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ABSTRACT

Luminescent solar concentrators (LSCs) are low cost photovoltaic devices, which reduce the amount
of necessary semiconductor material per unit area of a photovoltaic solar energy converter by means
of concentration. The device is comprised of a thin plastic plate in which luminescent species
(luminophores) have been incorporated. The luminophores absorb the solar light and radiatively re-
emit part of the absorbed amount of energy. Total internal reflection traps most of the emitted light
inside the plate and wave-guides it to a narrow side facet with a solar cell attached, where conversion
into electricity occurs. The efficiency of such devices is as yet rather low, due to several loss
mechanisms, of which reabsorption is of high importance [1]. It is generally expected, that spectral
separation between absorption and emission influences the losses due to reabsorption [2].
Semiconductor nano-crystals with a quasi-complete separation of absorption and emission spectra
(large Stokes’ shift) may be good candidates to overcome reabsorption losses, however in practice
their synthesis results in a drop in luminescence quantum efficiency [3]. The synthesis of highly
luminescent nano-crystals with a small but not negligible spectral overlap promises to be less
complicated [2], [4]. This work investigated the suitability of such quantum dots to circumvent the
reabsorption problem in LSC devices by means of experimentally validated combined ray-tracing and

Monte-Carlo simulations [2].

Combined ray-tracing and Monte-Carlo simulations is a widely used tool for efficiency estimations of
LSC-devices prior to actual manufacturing. We have varied the LSC-size and luminophore
concentration in the simulation for four different types luminophores: An hypothetical perfect
luminophore, Lumogen Red 305 (the quasi-standard) and two different types of quantum dots, one
with an almost complete absorption/emission-separation and one, where still a few percent of the light

in the spectral region of emission is absorbed.

This thesis presents the simulation results of the LSC performance with four different luminophores
under changing LSC-size and luminophore concentration. The work will present the impact of all the
different loss processes. The simulations show that even the small absorption coefficients that overlap
with the emission spectrum have a detrimental effect to the LSC by increasing the losses due to

reabsorption.

It was found that semiconductor nano-crystals with a quasi-complete separation of absorption and
emission spectra could be better luminophores as Lumogen Red 305. Only the absorption coefficients
overlapping with the emission spectrum need to be negligible and the luminescent quantum efficiency
needs to be at least 60%. However, it is demonstrated that a simple rectangle LSC geometry with

PMMA as waveguide material is not economical viable.
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1. INTRODUCTION

The energy demand is growing and concerns of the environmental impacts by mankind’s energy
usage are increasing. Therefore alternatives to the use of fossil fuels have to be investigated. One of
the alternatives is solar energy. The sun illuminates the earth’s atmosphere with a power density of
1361 Wm™. This is, if converted, more than enough to meet mankind’s energy demand. However,
converting the energy of the sun in an efficient and especially an economically efficient’ way remains
an important goal within research [5].

Photovoltaic (PV) systems that convert light into electricity are one of the fastest growing power
technologies of the last decades. Lots of research groups are working on increasing the performance
of these systems. As illustration of the effort done within this field of science the PV cell efficiency
breakthroughs over the last years are shown in Figure 1.
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FIGURE 1: SOLAR CELL EFFICIENCY RECORDS [6].

The search to a better efficiency has led to a current world record of 44.7% energy efficiency (not in
the chart yet) [7]. Still PV systems represent less than 1% of the total market share in energy
production, indicating that there is still a lot to gain [8]. In the last few years the focus shifts from
gaining maximum energy efficiency towards gaining electricity from sunlight in the most economically

efficient way. One of these approaches is to concentrate the sunlight before it hits a solar cell.

! So that the energy converted from the sun can economically compete with the conventional energy sources.

13|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

Introduction.

Using concentrators within photovoltaics can be subdivided in two categories: high concentration
photovoltaics and low concentration photovoltaics. Low concentration photovoltaics concentrate the
sunlight up to 100 times the power of the sun. High concentration photovoltaics can even concentrate
the sunlight up to 1000 times normal irradiation >. Most concentrators are lenses based concentrators
and they are expensive due the need of sun tracking systems. Another disadvantage of geometric

based concentrators is that diffuse light cannot be concentrated with this method.

Within this thesis luminescent solar concentrators (LSCs) are explored. LSCs are concentrators based
on a different working principle than lenses. An LSC uses luminescent particles to direct sunlight
towards solar cells. Figure 2 presents an example of an LSC, showing incident rays transmitted on the
waveguide, absorbed by the luminescent material, submitted at an angle to be trapped within the
waveguide and guided towards solar cells at the edge of the LSC. Optical concentration is attained

when the intensity of light reaching the solar cells is greater than the intensity of the solar radiation [9].

Luminescent Material
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FIGURE 2: AN ILLUSTRATIVE DIAGRAM OF AN LSC THAT CONSISTS OF A SLAB OF TRANSPARANT
MATERIAL DOPED WITH LUMINESCHENT MATERIALS. SOLAR LIGHT IS ABSORBED AND EMITTED AT
LONGER WAVELENGTHS IN RANDOM DIRECTIONS. PART OF THE EMTTED LIGHT IS TRAPPED AND
GUIDED TOWARD THE PV CELLS ATTACHED [10].

LSCs were originally proposed, in 1973 by Lerner [11], in an attempt to reduce the costs (€/kWh) of
energy production by solar cells [12]. Until now however, LCSs have not become commercially viable

due to too low efficiencies.

Even after 30-years of research there is no ideal luminescent material (luminophore) yet. The current
available luminophores suffer from at least one shortcoming. These shortcomings are limited
harvesting of light from the solar spectrum, large losses due to reabsorption events (see Chapter 2.3),

low quantum efficiency and low photo-stability or low thermal-stability.

CdTe-CdSe Type-Il core-shell quantum dots, a relatively new kind of luminophores, have interesting
characteristics for the use in LSCs. CdTe-CdSe Type-Il core-shell quantum dots offer the opportunity
for a high Stokes shift, thereby reduce the likelihood for reabsorption, and broader absorption spectra,
thereby increasing the possibility to harvest more light. The performances of using these quantum dots

within LSCs were examined in this thesis.

2 Up to concentrating to 100 times the power of the sun no active cooling is needed.
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1.1. SCOPE OF THE THESIS

Regarding the search to the best performances for LSCs the ideal luminophore concentration and the
ideal size of the LSC, using CdTe-CdSe Type-Il core-shell quantum dots as luminophore, are not
known. Within previous research towards an ideal concentration and/or ideal size of an LSC it is never
mentioned that these two variables can be interdependent. It is expected that the ideal luminophore
concentration is related to size of the LSC due to the effect on reabsorption of both size and
concentration®. The relationship between these two variables is not known and it can be different for

other kinds of absorption-emission spectra.

In this thesis research is conducted to investigate why the current LSCs exhibit (too) low system
efficiencies, by using the modeling tool PVtrace. Also type-Il quantum dots, relatively new luminescent
materials, were investigated as luminescent material in LSCs. This research focused on the following

guestion:

o Do CdTe-CdSe Type-Il core-shell quantum dots provide a solution in achieving higher LSC

efficiencies?

The following sub questions were derived from the research question:

o Whatis the relation between ideal size and ideal concentration?
o What are the maximum achievable performances for the different luminophores within the
defined LSC?

o What are the important loss factors within LSCs using different luminophores?

This optimization study towards the ideal LSC size and luminophore concentration was performed to
investigate the potential of the luminescent materials ‘Lumogen Red 305’ and two different Type-ll
core-shell quantum dots. In Chapter 2 the general theory of LSCs is explained along with the current
developments within this field of science. Chapter 0 describes the methods used. Thereafter, the used
simulation model is explained in Chapter 4. This is followed by Chapter 5 where the model validation is
presented. In the Chapters 6, 7 and 8 are the results presented of the simulations with the different
luminophores. Thereafter the discussion is presented in Chapter 9. And finally the conclusions are

drawn in Chapter 10.

3 A larger LSC increases the average path length within the waveguide and thereby the likelihood for reabsorption. Higher

luminophore concentrations will increase the absorption of light per area but will also increase the likelihood for reabsorption.
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2. BACKGROUND

This chapter is to introduce the scientific field among LSCs and it supplies the knowledge to
understand the problems within this technology. This chapter introduces the general concept of LSCs
in Section 2.1. Secondly, a small historical overview of research in LSC technology along with a few of
the achievements is described in Section 2.2. Then, the theory behind the different loss mechanisms
is extensively elaborated in Section 2.3. Thereafter, the intersection of light with reflective interfaces,
LSC simulations and the different luminophores are discussed in respectively Section 2.4, Section 2.5

and Section 2.6.

