zero-generation photon by the AM1.5G source, which is said
to be one simulation run. The photon generation is the number of absorption
reached right before the next run is started. Generation 1 is equivalent to the
absence of self-absorption.

It can be seen, that the sample RM746 which stands for the material with a
small overlap between absorption and emission spectrum has only few photons,
that have been reabsorbed once and hardly any at all with higher orders of reab-
sorbtion. On the contrary in the sample RM480, which stands for highly lumines-
cent luminophores with also large overlaps between the absorption and emission
spectrum many photons get reabsorbed. At high optical densities, that is high lu-
minophore concentrations, there are even more reabsorbed photons than photons
that did not underfo any reabsorbtion. This direct counting of self-absorption
events cannot be carried out in the experiment but is the most direct measure
of self absorption. The simulation agrees quite wel with the experimental results,
which is why the relative numbers are good estimates for the actual self absorption
events in LSCs.
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Figure B.1: Photon generations in type-I CdSe-MS quantum dots: Absolute num-
bers of photons in the corresponding photon-generations.
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Figure B.2: Photon generations in type-II CdTe/CdSe quantum dots: Absolute
numbers of photons in the corresponding photon-generations.
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Figure B.3: Photon generations in type-I CdSe-MS quantum dots: share of photons
in the corresponding photon-generations.
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Figure B.4: Photon generations in type-II CdTe/CdSe quantum dots:share of pho-
tons in the corresponding photon-generations.
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Appendix C
Influence of reflector material on

LSC device efficiency

During the experiments we also had the chance to test the influence of the back
reflector. The results are shown below. It shows that at the given geometry of the
liquid LSC increasing the reflectance of the backreflector increases the performance
of the LSC at any measured luminophore concentration. For larger scale device
the simulations predict the back reflection to be only a small contribution to the
light converted by the solar cell.
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APPENDIX C. INFLUENCE OF REFLECTOR MATERIAL ON LSC DEVICE
EFFICIENCY
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Figure C.1: Device efficiency at different concentrations for three different reflec-
tors used with the LR305-based LSC.
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A. Büchtemann, A. Meyer, S. J. Mc.Cormack, R. Koole, D. J. Farrell,
R. Bose, E. E. Bende, A. R. Burgers, T. Budel, J. Quilitz, M. Kennedy,
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Summary

Solar radiation provides sufficient energy to cover the global energy demand. Pho-
tovoltaics has demonstrated that up to 38.8% of the solar radiation power can be
converted into electricity under standard illumination conditions (1 Sun) using a
four-junction solar cell. The obstacles for this technology to be applied at large
scale are the high installation costs per watt power and the required amount of
highly purified semiconductor and thus high material costs. This is why increase
of efficiency or reduction of installation costs (e.g. by integration into buildings)
can lead to larger scale application.

Solar light concentration, which is projection of light from a large illuminated
area onto a small photovoltaic element presents an opportunity to convert more
solar radiation per unit of material. An additional effect is the enhancement of
the power conversion efficiency. Conventional concentrators however remain quite
bulky as they require continuous tracking of the sun during photovoltaic conver-
sion. This tracking is not needed if concentration is achieved through luminescence.
Moreover, luminescent concentrators do not require direct sunlight, but also work
with diffuse light. Therefore such concentrator devices can have almost arbitrary
shapes and thus can be easily integrated into buildings while offering large freedom
of design.

Luminescent solar concentrators are photovoltaic devices made of thin trans-
parent material, in which luminescent particles are dispersed. The incident light
enters the device through its large facets and is subsequently absorbed by the lu-
minescent particles, which re-emit it whilst changing its direction of propagation.
Most of the re-emitted light hits the surfaces of the transparent plate in the regime
of total internal reflection, which results in wave-guiding towards a facet with an
attached solar cell, where the power conversion takes place. The as yet achieved
concentration factors and efficiencies are rather low (3.7x respectively 7.1%) due
to the loss mechanisms involved. The most important loss mechanism is the es-
cape from the regime of wave-guiding. Furthermore the luminescence quantum
efficiency and parasitic absorption of the wave-guiding matrix play a significant
role. These loss mechanisms are amplified by the absorption of the luminescence
light by the luminescent particles themselves: the self-absorption. That is because
upon every self-absorption event even the already wave-guided light is exposed to
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the loss mechanisms again.
In this thesis we investigate the impact of self-absorption in luminescent solar

concentrators based on various luminescent species. This information is used to
build a luminescent solar concentrator prototype which is capable of circumventing
the loss amplification by self-absorption.