2.1. THE LUMINESCENT SOLAR CONCENTRATOR

The costs of photovoltaic (PV) solar cells are rapidly reduced over the last years [13]. Yet it still
remains an expensive source of energy compared to competing energy sources. An LSC is usually a
flat polymer plate into which luminescent materials (luminophores) are incorporated. Sunlight enters
the LSC and photons are absorbed by the luminophores. The luminophores emit these photons with a
longer wavelength and different direction. Differences in refractive indices permit that parts of this
emitted light are trapped within the waveguide by total internal reflection (see Chapter 2.3.5). The light
is concentrated towards an edge where a small PV solar cell is located (see Figure 3) [1], [12] and
[14]. The ratio between the top surface of the waveguide and the surface of the solar cell can result in
concentration of light. When the costs of the waveguide are lower than the costs of solar cells, it may

be possible to reduce the overall costs of photovoltaic electricity production.

Incident Flux

Escaped Flux
FW / q b S| . —

FIGURE 3: A THREE DIMENSIONAL SCHEMATIC VIEW OF AN LSC. LIGHT IS INCIDENT ON THE TOP
SURFACE. PHOTONS ARE ABSORBED AND EMITTED BY A LUMINOPHORE. PART OF THE LIGHT
ESCAPES, THE OTHER PART IS GUIDED TOWARDS THE EDGE, WHERE A PV SOLAR CELL IS LOCATED.

Solar Cells)

Small

The working principle of LSCs is based on the conversion of the solar spectrum to longer wavelengths
at which PV cells exhibit higher external quantum efficiencies. Another advantage concerning this
working principle for concentration is its applicability for both direct as diffuse light [15]. This can be

considered as an important factor due to the high level of diffuse light within Northern Europe [16].

LSCs have not reached high efficiencies or high concentration factors yet [1]. This is caused by loss
mechanisms, which are graphically shown in Figure 4. The most important loss mechanisms are:

partial absorption by the luminophores, imperfect trapping of emitted light, reabsorption (which will
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again subject the light to all loss mechanisms) and a low quantum efficiency. Waveguide losses
(Figure 4, 5) are more important when LSCs scale up in size [14]. The loss mechanisms are further

elaborated in Chapter 2.3.

5d Sa
il

\/%/ .
e 7

FIGURE 4: A TWO DIMENSIONAL LSC WITH THE INDENTIFIED LOSS MECHANISMS. 1) LIGHT IS EMITTID
WITHIN THE ESCAPE CONE. 2) REABSORPTION OF LIGHT. 3A) NOT ALL PHOTONS ARE ABSORBED. 3B)
THE LUMINESCENT MATERIAL IS NOT STABLE. 3C) NO PERFECT QUANTUM EFIICIENCY. 4) PV SOLAR
CELL LOSSES. 5A) EXTERNAL REFLECTION. 5B) ABSORPTION BY THE HOST MATERIAL. 5C) INTERNAL
SCATTERING. 5D) SURFACE SCATTERING [12].

2.1.1. DEFINITIONS

Within different articles it is sometimes difficult to understand which efficiency is mentioned when. To

avoid confusion a list of definitions, used in this thesis, is given below.

The energy entering the LSC is denoted as energy;, this is the energy of the irradiation hitting the
LSC. The LSC guides parts of the incoming irradiation towards the solar cell. The energy that reaches
the solar cell is called energy,. The solar cell converts this optical energy into electrical energy, which

is called energys.

The optical efficiency no is the efficiency of the LSC itself, so without taking into account the efficiency
of the solar cell. The ng gives the efficiency of light reaching the solar cell compared to the incident
light. The optical energy efficiency (see Eq. 1) has to be clearly separated by the optical flux efficiency
(see Eg. 2). The flux efficiency gives photon-to-photon efficiency while energy efficiency gives the

energy-to-energy efficiency

Energy,
=—=-1009
Novt.e Energy, % EQ. 1
Flux,
Movt.f = T, 100% EQ. 2

The concentration factor G is the energy intensity of irradiation hitting the PV cell per intensity of
incident energy. See Eq. 3 for the calculation. Here is area; the incidental surface of the LSC and
area, the surface of the solar cell. Whereby area; divided by area, is the geometrical concentration

factor.
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_ Energy, Area,

= EQ. 3
Energy, Area,

The system efficiency nsys is defined as the efficiency of the whole system, including the PV cell, see
Eq. 4 for the formula.

_ Energys

Neys = 100% EQ. 4

Energy,

2.2. HISTORICAL DEVELOPMENT

The concept of trapping light within a transparent body by fluorescence is known since 1949 [17]. In
1970s the first proposal to use trapping of light by fluorescence with the mean of concentrating solar
irradiance for energy conversion was proposed (an LSC). Through the 1980s extensive research was
done within LSC technology until the limits of the fluorescent dyes available at that moment limited
further development [11] and [18]. Friedman [19] achieved an efficiency nes = 3.2% with a Si solar cell
connected to a thin film module of 14 x 14 x 0.3 cm® with mixed dyes. When connected to a GaAs
solar cell the efficiency reached nes = 4.5%. An efficiency nss = 4.0% was reached by Wittwer et al.
[20] for a two sheet 40 x 40 x 0.3 cm?® LSC. One of the sheets was connected to GaAs solar cells and
the other to Si solar cells. The plates were separated by an air gap. More recently efficiencies of neys =
7.1% [21] and nsys = 6.7% [22] were obtained by using respectively GaAs cells and GalnP cells. The
higher efficiencies reached here were mainly a result of smaller waveguide sizes, the use of mirrors
and diffuse reflectors and matching the spectral response of the solar cell with the emission spectrum

of the luminophores. The maximum efficiency neys for large size LSCs was estimated at 8-10% [19].

The research within the field of LSC slowed down in the 1980s due to the limitations of the available
luminophores and the drop of the energy price back then. Current increasing energy prices, new
luminescent materials, new techniques to reduce the losses [23] and the development of new

analyses tools renewed the interest in LSC development.

2.3. LOSS PROCESSES WITHIN THE LSC

Several loss mechanisms were mentioned in the description of the working principle of the LSC in
Chapter 2.1. Minimizing these losses is a major challenge within the development of LSCs. The LSC
efficiency can be expressed as the product of the efficiencies of all the different loss mechanisms”
present inside an LSC (see Eg. 5). The different loss mechanisms will be elaborated in the next

sections.

nopte = MNFresnel * 77Absorpt:ion * 77QE * Nstokes * Mec * nWaveguide *nReabsorption EQ.5

4 The efficiency of a loss mechanism gives the efficiency of overcoming the loss process.
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Goetzberger et. al. [24] proposed Eq. 5 with the corresponding values given in Table 1. Note that

these different efficiencies are interdependent.

TABLE 1: THE DETERMINED EFFICIENCIES OF THE EXPERIMENTAL LSC WITH SIZE 40 X 40 X 0.3 CM?
USING AN ORGANIC DYE AS LUMINOPHORE OF GOETZBERGER ET. AL. [24].

Efficiency component Value
NFresnel <0.96
Nabsorption ~0.2-0.3
Nk >0.95
Nstokes ~0.8
Nec ~0.75
Nwaveguide ~0.9
NReabsorption ~0.75
Nopt, 0.11-0.07
2.3.1. REFLECTION (Neresner)

A flat surface with a refractive index of 1.5° will reflect around 4% of the direct illumination. This 4% of
the light will never enter the concentrator and is thereby considered as a loss. The Fresnel equations
describe the proportions of light that refract and reflect by entering a medium with another refractive
index. This theory assumes flat interfaces and homogeneous media. This theory is therefore
applicable for all reflection processes within the LSC. The angles of reflected and refracted light can
be calculated using Snell’s law (elaborated in Chapter 2.3.5). The percentage of reflected light R is

defined as the ratio of reflected intensity I and initial intensity /; (See Eg. 6).

R=— EQ. 6

The percentage of transmitted light T is defined in a similar way (see Eq. 7). Eq. 8 has to hold because

all the light is either reflected, refracted or absorbed (conservation of energy).

T L

= — EQ. 7
I; Q
R+T +4=1 EQ. 8

° A refractive index of 1.5 is common for a PMMA plate [54].
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A photon can have a polarized electric field either perpendicular to the plane (s-polarized) or parallel to
the plane (p-polarized). The polarization of the electric field has influence on the probability of
reflection. The Fresnel equations describe the probability of reflection of light for both polarizations

using n; as host refractive index, n, as refractive index of the new media and 6; as angle of incidence

2
n,cosf; — n, ’1—(% 1n91) \
2 EQ. 9
2
n,cosf; + n, —(ﬂ 1n91) /

compared to the normal [25].

2

EQ. 10

2
2
ny 1—(%sin6i) +n2c059,-/

n, . 2
ny 1_(n_5m9i) n, cos 6;
Rp=\

A graphical representation of the reflection probability for the different polarizations of the light entering

the LSC is given in Figure 5.
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FIGURE 5 : THE PROPORTIONS OF THE REFLECTED LIGHT FOR BOTH POLARIZATIONS PLOTTED
VERSUS THE ANGLE OF INCIDENCE [25].

External reflection can be countered with rough surfaces. The downside of rough surfaces is the
inability to guide photons to the edges. Therefore this is not an option in LSCs. Lowering the reflective
index is also an option to reduce external reflection losses. A lower refractive index, unfortunately, has

a negative effect on the trapping efficiency. This is elaborated in Chapter 2.3.5.

2.3.2. QUANTUM EFFICIENCY (noe)

Not all absorbed photons are emitted as photons again. Part of them are lost as vibrations or heat due

to non-radiative relaxation pathways [26]. The ratio between the emitted photons and the absorbed
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photons, by the luminophores, is called the quantum efficiency (see Eq. 11). This efficiency is different
for all kinds of luminophores.

Nemitted
Noe = N— EQ. 11

absorbed

High quantum efficiencies are essential for good performances within LSCs.

2.3.3. STOKES SHIFT (Nstokes)

The Stokes shift of an organic dye is the wavelength separation between the peak closest to the
lowest energy of the absorption band and the peak nearest to the highest energy at the emission band
[12]. Stokes shift losses are defined as the loss in energy between absorbed and emitted photons,
only taking into account the photons that are emitted again. This energy loss is always present within
the LSC and will be around nsikes = 0.75. This loss is not a major problem as long as the energy of the
photons is still large enough to generate an electron-hole pair within the PV cell by overcoming its
band gap. The energy lost due to Stokes shift would otherwise be lost within the PV cell, due to non

ideal matching of the photons’ energy and the band gap energy.

2.3.4. IMPERFECT ABSORPTION (Nabsorption)

An LSC absorbs light with its luminophores. These luminophores have a given absorption spectrum.
The strength of this absorption spectrum is luminophore concentration dependent. The more particles
there are to react with, the higher the probability is for a photon to be absorbed. If there is no
absorption event the photon will pass unabsorbed through the LSC. This can be due to low
concentration of luminophores, short travel length or due to the mismatch of the photon energy with
the absorption energy. Photons that have too little energy to excite an electron to a higher energy level
cannot be absorbed by the luminophores.

The absorption of light by luminophores can be described with the Lambert-Beer law. The Lambert-
Beer law states that the absorption of light by a given substance within a non-absorbing substrate is
exponentially dependent on the concentration of the substance. The percentage of transmitted light

(T) is calculated with Eq. 12, using molar absorptivity €(A), path length [ and the concentration c.

I
T = Ii = 10-Me EQ. 12
0
So the absorbance A can be written as:
I
A=1—T=1—I—t:1—10‘€(7‘)lc EQ. 13

0
Or
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I
A= —log,,— EQ. 14
Iy

A graphical presentation of this process is given in Figure 6.

FIGURE 6: ABSORPTION OF LIGHT WITHIN A SUBSTRATE [27].
A typical decay curve with increasing concentration or length is given in Figure 7.
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FIGURE 7: THE TRANSMISSION OF LIGHT WITH INCREASING CONCENTRATION [28].

The molar absorptivity is a wavelength dependent constant. Within luminescent solar concentration
this means that it is preferable to find a luminophore with a molar absorption spectrum that covers
most of the solar spectrum to absorb as much as possible of the irradiating power. When there is a
measurable absorption coefficient at a given wavelength photons will be absorbed as long as the
concentration high enough or path length is long enough. These parameters are also important for the

reabsorption problem described in Chapter 2.3.7.

To increase the absorption of light the search for luminophores with more ideal absorption spectra still
continues. Also combinations of luminophores are used to combine the absorption spectra of each in

so called multiple dye constructions [29].

2.3.5. TRAPPING EFFICIENCY (nec)

Most of the absorbed photons emitted by the luminophores are directed to another direction than the
incident one. Depending on the angle of emission the light escapes or is trapped in the waveguide.
Snell’s law describes the behavior of photons approaching an interface between two isotropic media.
Snell’s law states that the sine of the angle of incidence 6 times the refractive index n stays constant

over the different media (see Eq. 15).

22|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Background.

sin@; - n; = sinf, - n, EQ. 15

When light travels from a medium with a higher refractive index to a medium with a lower refractive
index Snell's law sometimes seems to require a sin(8) > 1. This is impossible. Therefore, light in such
angles is completely reflected by the boundary by a phenomenon named as total internal reflection
(TIR). The largest possible angle of incidence that is not total internal reflected is called the critical
angle.

Al the photons emitted at angles equal or smaller than the critical angle are emitted within the escape
cone (EC) and are not totally internal reflected. To calculate which proportion of the isotropically
emitted photons is emitted into the EC a calculation follows given in Section 2.3.5.1.

2.3.5.1. CALCULATION FOR TRAPPING EFFICIENCY

In three-dimensional space angle 6., corresponds to half an apex of a cone. Photons that are emitted
within this cone to the surface are not total internal reflected and thus escape.

FIGURE 8: THE SOLID ANGLE OF THE ASCAPE CONE WITH OCRIT = A, Q AS THE ESCAPE CONE [30].

The efficiency of TIR ngc is given by the probability of TIR and is thus one minus the solid angle of the

escape cone Q as fraction of the solid angle of all possible directions (see Eq. 16).

0]
Nge =1-— Pescape = E EQ. 16

The solid angle of the escape cone is calculated with a surface integral (see Eq. 17)
Ocrit 2m

n= f f dosin0d6 = 2w (— cos Olg"”) =2m(1 — cos O¢pir) EQ. 17
0

0

That can be written as Eq. 18 by substituting cos 6.,.;.for /1 - % using geometrics.
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’ 1
N=2m|1- [1-= EQ. 18
n

So the probability of escaping through one surface of a rectangle is given by Eq. 19

X0) 1 1 1 1
PescapeZEZE 1- 1_F ZE 1- 1_E =0.127 EQ. 19

In a case of a rectangular LSC with 1 solar cell, attached to a side-surface, the efficiency of trapping is
0.363 as given by Eq. 20.

50
Moc = 1= Pascape = 1=~ = 0363 EQ. 20

This trapping efficiency is disastrous for the efficiency of the LSC. Therefore the three remaining side-
surfaces are covered with mirrors, hereby increasing the trapping efficiency to a more acceptable
value of 0.745. An attempt to further increase the trapping efficiency is the placement of a mirror or
Lambertian mirror to the back-surface. Hereby preventing the escapement of photons through the
back-surface of the LSC (with escape cone size ). Another advantage of this so called back-mirror is
the increase of initial path length for absorption. The path length for absorption is doubled because the
light needs to travel back and forth through the LSC before it leaves the LSC unabsorbed. This
increases the likelihood for absorption. Experiments mentioned that the best performances were
achieved with ‘air-gap mirrors’, i.e., an air-gap between the mirror and the LSC, attached to three side-
surfaces and an air-gap Lambertian mirror at the backside of the LSC [1]. An air-gap mirror is used
because with direct contact between mirrors and the waveguide the TIR disappears. All photons would
reflect with the reflection coefficient of the mirror. The air-gap mirror only reflects the photons inside
the escape cone causing less photons to be lost due to no perfect reflection. This results in higher

power conversion efficiencies.

2.3.6. WAVEGUIDE LOSSES (Nwaveguide)

Naturally it is an advantage to produce LSC waveguides in the order of square meters in many
applications. However, there are losses that are limiting the maximum size for the device. The drop in
energy output by increasing size has been reported [31]. These transport losses are explained by

reabsorption by the luminophores and by the waveguide losses.

At small size, waveguide losses are of little importance, while they are important at large sizes. These
waveguide losses (or background absorption) consist of (parasitic) absorption of light by the host

material. At visible wavelengths polymers and glasses, good candidates to be the material of the
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waveguide, are highly transparent [32]. But polymers will strongly absorb the wavelengths in the near
infrared (NIR) starting around wavelengths around 900nm [33]. Many polymers exhibit parasitic
absorption at these wavelengths due to the harmonics and overtones of the C-H and C-O bond

vibrations in the polymer [34].

Imperfections at the surface of the waveguide can lead to scattering. Also scattering points within the
waveguide can lead to extra losses due to redirection of photons into the escape cone. Although at
first sight internal scattering points could help to reduce the escape cone losses by redirecting the
photons that would escape, this is not the case. Because of the longer lifetime of the trapped photons
within the waveguide the likelihood of scattering these photons is significantly larger than of those that

are not trapped.

The best background absorption coefficients achieved in PMMA are in the order of 0.5 m™* [1] for light
within the visible wavelengths. This value is measured and contains all the above loss mechanisms

within the waveguide.