Self-absorption cannot be measured directly. Hence we measured spectral in-
formation of luminescence after different optical path lengths in the liquid lumi-
nescent medium. Our findings that the intensity of luminescence decreases with
increasing optical path through luminescent and the spectrum is shifted to the
red, permit a pre-selection of luminophores, which may contribute to solving the
self-absorption problem.

The results are well understood in the light of validated ray-tracing/Monte-
Carlo simulations, which predict that luminescent species whose absorption- and
emission-spectra overlap are more prone to self-absorption effects. These simula-
tions permit furthermore the separate investigation of the direct effects of losses,
without the amplification effects.

Based on this information the actual liquid-phase prototype of an LSC with the
organic dye Lumogen Red 305 was built. A consequence of increased luminophore
concentration is increased absorption. Increase of absorption in its turn increases
self-absorption and thus increases the losses. On the other hand increased absorp-
tion contributes to more photons in the device, which means that more photons
can be converted into electricity. This competition of losses and gains at increasing
luminophore concentration leads to an expectation of the existence of an unknown
optimal concentration. To find it, the luminophore concentration was increased
stepwise and the device efficiency was determined at every step. It turned out,
that upon addition of luminophores a saturation of the device efficiency is ob-
served, which means that increase of luminophore concentration compensates the
increased self-absorption losses.

Subsequent ray-tracing/Monte-Carlo-Simulations closely reproduced this re-
sult. The simulations of Lumogen Red 305 based luminescent solar concentrators
were compared with the simulations of a fictional perfect luminescent material
without self-absorption. This comparison shows that within the spectral region
of absorption of Lumogen Red 305 the device efficiency of the Lumogen Red 305
based device is almost as high as that of the fictional luminophore, even though
self-absorption is present.

Furthermore the performance of CdTe/CdSe semiconductor nanocrystals - with
highly reduces self-absorption but a weak luminescence quantum efficiency was
compared with that of highly luminescent and highly self-absorbing CdSe-Multishell
quantum dots. Both achieve approximately the same low efficiency of 1.2-1.3%,
which indicates the pathway for further improvement: the increase of luminescence
efficiency of CdTe/CdSe nanocrystals. Simulations predict that an otherwise iden-
tical CdTe/CdSe luminescent solar concentrator with an increased luminescence
quantum efficiency (95%) could achieve record performance with a device efficiency
3.7% with a concentration factor of 2.5. This is significant as so far high perfor-
mance values could be reported for either high concentration factors (1.8) with low
device efficiencies (2.7%) or high device efficiencies (7.1%) and low concentration
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factors (<1).
Finally, we describe the construction of a luminescent solar concentrator using

Lumogen Red 305 with both performance quantifiers, concentration factor and
optical efficiency, in the top of its category of concentrators.
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Samenvatting in het Nederlands

Het zonlicht dat het aardoppervlakte beschijnt levert ruim voldoende energie om
aan de wereldwijde energievraag te kunnen voldoen. Met de huidige technolo-
gie kunnen zonnecellen bij standaardbelichting (1 Zon) tot 38.8% van het zonlicht
omzetten in bruikbare energie als een cel met vier actieve lagen wordt gebruikt. Er
zijn twee problemen die het rendabel en grootschalig toepassen van deze technolo-
gie in de weg staan: de hoge installatiekosten per geproduceerd electrisch vermogen
en de hoge kosten die samenhangen met de grote hoeveelheid puur halfgeleider-
materiaal die gebruikt wordt voor een zonnecel. Hierdoor kan het verhogen van
de efficiëntie of het verlagen van de installatiekosten (door bijvoorbeeld de inte-
gratie van zonnecellen in bouwmaterialen) leiden tot grootschaligere winning van
zonne-energie.

Concentratie van zonlicht, het projecteren van licht van een groot beschenen
oppervlakte op een kleiner oppervlakte van actief materiaal (zonnecel), biedt de
mogelijkheid om meer zonlicht om te zetten in elektrische stroom per gebruikte
hoeveelheid halfgeleidermateriaal. Daarnaast zetten zonnecellen die met geconcen-
treerd licht beschenen worden de energie van het licht efficiënter om in elektrische
energie. Conventionele concentratoren werken op basis van lenzen en spiegels en
moeten continu de positie van de zon volgen. De hiervoor benodigde construc-
ties nemen veel ruimte in beslag en maken het moeilijk deze zonneconcentrator-
systemen op een fatsoenlijke manier in gebouwen te integreren. Omdat lumines-
cente deeltjes licht vanuit elke richting kunnen absorberen, en dus niet alleen licht
dat er recht op valt, is een constructie om de zon te volgen niet nodig voor een
luminescente concentrator. Omdat luminescente concentratoren geen direct licht
nodig hebben zijn ze ook geschikt om diffuus zonlicht om te zetten. Omdat het
in het noordelijke deel van Europa veelal bewolkt is, is het grootste deel van het
zonlicht dat de aarde bereikt in deze omgeving diffuus licht. De onafhankelijkheid
van de richting van het invallende licht geeft ook grote vrijheid bij de keuze van de
vorm van de luminescente concentrator, waardoor de integratie van deze systemen
in de gebouwen nog veel makkelijker wordt.

Luminescente zonneconcentratoren(LSCs) bestaan uit een dunne plaat van
transparant materiaal waar luminescente deeltjes in zitten en één waar een klein
oppervlakte aan zonnecellen tegenaan zit. Het invallende licht komt door het
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grote oppervlakte van de plaat naar binnen en wordt door de luminescente deeltjes
geabsorbeerd, deze deeltjes zenden vervolgens weer licht van een andere golflengte
(“kleur”) uit in een willekeurige richting. Het merendeel van dit uitgezonden licht
bereikt het oppervlakte van de plaat met een hoek waarbij het terug de plaat
in gereflecteerd zal worden en bovendien bij ieder volgende keer dat dit licht het
oppervlakte bereikt opnieuw naar binnen gereflecteerd zal worden; dit noemen we
totale interne reflectie. Door deze totale interne reflectie is het licht in de plaat
gevangen en kan alleen maar ontsnappen aan de zijde(n) waar de zonnecellen zit-
ten, en waar het licht dus omgezet wordt naar elektrische stroom. De tot nu toe
bereikte concentratiefactoren en efficiëntie van zulke systemen zijn nog erg laag:
de best behaalde resultaten zijn een concentratiefactor van 3.7 en een efficiëntie
van 7.1%. Het beperkte succes van deze systemen kan worden toegeschreven aan
zowel het deel van het licht dat ontsnapt doordat het buiten het regime van totale
interne reflectie valt als aan een deel dat geabsorbeerd wordt zonder tot emissie
te leiden. Een ander mechanisme - de zelfabsorptie - werkt als versterking van
deze verliezen: luminescente deeltjes kunnen het al geëmitteerde licht van andere
deeltjes opnieuw absorberen. Daardoor bestaat er opnieuw een kans voor dit licht
om te ontsnappen of geabsorbeerd te worden zonder dat daar luminescentie op
volgt.