237 REABSORPTION LOSSES (nreabsorption)

Reabsorption is the absorption of photons that are emitted by the luminophores. Most luminophores
emit photons in partially the same spectral region as that they absorb them. This spectral overlap
between absorption and emission causes reabsorption. Although reabsorption itself is not a loss, the
reabsorption events will expose photons again to other loss mechanisms [35]. Reabsorption events
will submit a photon again to the quantum efficiency. Good quantum efficiencies are hereby even more
essential. Also the measured EC losses can be higher than the calculated maximum due to
reabsorption events. The Stokes shift losses also increase with reabsorption, each reabsorption event
lowers the energy of the absorbed/emitted photon leading to a redshift in the emitted spectra by an
increasing amount of reabsorption events. So, the reabsorption efficiency consists of the additional
losses due to reabsorption events. The reabsorption efficiency is strongly related with the trapping

efficiency and the quantum efficiency (calculated in fluxes). A changing nqe has a direct effect on the

r]reabsorption.

2.4. INTERACTION WITH A REFLECTIVE INTERFACE

When a photon hits a reflective interface it is reflected with the likelihood of the reflectivity of the
surface. The new direction can be calculated using Snell’s law. The surface can also be a scattering

surface. A Lambertian surface is defined as the perfect scattering surface.

Sometimes there is confusion how a Lambertian surface reflects light. One statement states that a

Lambertian surface reflects light equally into all directions. The other states that a Lambertian surface
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reflects light with a cosine angular distribution. Figure 9 shows the images corresponding to these

contradictory statements.

FIGURE 9: A SCHEMATIC REPRESENTATION OF THE TWO IMAGES CORRESPONDING TO THE TWO
DESCRIPTIONS OF A LAMBERTIAN SURFACE [36].

However, both statements can be the correct one, depending on which measure is used. Each point of
a Lambertian surface reflects light in a cosine pattern. When the surface is viewed with a finite field of
view, the area of the surface seen is proportional to 1/cos(0) (geormety). The light measured comes
from the intensity reflected from each point times the number of points seen, therefore being
independent of 8. Thus the measured reflected radiance is independent of the viewing direction, which

corresponds to the first statement.

2.5. SIMULATIONS

Modeling of LSCs is used tool to study and understand the LSC-system. Several groups have reported
studies to LSCs with the use of modeling [15], [37], [38]. Two different approaches were used: i) The
first model that is based on the radiative energy transfer between mesh points in the waveguide of the
LSC. These thermodynamic models require minimal input data and respond with swift answers but are
often limited to simpler geometries and limited luminescent species [1]. ii) The second model is a Ray-
Tracing model in which every photon is tracked. Ray-tracing simulations offer a lot of freedom in
device design and number of luminophores or other details. The downside of this approach is the high

computational demand [12].

2.6. DISCUSSION OF THE DIFFERENT LUMINOPHORES

The different luminophores used in LSCs are categorized in three different categories: Organic dyes,
rare earth metals and quantum dots. Each category is described below along with the impact of the

luminophore properties on the LSCs.
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2.6.1. ORGANIC DYES

Organic luminescent dyes are small r-conjugated organic molecules, where the core of the molecule
is planar with all atoms of the conjugated chain lying in a common plane and linked by o-bonds. Figure

10 shows some typical molecular structures of organic fluorescent dyes.
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FIGURE 10: THE MOLECULAR STRUCTURES OF LUMOGEN F RED 305 (LEFT) AND LUMOGEN F ORANGE
240 (RIGHT) [39].

When an organic dye absorbs a photon it excites an electron from the ground electronic state S, to
one of the vibrational levels of the first electronic state S;. Figure 11 shows the associated Jablonski
energy level diagram of an organic dye. The excited electron decays non-radiatively to the lowest level
in S;. From there it decays, by emission of a photon, to one of the vibrational levels in Sy. The emitted
photon has a lower energy due to the energy losses in this process and is emitted in a different

direction than the absorbed photon.
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FIGURE 11: THE JOBLONSKI ENERGY-LEVEL DIAGRAM FOR AN ORGANIC DYE [40].

Organic dyes offer high QE’s, large absorption coefficients and high solubility and were therefore
chosen as the first luminophores within LSCs. The main problems with organic dyes are the large
reabsorption losses caused by a high overlap in the emission and absorption spectra, limited width of
their spectral absorptions and limited photo-stability [12]. A typical absorption-emission spectrum for a
luminescent organic dye is given in Figure 12. The Lumogen product group of BASF is used as

reference dyes in LSCs [41].
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FIGURE 12: THE NORMALIZED ABSORPTION AND EMISSION SPECTRA OF ORGANIC DYE ‘F ORANGE 240’
MEASURED BY Z. KRUMER.

2.6.2. QUANTUM DOTS

Quantum dots (QDs) are nanostructures from semiconducting material whose luminescence
properties depend on their size. QDs offer broad spectral absorption, better stability than organic dyes
and tunable spectra by changing the size. The main problem with QDs is the yet lower QE compared
to organic dyes [12].

The impact of spatial confinement differs over different materials and/or different properties, as it
depends on characteristic length scales of a given physical property, which are ultimately determined
by the material’s composition and structure. The relevant length scale in this case is the exciton Bohr
radius which ranges from ~2 nm to ~50 nm. When the nano-crystal size approaches the Bohr radius
confinement effects play a role on the wave function, including changes in the energy level separation.

Increasing band gap (and the appearance of discrete energy levels) is caused by decreasing size [42].

The size (typically in the order of 10-20 nm) of QDs can be adjusted to confine the emission
wavelengths to the maximum spectral response of the solar cell [31]. Quantum yields as high as 90%
have been reported at laboratory scale [43]. QDs have a low chemical stability upon exposure to air.
The used strategy to improve the stability is to coat the QDs with a shell of another semiconductor.

Depending on the band gap of this semiconductor different types of quantum dots are distinguished.

2.6.2.1. TYPE-I

Type-lI QDs are core-shell hetero-nanocrystals with a semiconducting shell material with a larger band
gap than the core material (see Figure 13). Due to the band structure the offset of exited electrons and
holes are directed to the core. Direct excitation takes place in the form of the radiative decay resulting
in a lower energy for the exited photon than the energy absorbed in the shell material. However, the

Stokes shift for type-1 QDs is very small [42]. The efficiency of LSCs based on Type-l QDs is therefore
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limited by self-absorption losses. A typical absorption-emission spectrum for Type-lI QDs is given in
Figure 14

A Type-l Type-I* Type-ll
CB— — = of
E
VB=— _ — f— — —_—

FIGURE 13: SCHEMATIC REPRESENTATION OF THE THREE LIMITING CHARGE CARRIER LOCALIZATION
REGIMES IN CORE-SHELL SEMICONDUCTOR HETERO NANO-CRYSTALS [42].
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FIGURE 14: THE NORMALIZED ABSORPTION AND EMISSION SPECTRA TYPE-I CDTE QDS.

2.6.2.2. TYPE-I*2

12

Type-I"* QD’s are QDs with only one charge carrier confined to a certain part of the hetero nano-

crystal. The other charge carrier is delocalized over the whole nano-crystal. A schematic

representation of a Type-12

QD is found in Figure 13. The excitons radiative lifetimes were observed
to be larger than those of Type-l1 QDs. The Stokes shift remains small (<20 meV) and is comparable
with Type-I QDs

2.6.2.3. TYPE-II

Type-Il QD’s have a band structure with the preferable negative charge carrier position in the shell and
the preferable positive charge carrier at the core. This spatial separation between the two energy
carriers leads to a spatially indirect emission band gap. The results of this indirect band gap are a
longer radiative lifetime and smaller overlaps between the absorption and emission spectra. The
longer radiative lifetime has the negative consequence of decreasing quantum efficiency. Type-Il QDs
have been realized for a number of compositions as CdTe-CdSe and ZnSe-CdS [44]. Reabsorption is
expected to be negligible due to the limited overlap between the absorption and emission spectra [45].
Reported QEs for Type-ll QDs are typically between 0-10% [46] but recently high quality QDs of this

composition became available. The high quality QDs have QE’s around 50%, even a remarkably high
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QE of 82% was reported [47]. A typical absorption-emission spectrum for Type-Il QDs is given in

Figure 15.
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FIGURE 15 : THE NORMALIZED ABSORPTION AND EMISSION SPECTRA OF TYPE-II CDTE-CDSE
QUANTUM DOTS MEASURED BY Z. KRUMER.

2.6.3. RARE EARTH METALS

Rare earth metals show great stability and a very large Stokes shifts. Due to the very large Stokes
shifts the rare earth metal based LSCs experience almost no reabsorption. The QE of rare earth
metals varies greatly depending on the host material and the concentration. The drawbacks of using
rare earth metals as luminophore are an extremely low absorption coefficient and absorption spectra
with numerous narrow absorption bands resulting in limited harvesting of the solar spectrum. See
Figure 16 for a typical absorption- and emission spectrum for luminescent rare earth metals.
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FIGURE 16: THE ABSORPTION AND EMISSION SPECTRA OF NDF3. FIGURE ADAPTED FROM [48].
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3. METHOD

In this research project the qualities of CdTe-CdSe Type-II core-shell quantum dots as luminophores
within LSCs were investigated. In Chapter 1 the research goal was defined. Chapter 2 presented the
working principle, a historical overview of the technology and an extensive discussion of all the
different loss mechanisms within LSCs. This research was performed through ray-tracing simulations
with PVtrace. Different LSC set-ups with different luminophores were simulated. Section 3.1
introduces the different luminophores. Section 3.2 elaborates the simulation framework and Section
3.3 discusses the simulation variables. Section 3.4 describes the steps taken to gain the results from
the simulations. Finally, Section 3.5 discusses the strategies chosen to lower the statistical error of the
simulations in this research.

Within this research the simulation model PVtrace was used. PVtrace is a thoroughly validated Monte-
Carlo ray-tracing model developed by Daniel J. Farrell [49]. This model was used to simulate several
experiments. The model reported for every simulation all the steps of every photon in an SQL-file.
Results were gain from analyzing the SQL-files of the different simulations. The model PVtrace is
explained in Chapter 4.

3.1. THE LUMINOPHORES

In this research four different luminophores were researched (see Figure 17 for the corresponding
spectra and QESs):

- A hypothetical perfect luminophore

- Lumogen Red 305

- Type-ll CdTe-CdSe core-shell quantum dots (QD1)

- Different Type-Il CdTe-CdSe core-shell quantum dots (QD2)

A hypothetical perfect luminophore was simulated to gain insight in the basic loss mechanism of the
system. This perfect luminophore had no reabsorption. The analysis of simulations with a perfect
luminophore gave insight to the maximum achievable efficiencies in the chosen system. The emission
wavelength of the perfect luminophore was chosen at 900nm because this wavelength matched well
with the absorption spectrum of a c-Si-solar cell and it does not experience any NIR waveguide
absorption of PMMA.

Second, the luminophore Lumogen Red 305 was used in the simulations. Simulations with Lumogen
Red 305 were performed to examine the performance of this current quasi standard luminophore. The
analysis of these simulation results gave the efficiencies of the different loss processes within a

realistic LSC. Moreover, several simulation results were compared with experimental results of
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equivalent set-up. In this way the model was validated, using the experimental results of LSCs
obtained by Z. Krumer [50].
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FIGURE 17: THE ABSORPTION AND EMISSION SPECTRA OF THE USED LUMINOPHORES IN THE
SIMULATIONS WITH THE USED QUANTUM EFFICIENCIES (QES).

Finally, simulations of LSCs doped with two different Type-ll CdTe-CdSe core-shell quantum dots
were performed. The main differences between the two different quantum dots that were important in
this research were the spectral differences and the difference in quantum efficiencies. These
simulations were compared with LSCs doped with the perfect luminophore and LSCs doped with
Lumogen Red 305.

3.2. SIMULATION FRAMEWORK

The geometry of the waveguide of the simulated LSC was a rectangle with a thickness (height, Z-
direction) of 1cm and a length-to-width ratio of 1:0.35 (X and Y direction respectively). The location of

the PV cell was set at the smallest edge of the LSC (height x width). This resulted in a high ratio of

32|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Method.

LSC-area to PV-cell area. The other three ‘small edges’ were covered with perfect air gap mirrors®.
The air gap was set at 0.5mm. The refractive index was set at 1.5 and the waveguide losses (or
background absorption) were set at 0.5m™, these values corresponded to PMMA of good quality. The
starting positions of the photons were randomly spread over a rectangle of ‘length times width’ parallel
to the LSC, but 5cm above it. The photons were randomly chosen from the AM1.5G flux spectrum

(see Section 4.1). See Figure 18 for the graphical representation of this system.

Y

5

FIGURE 18: A GRAPHICAL PRESENTATION OF A SIMULATED LSC WITH A LENGTH OF 10 CM. THE EDGE
AT THE Y-Z INTERFACE IS THE SOLAR CELL, THE OTHER THREE SIDE SURFACES ARE COVERED WITH
MIRRORS. THE FRONT SIDE IS THE APPENDURE SURFACE. THE BACKSIDE IS LEFT OPEN. THE LINE IS
THE PATH OF A SIMULATED PHOTON.

The specific geometry (height of 1cm and a length-to-width ratio of 1:0.35) was chosen to be able to
compare some of the simulation results with real experimental results’. The comparison between the

simulated and experimental results was used for the validation of the model (see Chapter 5).

The absorption spectra, emissions spectra and the quantum efficiency of the luminophores were
measured. See Appendix K for the steps taken in preparing the spectra for the use in PVtrace. The
solar cell attached to the LSC, in the simulations, was a crystalline Si-solar cell with an efficiency of
18%.

3.3. VARIATION OF VARIABLES

The variables in the simulations were the luminophore concentration, the LSC size, the presence of a
Lambertian air gap mirror at the backside and the presence of the loss mechanism ‘background

absorption’.

The variation of luminophore concentration was simulated as an increase in absorption coefficients. A

linear dependency between luminophore concentration and absorption strength was assumed, based

6 The use of air gap mirrors instead of direct mirrors had been shown to have a positive effect on the total efficiency. Direct
mirrors will abolish the TIR thereby exposing also the trapped photons to the reflection efficiency of the mirror. See Section 2.4

! The LSC within the experiments has geometry of 10 x 3.5 x 1cm®.
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on the Lambert Beer law (see Section 2.3.4). There was assumed that the quantum efficiency was
independent of the luminophore concentration. After that, the simulations with variation of luminophore

concentrations were repeated at different LSC sizes.

To study properly the effects of the different loss mechanisms compared to changing luminophore
concentrations or LSC size, multiple situations were simulated. Table 2 shows the four situations that
were simulated for each luminophore. For each situation simulations series with different
concentrations were performed at different sizes. The simulated lengths were: 1, 5, 10, 15, 20, 30, 40,
50, 60, 70, 85 and 100cm.

TABLE 2: AN OVERVIEW OF THE DIFFERENT ‘SITUATIONS’ SIMULATED PER LUMINOPHORE.

Without Lambertian air gap | With Lambertian air gap mirror
mirror at the backside at the backside

Without background absorption X X

With background absorption X X

3.4. ANALYSIS METHODS

Each step of every photon in all the simulations was saved in SQL-files using many different
parameters (see Chapter 4 for more information). Therefore, these SQL-files contained a lot of

information. This section describes the steps taken to gain information from these SQL-files.

With the analysis of the simulated systems the destination of the simulated photons was used. The
knowledge of the destination of the photons, and its characteristics, was used to calculate the
efficiencies of the LSC and the different loss mechanisms. The destination of the photons was found
by using the unigue characteristics to the creation of a new photon (the first step). By going back one
line in the SQL-files after the first step (creation) of a photon, the last step of the previous photon is
found. This searching principle made it possible to trace the final positions of all the photons, except
for the last simulated photon. After finding all the destinations the unique characteristics of all possible
destinations were used to identify the magnitude of the photons per destination. For further details for

the used code and properties used to define the destinations of the photons see Appendix A.

The optical flux efficiency of the LSC was calculated using Eq. 21. Eq. 21 is an adapted version of Eq.
5 from Goetzberger et al. (see Section 2.3). Hereby MN;eabsorption replaced Freqpsrption - This was because
reabsorption is not an efficiency. Reabsorption enhances other loss mechanisms. In this research the
enhancement of other loss mechanisms by reabsorption is reported as the reabsorption factor. Air gap
losses are photons escaping through the air gap. Within Eg. 21 all the efficiencies are photon-to-

photon efficiencies and calculated without reabsorption events. The additional losses caused by
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reabsorption events were ascribed to the reabsorption factor. This resulted in a clear view of the
impact of each loss process in LSCs.

noptf = NFresnet * nAbsorption * nQE * Nair gap * Nec * nWaveguide * FReabsorption EQ. 21
For the calculations used to calculate the different efficiencies within this research see Appendix H.

The system efficiency was calculated to compare the simulation results with real experiments. By
calculating the ngys the spectral response of the solar was taken into account. The spectrum reaching
the solar cell through the waveguide was different than the spectrum of the photons reaching the
waveguide, so the c-Si solar cell had a different efficiency for the incoming spectrum. The spectral
response8 of a general c-Si-solar cell is given in Figure 19. The spectral response was linear adapted
so that the spectral response matched with the efficiency of the solar cell. Solving Eq. 22 and Eq. 23
with R(A) as the spectral response, f(A) the AM1.5G energy spectrum and Z the solar cell efficiency
gave the applicable spectral response. Yzis a constant so that R0.18(A) gives the spectral response
applicable for a c-Si solar cell with an efficiency of 18%.