Zelfabsorptie kan niet direct gemeten worden. Daarom hebben wij deze indirect
onderzocht: we hebben de spectrale informatie (de hoeveelheid licht en de kleur van
dit licht) van uitgezonden licht uit luminescente deeltjes in een vloeibaar medium
gemeten op verschillende afstanden vanaf een lichtbron die het licht levert om deze
deeltjes te laten luminesceren. Deze metingen laten zien dat de hoeveelheid licht
afneemt met toenemende afstand van de lichtbron en de kleur van het licht richting
het rood verschuift. Deze resultaten zijn goed te begrijpen met behulp van Monte-
Carlo simulaties, die tonen, dat een groter spectrale overlap tussen absorptie en
emissie (overeenkomst tussen de kleuren licht die een materiaal absorbeert en de
kleuren licht die het materiaal uitzendt) zorgt voor sterkere zelf-absorptie. Met
deze simulaties hebben we ook de werking van de verliesmechanismen zonder de
versterking door zelfabsorptie kunnen onderzoeken. Onze resultaten maken het
mogelijk om onderscheid te maken tussen geschikte en ongeschikte luminescerende
materialen (materialen die weinig/veel zelfabsorptie vertonen) zonder de concen-
trator zelf te bouwen.

Met behulp van deze informatie was het mogelijk een prototype te bouwen met
de luminescerende kleurstof Lumogen Rood 305. We hebben de prestaties van het
prototype gemeten bij verschillende kleurstofconcentraties. Bij een toenemende
kleurstofconcentratie wordt de zelfabsorptie sterker, maar ook de hoeveelheid zon-
licht dat door de kleurstof opgenomen wordt neemt toe. Het tweede effect bleek
sterk genoeg om de toenemende verliezen door het eerste effect te compenseren.
De resultaten van deze metingen kwamen goed overeen met de resultaten van de
simulaties.

We hebben ook simulaties gedaan om de prestaties te bepalen van een concen-
trator met een denkbeeldig perfect luminescerend materiaal; een materiaal waar-
van de absorptie- en emissie-eigenschappen ideaal zijn voor een LSC en dat dus
geen zelfabsorptie vertoont. Daarmee was het mogelijk de prestatie van de lu-
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minescentie in Lumogen Rood 305 met een ideale prestatie te vergelijken en de
oorzaken van het verlies te verhelderen. Deze vergelijking laat zien dat, bij gelijke
absorptie van zonlicht, de efficiëntie van de LSC met Lumogen Rood 305 bijna
net zo hoog als de efficiëntie van de LSC met het ideale luminescerende materiaal
ondanks de aanwezigheid van zelfabsorptie in het eerste geval.

Verder is ook de prestatie van concentratoren op basis van halfgeleider nan-
odeeltjes gemeten. Daarvoor zijn CdTe/CdSe nanodeeltjes met een zeer lage
zelfabsorptie maar zwakke luminescentie en deeltjes met een sterke luminescentie
maar veel zelfabsorptie gebruikt. De twee types deeltjes resulteren in vergelijk-
bare prestaties van de LSC. Uit deze informatie was het mogelijk de weg richting
hogere prestaties te bepalen: De kwaliteit van de luminescentie van de CdTe/CdSe
deeltjes moet verhoogd worden tot 95% om met zulke materialen LSCs met record-
prestaties te maken.
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Zusammenfassung auf Deutsch

Die Sonnenstrahlung liefert ausreichend Energie um den globalen Bedarf mehrfach
zu decken. Die Photovoltaik hat demonstriert, dass bis zu 38,8% der Strahlungsleis-
tung unter Standard Beleuchtungsbedingungen (Bestrahlung mit einer Sonne) in
nutzbare Energie umgewandelt werden können, wenn eine Zelle mit vier aktiven
Schichten verwendet wird. Bei der großflächigen Anwendung dieser Technolo-
gie gilt es Hindernisse, wie die hohen Installationskosten pro Watt an generierter
Leistung und die hohe Menge an höchst-reinem Halbleitermaterial und die damit
verbundenen hohen Materialkosten zu überwinden. Deswegen kann die Erhöhung
des Wirkungsgrades und die Herabsetzung der Installationskosten durch z.B. In-
tegration in Gebäude zur großflächigeren Anwendung führen.