_ Iy f@) = Ry)da
Iy f)da

EQ. 22

EQ. 23
Rz(1) =R(A) x Yy

tral response [A/W]

L oocooooocoos
|||InlIIIIIIII||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

500 1000 1500
WavelengthA [nm]

FIGURE 19: THE SPECTRAL RESPONSE OF A SI-SOLAR CELL. DATA TAKEN FROM PVEDUCATION.[51]
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3.5. STATISTICAL ERROR

The Monte-Carlo ray-tracing model PVtrace relays on probability functions. Because there is always a
finite number of photon simulated, there is always a statistical error. Two strategies were chosen to
limit this statistical error:

® The spectral response is the ratio of the current generated by the solar cell to the power incident on the solar cell.

35|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Method.

i) The amount of simulated photons needed to be large:

The lengths ‘“1cm till 15cm’ were simulated with 50.000, ‘20cm till 50cm’ with 75.000 and ‘60cm till
100cm’ with 100.000 photons. The amount of photons simulated was assumed high enough to keep
the statistical error small. The increase in simulated photons at larger sizes was done to let the density

of simulated photons [cm™] at acceptable densities

ii) The photons that could not provide information were not simulated:

The photons that would never take any part in the reaction were not simulated. This increased the
performance of the simulations. It had no additional value to simulate the path of a photon with, for
example, wavelength 1200. Even when it would reach the PV cell (by scattering effects) it would not
react due to limited photon energy. All simulations were therefore truncated at 1150nm. This means
that about 81% of the energy and 64% of the flux was simulated. Later in the analysis these factors
were taken into account. The truncation of the solar spectrum could be seen as an increase in
simulated photons, thereby decreasing the statistical error. While, actual, simulating the same amount

of photons.
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Working principles of the model "PVtrace”.

4. WORKING PRINCIPLES OF THE MODEL "PVTRACE’

The simulations performed in this thesis were all performed with the model PVtrace. For insight and
understanding of this model an explanation of the working principles follows here. PVtrace is a Monte-
Carlo ray-tracing model that simulates photons and its paths. The path of the photon was determined
by probability functions per option. The flow chart in Figure 20 shows the steps and loops within the
model.
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FIGURE 20: FLOW CHART OF PVTRACE. A SCHEMATIC REPRESENTATION OF THE ‘CHOICES’ AND
STEPS A PHOTONS TAKES WITHIN A SIMULATION.

When a photon is launched photon data (location, direction and wavelength) is generated and saved
in BOX1. In BOX2 three lengths are calculated: i) background absorption length, ii) absorption length
and iii) length towards the next interface. The shortest length determines the next step within the

model. If background absorption length is the shortest length then the photon is lost and a new photon
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is launched. If absorption length is the shortest length then the probability of emission is taken into
account (QE) by re-emitting the photon. The data of the photon is updated by re-emission and the
photon is going back to BOX 2. If the next interface is the shortest length there is checked if the
photon reaches the solar cell. If ‘yes’ then a new photon is generated, if not than the angle of
incidence and the refraction indices are used, within the Fresnel equations, to calculate new photon
data. If the photon is still within the simulation zone® the photon data is updated and send to BOX 2.
This circle goes over and over again until the photon reaches the PV cell or is lost. The amount of
launched photons is set as X’. When ‘X’ reaches the set limit the simulation stops. To overcome an
internal ever going loop the variable 'z’ is made. Every time the loop passes ‘Z’ it raises with one.
When the set limit is reached it kills the photon and launches a new one. After each step within in the
program PVtrace saves many parameters. Some of these parameters saved are: absorption count,
interaction count, in which object the photon is, which surface it reacts with, if it is going IN or OUT the
LSC, wavelength, photon number, position (x,y,z), amount of steps of the photon and the amount of
steps in the simulation. The generation of random numbers and the generation of all of this data

makes this model computational demanding. The steps within the model are further described below.

4.1. LAUNCHING THE PHOTON

When launching a new photon, photon data is generated. The underlying processes of calculating this

photon data and the choices made are explained here.

At the start of each simulation it was possible to set the start position of the photons. This could be a
3D figure in space, a 2D area or single point. When the dimensions were chosen, random numbers X
€ [0, 1] were generated to set a starting position per photon. x was used to select specific points in
space as starting position for each launched photon. Eq. 24, Eqg. 25 and Eq. 26 were used to generate
a random spread of the starting positions in a box'°. The size of this box was set at the start of the
simulation, as well as the starting point of the box in the XYZ-space (see appendix C for an example of
spread emission from a rectangle). The direction of a photon was set at the start of each simulation

with a vector in space (x,y,z) (see appendix C for an example).

location,_gpqce = x * Length EQ. 24
locationy, _gpace = x * Width EQ. 25
location,_spqce = x * Height EQ. 26

° The simulation zone is determined as the zone where the direction of a photon at least interferes with one surface.
10y will be recalculated so it is different every calculation.
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To select the starting energy of the photons an AM1.5G spectrum was used as input. AM1.5G stands
for Air Mass 1.5 Global. It represents the solar spectrum after sun light traveled 1.5 times the distance
through the atmosphere compared to the vertical distance at the zenith. It is a good representable
spectrum for the North hemisphere [52].

Figure 21 shows the AM1.5G energy spectrum and Figure 22 shows the AM1.5G photon flux
spectrum. Eqg. 27 was used to select the wavelength A., of the photon. With A, as the minimal
wavelength and f(A) as the used spectrum. The flux spectrum was used within the simulations, instead
of the mostly used energy spectrum. This was because photons were simulated here, so the relative
photons amount matters and not the relative energy.

A
o f(A)dA
A_min

X= Fn(lem) = - — EQ. 27
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4.2. CALCULATIONS IN BOX 2

After each interaction all the three distances were re-calculated. This means that all the lengths were
re-calculated after each reflection. The model did not contain the background absorption code. The
code, and the validation of the code, is found in Appendix D. The calculations used for calculating the
absorption length, background absorption length and the length to the next interface are discussed in

Section 4.2.1, Section 4.2.2 and Section 4.2.3 respectively.

4.2.1. ABSORPTION LENGTH

The absorption length [ was calculated using the Lambert-Beer law. The Lambert-Beer law is given in
Eq. 28.

I
A=1—T=1—I—=1—10—SWC EQ. 28
0
(e(M)*c=a(n)) so
I
1-10"*Wl = 1 —— EQ. 29
Iy
—loo.. L
o B EQ. 30
a(l)

The possibility to be absorbed at length ‘I’ is I /1, , see Eq. 30. By replacing /1, for x a random length

according to the absorption distribution could be generated, see Eq. 31.

| = —logio x
a(l)

EQ. 31
When a photon was located within the simulated LSC the wavelength dependent absorption
coefficient a(A) was extracted from the absorption spectrum and used within Eq. 31. The absorption
coefficients are given in m™.

In the case of TIR the absorption length was recalculated after each reflection. Hereby the new
absorption length is not calculated by subtracting the already travelled length from the first calculated
absorption length, but recalculated using the same equation (Eq. 31). The validation of this approach

is described in Appendix L.

To calculate the absorption length the natural logarithm was used in PVtrace, see Eg. 32.
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_ —In(1-%)
IO EQ. 32
To match the input data (emission coefficients in log10 dependency) with the method used the formula
within the model was modified from Eq. 32 to Eq. 31. Adapting all input data to a natural logarithmic

dependency would have been a correct modification as well.

4.2.2. BACKGROUND ABSORPTION LENGTH

The background absorption was calculated in the same way as the luminescent absorption length.
The only difference was the different absorption coefficient within the calculations. Within this thesis

Obackground Was assumed to be constant over all wavelengths. So, see Eq. 33 for the used formula.

—logyo x
lbackground = a EQ. 33
background,
4.2.3. NEXT INTERFACE DISTANCE

By calculating the next interface PVtrace imports all the interfaces in x,y,z space. By using linear
algebra, vectors were calculated between the interfaces and the starting point along the direction of a
photon. Simple algebra was used to get the length of this vector, see Eq. 34.

dv(vy,vy,v3) = ()2 + ()2 + (v3)? EQ. 34

4.3. QUANTUM EFFICIENCY AND RE-EMISSION

After the absorption of a photon, by a luminophore, the quantum efficiency was used to determine if
the photon was (re-)emitted, by using Eq. 35. If Eq. 35 held then the photon was re-emitted. When a
photon was emitted the wavelength was calculated by using Eq. 27, with the wavelength of the
absorbed photon as An, and the emission spectrum as f(A). The limit Ay, was the physical limit. A

photon cannot increase in energy by an absorption/emission event.

X <TgEe EQ. 35

4.4. INTERACTION WITH INTERFACES

The interaction of a photon with an interface depends on the characteristics of the interface itself. The

photon could either have a reflective interaction (mirrors) or a Fresnel interaction with the interface.

41|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

Working principles of the model "PVtrace”.

4.4.1. INTERACTION WITH A NON-REFLECTIVE INTERFACE

When a photon hit a non-reflective interface a probability calculation with Fresnel's equations was
performed to determine if the photon undergoes refraction or reflection. The new direction was
calculated by using Snell’'s equation for either of the 2 possible options (reflection or refraction). The
two Fresnel equations (Eq. 36 and Eq. 37) describe the likelihood for reflection for the two possible
states of the electromagnetic field of a photon. It was assumed that both situations are present

equally. So the average of both Fresnel equations was taken as the likelihood for reflection.