Konzentration der Sonnenstrahlung bietet die Gelegenheit mehr Sonnenstrah-
lung je Materialeinheit umzuwandeln. Dabei wird das Licht mit einer großen
Fläche gesammelt, auf eine kleine Fläche geworfen und dort mittels deutlich weniger
halbleitendem Material in elektrischen Strom umgewandelt. Ein zusätzlicher Ef-
fekt ist die Erhöhung des Wirkungsgrades der Umwandlung. Herkömmliche Konzen-
tratoren bleiben jedoch sperrig, da sie die stetige motorisierte Verfolgung der Sonne
am Himmel während der photovoltaischen Umwandelung voraussetzen. Diese ist
nicht notwendig, wenn das Licht mit Hilfe von Lumineszenz, konzentriert wird.
Der Grund dafür ist, dass bei der Lumineszenz die meisten Materialien das ein-
fallende Licht richtungsunabhängig absorbieren und dann näherungsweise wieder
richtungsunabhängig emittieren. Darüber hinaus benötigen lumineszierende So-
larkonzentratoren kein direktes Sonnenlicht und können deshalb mit diffusem licht,
wie es an der Atmosphäre gestreut wird auskommen. Aus diesem Grund können
diese Art von Konzentratoren beinahe beliebige Formen annehmen und dadurch
mit Leichtigkeit in Gebäude integriert werden womit sie große Spielräume für die
Gestaltung der Photovoltaikkonstruktion lassen.

Lumineszierende Solarkonzentratoren sind photovoltaische Geräte, die aus dün-
nem transparenten Material bestehen, in welchem luminiszierende Teilchen ver-
streut sind. Das einfallende Licht tritt durch die große Oberfläche ein und wird
anschließend absorbiert von den lumineszierenden Teilchen. Das licht wird da-
raufhin erneut emittiert und zwar in einer anderen Richtung. Ein Großteil dieses
Lichtes wird trifft auf die Begrenzungsflächen des Materials in einem Winkel in
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dem die totale interne Reflexion vorherrscht. Daraus ergibt sich das das Licht nun
in der transparenten Platte wie in einem Wellenleiter gefangen ist und erst an der
Oberfläche, die mit der Solarzelle verbunden ist austreten kann. Dort angelangt
wird die Energie des Lichts in elektrische umgewandelt. So weit sind die erreichten
Konzentrationsfaktoren und Wirkungsgrade wegen der auftretenden Verlustmech-
anismen eher gering (3,7-fach bzw. 7,1%). Der wichtigste dieser Mechanismen
sind die Verluste durch austritt aus dem Regime der Wellenleitung. Ferner spielt
der nicht perfekte Wirkungsgrad der Lumineszenz und die parasitische Absorp-
tion der wellenleitenden Platte eine bezeichnende Rolle. Die Eigenabsorption -
die erneute Absorption des geleiteten Lichtes durch die lumineszierenden Teilchen
in der Platte selbst hat zur Folge, dass bereits im Wellenleiter gefangenes Licht
erneut den Verlustmechanismen ausgesetzt wird, wodurch die letzteren in ihrer
Wirkung verstärkt werden.

Die Eigenabsorption kann nicht direkt gemessen werden, deshalb messen wir die
spektrale Information der Lumineszenz nach verschieden langen optischen Pfaden
innerhalb des lumineszierenden Mediums. Unsere Ergebnisse, dass die Intensität
der Lumineszenz mit zunehmender optischer Pfadlänge abnimmt und dass das
Spektrum zunehmend rot-verschoben wird, erlauben eine Vorauswahl der lumi-
neszierenden Materialien, die einen Beitrag leisten könnten bei Lösung des Prob-
lems der Eigenabsorption.