2

n, . 2
n;cosf; — n, |1 — (n—sm Gi)
Ry = nz - EQ. 36
nycosf; + ny [1— (n—lsin Gi)
2

2
n, fl—(%sin@i) — n, cos 6;
R z EQ. 37

ny 1—(2—;sin9i) + n,cos6;

The photon was reflected if Eq. 38 held.

Rs+ R,

EQ. 38
> Q

X<

4.4.2. INTERACTION WITH A REFLECTIVE INTERFACE:

When a photon hits a reflective interface it was reflected with the likelihood of the reflectivity set. The
reflective efficiency was calculated in the same way as the luminescent quantum efficiency. The new
direction is simply derived from Snell’'s law. PVtrace also offers the option to insert a Lambertian
surface. A Lambertian surface is a perfect scattering surface. PVtrace is ray-tracing model so the
Lambertian scattering was calculated from a local point, so the cosine distribution is the method used

(as earlier discussed in Section 2.4). For the code used to program the mirrors see Appendix B.

4.5. TECHNICAL REALIZATION

PVtrace wrote all relevant data in a SQL-lite database. This data was directly written on the hard disk,
which is a time demanding step. To overcome this ‘problem’ the simulation was executed on a RAM-
disk. Doing so, the SQL-database was then written into the memory, which is up to 25 times faster.
The many simulations were performed using 20 different computers. Each computer ran series of

simulations whereby, after each series of simulations, the results (the SQL-files) were collected.
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5. RESULTS: MODEL VALIDATION

The model PVtrace, as used in this research, is elaborated in Chapter 4. This chapter is dedicated to
the validation of this model. The results of real experiments, performed by Z. Krumer, were compared
to the results of equivalent simulated experiments. Section 5.1 describes the experimental set-up.
Section 5.2 describes the simulation framework and finally, Section 5.3 discusses the results of both

the real experiments as the equivalent simulations.

5.1. EXPERIMENTAL SET-UP

The experiments were performed with an LSC doped with the luminophore Lumogen Red 305. The
luminophores were dissolved in toluene and placed in a cuvette, made of quartz, with the dimensions
of 10 x 3.5 x 1cm®. This cuvette was the waveguide of the LSC. The quartz walls of the cuvette had a
refractive index of 1.46 and the toluene had a refractive index of 1.496 [53]. At one of the 1cm by
10cm surfaces a cylinder was attached with a length of 1.5cm and a radius of 0.4cm. This cylinder was
used to fill the cuvette. A solar simulator was used as light source. A c-Si-solar cell, with an efficiency
of 13%™, was attached to the smallest surface of the cuvette (1cm by 3.5cm). All the other surfaces,
except the front surface, were covered with a scattering surface. This scattering surface had a
reflectivity of 0.97 - 0.99 and was placed with a small air gap between the scattering surface and the
walls of the cuvette. The luminophore concentration was the only variable in these experiments. Of
every used luminophore concentration the absorption spectrum was measured (see Appendix L). The

experiments were repeated several times to increase the reliability of the results.

5.2. SIMULATION FRAMEWORK

The simulation framework was discussed in Section 3.2. The dimensions, of the LSC, chosen were the
same dimensions as in the real experiments (10 x 3.5 X 1cm3). The slight adaption made, in
comparison with the simulation framework in Section 3.2, was the addition of a cylinder with a radius
of 0.4cm and 1.5cm length, which has been placed on one of the 10 x 1cm? surfaces. The other three
side surfaces were covered with perfect air gap mirrors. The backside was covered with a perfect
Lambertian air gap mirror. See Figure 23 for the graphical representation. The simulated solar cell had
an efficiency of 13% instead of 18% (which was used in the other simulations). This was to make a

better comparison between the results of the simulations and the real experiments.

1 A c-solar cell with an efficiency of 13% was used because this was the c-solar cell available. In the economical assessment
(Section 9.2) a c-si solar cell with an efficiency of 18% was used. This efficiency is more common nowadays.
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FIGURE 23: VISUALIZATION OF A RUNNING PVTRACE SIMULATION RESEMBLING THE EXPERIMENTS
WITH MIRRORS INCLUDED.

5.3. COMPARISON

The device efficiencies ns,s , defined as the ratio of the electrical energy delivered by the solar cell and
the incoming radiative energy illuminating the LSC, are shown in the Figure 24.

Device efficiency [%]
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0.5k — Fit with Lambert-Beer law :
& a Simulation LR305

B @ Simulation LR305 with k=0.78

0'00 20 40 60 80 100

Dye concentration [ppm]

FIGURE 24: AN OVERVIEW OF THE DEVICE EFFICIENCY UNDER DIFFERENT CONCENTRATION FOR
BOTH THE SIMULATIONS AND THE EXPERIMENTAL RESULTS [50]. K IS THE CORRECTION FACTOR FOR
THE LOSSES WITHIN THE ATTACHMENT OF THE SOLAR CELL.

The simulated results show reasonable alignment with the experimental results. The best results were
gained by linear adapt the simulated results with a factor 0.78%. In a try to explain this factor the
differences and similarities between the simulations and the real experiments were investigated. First,

the dimensions of the simulated waveguide and the experimental waveguide were the same. Only the

12 The best results refer to the least square of the residue method.
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part of the waveguide that was doped with luminophores was slightly smaller in the experimental
waveguide due to the quartz walls. The quartz walls were only 0.1cm, so this minor difference could
not cause the difference of the factor 0.78. Second, the cylinder in the simulations was equivalent with
the cylinder in the experiments and the simulated light source was the same as the one used in the
experiments (AM1.5G). The only difference in the spectra used over the different luminophore
concentrations were the slight errors in measuring the spectra. These errors were assumed to be
negligible. Third, the mirrors used in the simulations had a reflectivity of 1 against a reflectivity of 0.97-
0.99 in the experiments. Due to this difference few percent of the photons are less lost in the
simulations compared to the experiments. But the difference of factor 0.78 cannot be explained by
this. As fourth, the refractive index of 1.5 in the simulations slightly differs from the refractive index of
1.46 in the experiments. The higher refractive index results in a slightly higher trapping efficiency
(using Eq. 19 and Eq. 20) but this was way too small to explain the factor of 0.78. The main
explanation of the factor 0.78 difference between the simulations and the experiments was the use of
a glue to connect the solar cell with the waveguide. The glue had a refractive index around 1.5 but
happened to be not so transparent. This low transparency of the glue was assumed to cause a lot of
the photons to be lost, due to parasitic absorption, even when the layer of glue was small (~0.1cm).
The alignment between the simulations and the experiments gave enough reason to assume that the

results of the simulated experiments were reliable.
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6. RESULTS: PERFECT LUMINOPHORE

As explained in Section 3.1, the perfect luminophore was simulated to examine the maximum
efficiencies reachable within this defined luminescent solar concentrating system. This Chapter follows
the methods described in Chapter 3. Section 6.1 shows the results of the simulations with a
Lambertian air gap mirror at the backside and without the loss process of background absorption.
Thereafter, Section 6.2 describes the results of the simulations without both a Lambertian air gap
mirror at the backside and background losses. Followed by Section 6.3, where the results are
presented of the simulations with the loss process of background absorption and without the
Lambertian air gap mirror at the backside. Finally the calculated impacts of the different loss

processes are discussed in Section 6.4.

6.1. MIRROR AT BACKSIDE, NO BACKGROUND ABSORPTION

Figure 25 shows the absorption- and emission spectrum of the perfect luminophore. This luminophore
had an absorption coefficient of 200m™ from a wavelength of Onm till a wavelength of 899nm and it
emitted all the photons at 900nm™. The absence of overlap between the absorption spectrum and the
emission spectrum resulted in the absence of reabsorption events. The perfect luminophore was

simulated with a quantum efficiency of 100%.
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FIGURE 25: THE NORMALIZED ABSORPTION AND EMISSION SPECTRA OF THE PERFECT LUMINOPHORE
(THE ABSORPTION SPECTRUM STARTS AT WAVELENGTH ZERO)

2 An absorption coefficient of 200m™ corresponds to an absorption of 99% of the photons, in the absorption spectrum, per cm.
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Table 3 shows the results of a simulation with the length of 10cm, using a perfect Lambertian air gap
mirror at the backside without the loss process background absorption. The results were adjusted with

the truncation factor as discussed in Section 3.5.

TABLE 3: RESULTS IN % OF SIMULATED PHOTONS (CORRECTED WITH THE TRUNCATION FACTOR) WITH
A SIMULATION WITH THE PERFECT LUMINOPHORE AT LENGTH = 10CM.