Die Ergebnisse sind gut erklärt im Rahmen des verifizierten Strahlverfolgung/
Monte-Carlo Simulation, welche voraussagen, dass luminiszierende Materialen mit
einer geringen Überlappung der Absorption- und Emmissionsspektren sind stärker
von Effekten der Eigenabsorption betroffen. Diese Simulationen gestatten ferner
unabhängige Untersuchungen der direkten Wirkung der Verlustmechanismen ohne
der Wirkung der Verstärkung.

Ausgehend von dieser Information wurde ein tatsächlicher Prototyp eines lu-
mineszierenden Solarkonzentrators mit dem organischen Farbstoff Lumogen Rot
305 gebaut. In diesem wurde die Farbstoffkonzentration nach und nach erhöht.
Die Folge dieser Erhöhung ist ein steigendes Absorptionsvermögen und damit auch
eine steigende Eigenabsorption, welch die Verluste verstärkt. Andererseits trägt
die erhöhte Absorption dazu bei, dass mehr Photonen ins System gelangen und
somit zur Umwandlung in elektrischen Strom zur Verfügung stehen. Dieser Wet-
tbewerb zwischen Verlust und Gewinn an Photonen bei steigender Konzentration
des lumineszierenden Materials erweckt die Erwartung einer Konzentration bei
der Wirkungsgrad am höchsten ist. Um diese zu finden wurde die Menge des lu-
mineszierenden Materials schrittweise erhöht und anschließend der Wirkungsgrad
des Apparats gemessen. Es stellte sich heraus, dass eine Sättigung des Wirkungs-
grades mit zunehmender Konzentration des lumineszierenden Materials eintraf,
was daraufhin deutet, dass die Konzentrationsehöhung die Verstärkung der Ver-
luste durch die Eigenabsorption kompensiert.

Die darauf folgenden Strahlverfolgung/Monte-Carlo Simulationen reproduzier-
ten dieses Ergebnis in guter Nährung. Die Simulationen des auf dem Farbstoff Lu-
mogen Rot 305 basierenden lumineszierenden Solarkonzentrators wurden mit de-
nen eines fiktionalen idealen Solarkonzentrators ohne Eigenabsorption verglichen.
Dieser Vergleich offenbarte, dass der Wirkungsgrad innerhalb des spektralen Ab-
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sorptionsgebietes von Lumogen Rot 305 nahezu gleich war und das obwohl Eigen-
absorption in dem auf Lumogen Rot 305 basierenden Konzentrator auf trat und
in dem idealen nicht.

Des weiteren wurde die Leistung der Konzentratoren basierend auf schwach lu-
mineszierenden CdTe/CdSe-Nanokristallen mit geringer Eigenabsorption mit der
von Konzentratoren, die auf mehrfach eingehüllten CdSe-Nanokristallen die wiede-
rum starke Eigenabsorption und starke Lumineszenz aufweisen, verglichen. Beide
erzielten ungefähr den gleichen niedrigen Wirkungsgrad in Höhe von 1,2-1,3%.
Diese Beobachtung weist den Pfad für weitere Verbesserungen dieser Technologie:
Die Erhöhung des Wirkungsgrades der Lumineszenz der CdTe/CdSe-Nanokristalle.
Gemäß den Vorhersagen der Simulationen kann ein ansonsten baugleicher lu-
mineszierender Solarkonzentrator mit einer effizienteren Lumineszenz (95%) mit
einem Wirkungsgrad von 3,5% und einem Konzentrationsfaktor von 2.5 die mo-
mentan erreichte Kennzahlen übertreffen. Das ist bedeutend, denn bislang konnten
entweder hohe Konzentrationsfaktoren (1,8) bei niedrigen Wirkungsgraden (2,7%)
oder hohe Wirkungsgrade (7,1%) bei niedrigen Konzentrationsfaktoren (<1) erre-
icht werden.

Schließlich beschreiben wir die Konstruktion eines luminiszierenden Solarkonzen-
trators auf Basis von Lumogen Rot 305 der in beiden Kennzahlen Konzentrations-
faktor und optischer Wirkungsgrad jeweils mit an der Spitze des in dieser Kategorie
bislang erreichten steht.
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Краткое содержание на русском
языке

Солнечное излучение предоставляет достаточно энергии, что бы неоднократ-
но покрыть всемирную потребность этого ресурса. Солнечные преобразова-
тели фотовольтаического типа уже демонстрировали преображение 38% этой
энергии под стандартными условиями; то есть одним солнцем в используемую
энергию. При применением этой технологии в широком масштабе появляются
препятствия как высокая стоимость установки и высока стоимость полупро-
водниковых материалов высокой чистоты, требуемых для таких систем. Эти
препятствия можно преодолеть путём увеличения коэффициента полезного
действия и интеграцией преобразовательной конструкции в строительные эле-
менты.

Концентрация солнечного излучения позволяет преобразовать больше энер-
гии на долю материала. При этом свет переходит с большой собирательной
поверхности на маленькую поверхность преображения. Дополнительный эф-
фект - увеличение коэффициента полезного действия. Традиционные концен-
траторы состоящие из линз и зеркал должны в каждый момент быть оп-
тимально настроены на позицию солнца. Это требует постоянной наводки,
которая является грoмосткой и тем самым мешает интегрированию в строи-
тельные элементы.

Люминесцирующие концентраторы - это плоские плиты из прозрачного
материала в котором находятся люминисцирующие объекты. Эти объекты
поглощают свет сквозь большую поверхность плиты и отсылают свет в дру-
гом направление и немного меньшей энергии. Часть этого света остается в
плите как в волноводе, до тех пор пока не попадёт на одну из маленьких по-
верхностей плиты, где находятся преобразователи. Там свет преобразуется в
электричество.

Люминесцирующие частицы поглощают как правило свет со всех сторон
и тем самым наводка на солнце не требуется. Таким образом свобода выбора
формы позволяет большую свободу в дизайне и может быть легко интегри-
рован в элементы строительства. Кроме того такие концентраторы могут ра-
ботать с рассеянным светом, который преобладает в атмосферных условиях
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На практике такие концентраторы не достигают высоких параметров про-

изводительности (7,1% коэффициент полезного действия, 3,7 кратная концен-
трация) что происходит главным образом из-за выхода света из режима пол-
ного внутреннего отражения внутри прозрачной плиты и поглощения света
без излучения. Самопоглощения излученного света люминесценции усилива-
ет механизмы потерь так как заставляет свет который был уже на пути к
преобразователю повторить проход через механизмы потерь.

В этой работе мы предложили метод сравнения самопоглощения в раз-
ных люминесцирующих средах косвенным путём: измерение люминесцентно-
го сигнала в зависимости от пройденной длины светом в среде. Таким образом
можно исключить не пригодные материалы заранее до построение концентра-
тора. Полученные результаты, а именно что самопоглощение сильнее в средах
чьи спектры поглощения больше перекладывают свои же спектры излучения.
Эти результаты совпадают с результатами компьютерной симуляции - Монте
Карло.

На основах этих данных мы построили прототип люминесцентного кон-
центратора используя краситель Красный Лумоген 305. В этом концентра-
торе мы постепенно увеличивали концентрацию красителя и проверяли па-
раметры производительности прибора. Увеличение концентрации повышает
самопоглощение но и повышает первичное поглощение, которое увеличива-
ет количество света внутри системы. Результаты показали, что последний
эффект вполне в состоянии компенсировать увеличение потерь связанное с
самопоглощением.

Кроме того мы построили прототип с полупроводниковыми наноскопиче-
скими кристаллами из CdTe/CdSe. Эти кристаллы обладают слабой люми-
несценцией но и ничтожно малым самопоглощением. Мы сравнили парамет-
ры производительности сильно люминесцирующих нанокристаллов с сильно
выраженным самопоглощением. Результат был одинаковым. Таким образом
улучшение качества люминесценции CdTe/CdSe-кристаллов способно повы-
сить производительность концентратора до новых рекордов, как показывает
симуляция Монте Карло.
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