Destination Photons Energy
PV cell 29.10 27.65
Not absorbed 48.42 29.89
Fresnel 3.93 3.98
Air gap 3.79 3.64
EC 13.10 12.31
Stokes shift 0.00 20.98
Killed in simulation 1.66 1.56

The most energy in this system was lost due to no absorption (30%), followed by the energy lost within
Stokes shift (21%). Stokes shift is a loss process that is conceptual different from the others. There is
a part of the energy of the photon lost and not photons itself. Therefore the Stokes shift losses were
0% if expressed in photon count. Besides, the conversion of photons to electricity within the PV cell
causes this energy loss as well.** It makes no difference where this energy is lost for the efficiency of
the whole system. Furthermore, the Fresnel losses (external reflection) were around 4%, as expected
(see Section 2.3.1). About 13% of the photons escaped through the EC and near 4% of the photons
escaped through the air gaps. Finally, this system showed an nepy . 0f 27.65%, which contained 29.1%
of the simulated photons (Ngp ).

The simulations were performed over different sizes, as discussed in Section 3.3. Results of these
simulations are found in Figure 26 and Figure 27. The Stokes shift losses (about 21%) and losses due
to external reflection (4%) showed no dependency of the LSC size. All the other loss processes were
saturating around a size of 20cm length. The percentage of not absorbed photon energy increased
with size due to the decreased influence of the Lambertian mirror at the backside to 30-31%. The
saturation was explained by the fact that photons that hit the Lambertian reflector, and thereby change
direction, will have a higher probability of reaching the solar cell within a small LSC compared to a
large LSC.

4 Under the assumption that the energy is large enough to cause a electron-hole pair with an equal likelihood.
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FIGURE 26: RESULTS IN ENERGY OVER INCREASING SIZE WITH THE PERFECT LUMINOPHORE
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FIGURE 27:. RESULTS IN PHOTONS AMOUNT OVER INCREASING SIZE WITH THE PERFECT
LUMINOPHORE CORRECTED WITH THE TRUNCATION FACTOR

The EC losses increased with increasing size (till 13%) due to a decreased likelihood that a photon
within the EC reached the solar cell before it could escape. The explanation of decreasing air gap
losses by increasing size (to 5%) is that the ratio “air gap to LSC” decreases and thereby the
probability of a photon to escape there. An equivalent reasoning was used to explain the escape cone
losses. By increasing size the likelihood that a photon within the EC reached the PV cell before it could
escape decreases. This saturation was reached around a length of 10cm. The optical efficiency
saturated to nepy e = 26% for large sizes, corresponding to nepy s = 27%.

The calculated concentration factors are presented in Figure 28. The concentration factor increased
almost perfectly linear with increasing size. The linear growth of the concentration factor was
explained by the linear dependency between the surface area of the LSC (length * width = L® *
0.35cm?®) and the surface area of the PV cell (height * width = L * 0.35 * 1cm?). No perfect linear
increase in concentration factor is seen, by increasing size, due to the influence of the Lambertian air
gap mirror at the backside and a random generator error within the simulations. The mirror gives

advantages at small sizes, as discussed above, and the random generator caused a small error in the
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calculated efficiencies. The concentration factor G correlated with the Ggeomeric times nept e (S€€ EQ.
39).
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FIGURE 28: THE CONCENTRATION FACTOR OF THE LSC AND THE GEOMETRICAL CONCENTRATION
FACTOR PLOTTED AGAINST THE LENGTH.

Areagc 0.35 * L?
G ic = =
geometric Areapy 0.01 *0.35 % L

=100%*L EQ. 39

For a better understanding of the loss processes the different loss processes were expressed as
percentage of absorbed photons. Figure 29 shows the destination of all absorbed photons. The
percentage of absorbed photons that reached the solar cell saturated with increasing size to 60-61%.
So, almost 40% of the photons escaped through escape cones, the only loss mechanism within this
defined system. These escape cones were divided in escape cone losses (losses through the front

and back surface) and air gap losses (losses through the no perfect closure of the air gap mirrors at
the sides).
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0.8
'_°|0.7 Y
= 06 _QQJ_Q_Q_‘_Q_’_’_’— +pV
) WEC
F'P 0> airga
= 0.4 gap
c
903 —..II—I—I—I—I—I—I—I—
o 02 ™
o
0.1 ‘ Yy
0
0 0.2 0.4 0.6 0.8 1 1.2

Length [m]

FIGURE 29: THE DESTINATION OF ABSORBED PHOTONS PLOTTED AGAINST SIZE.
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The air gap mirrors are not perfectly closing the escape cones at the edges. Part of the light still
escaped through the side-surfaces, but this was significantly less than the 12.7% per edge that would
escape without these mirrors (see Section 2.3.5). The Lambertian air gap mirror at the bottom scatters
the light interacting with this mirror. The light enters the LSC again but it will always have an angle
within the EC of the top-surface, else the photon was not able to enter the waveguide. This explains
why the EC losses could reach a maximum of 25.5% (see Section 2.3.5), considering a refractive

index of 1.5. However, the analyses are showing EC losses around 30%.

The physical explanation of this phenomenon is that photons were reflected from a ‘side-mirror’ to the
Lambertian mirror at the bottom. The Lambertian mirror changed the direction of the photon until it
entered the waveguide though the bottom surface. The photon direction was located within the EC of
the top surface and escaped. Hereby were the EC losses with increased with recycled photons from
the side mirrors resulting in a total measured loss of photons through the top surface of 30%. See

Figure 30 for a graphical representation.

FIGURE 30: THE ROUTE OF A REEMITTED PHOTON THAT ESCAPED THROUGH THE TOP SURFACE BUT
ORIGINALLY WOULD ESCAPE THROUGH THE RIGHT SURFACE. THERE IS A NORMAL AIR GAP MIRROR
AT THE RIGHT AND A LAMBERTIAN AIR GAP MIRROR AT THE BOTTOM.

6.2. NO MIRROR AT THE BACKSIDE, NO BACKGROUND
ABSORPTION

To support the above explanation and that it was no mistake within the model, the simulation results of
the same system without the Lambertian air gap mirror at the backside are shown in Figure 31. The
percentage of absorbed photons reaching the solar cell saturated with increasing size to 60-61%, just
as in the situation with the Lambertian mirror. The EC losses were plateauing towards the expected
and calculated maximum of 25.5%, showing thereby that the model calculated the EC losses in a
correct way. The losses due to the not perfect closure of the escape cones by the air gap mirrors were
around 13% of the absorbed photons, which was still a considerable loss. Reducing the air gap size
reduced the losses through the air gap. This was done but due to limitations of the simulation software
an air gap of 0.5mm was the minimum distance. A smaller air gap somehow increased the calculation

time a lot, thereby making the calculations impossible due to limiting computational power.
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FIGURE 31: THE DESTINATION OF ABSORBED PHOTONS PLOTTED AGAINST SIZE WITHOUT A
LAMBERTIAN MIRROR AT THE BACKSIDE.

The saturation to 60-61% of the absorbed photons that reached the PV cell within both the simulations
with and without the Lambertian air gap mirror raised the question of the effect of this mirror. To
examine the effects of the Lambertian air gap mirror the two simulation series were compared. Figure

32 shows the gain in optical energy efficiency by using a Lambertian air gap mirror at the backside.
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FIGURE 32: OPTICAL EFFICIENCY GAIN OF THE LAMBERTIAN AIR GAP MIRROR BY INCREASING LENGTH

This increase in energy is mainly subscribed to the extra photons reaching the solar cell that would not
be absorbed by the luminophore at all (see Figure 33).15 In real life, most of this photons would either
be absorbed by the PMMA (NIR absorption) or not been absorbed by the solar cell. So the effect of
the Lambertian back mirror would even be smaller than the simulations suggest. Figure 33 shows the
emission spectra reaching the solar cell (in the case with a Lambertian backside mirror) in bins of
15nm. Figure 33a is at a length of 1cm, Figure 33b and Figure 33c were taken from the simulation

data at a length of 50cm. Only Figure 33c was ‘zoomed in’ so it is visible that there were also incoming

® The emission spectrum at the side surface of an LSC without a Lambertian mirror at the backside contains only photons of
900nm.
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wavelengths other than 900nm. The effect of the Lambertian air gap mirror at the backside was very

limited as seen by the height of the bins in Figure 33.
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FIGURE 33: EMISSION SPECTRA OF AN LSC SYSTEM WITH THE PERFECT LUMINOPHORE AND A
LAMBERTIAN MIRROR AT THE BACKSIDE. THE BINS ARE 15NM.

6.3. NO MIRROR AT THE BACKSIDE, WITH BACKGROUND
ABSORPTION

The above simulations were without the loss process of background absorption. To see the effect of
these real life waveguide losses this process was simulated using the background absorption code. An
absorption coefficient of 0.5m™ was used. This is one of the best-achieved absorption coefficients
within PMMA in 2008. The results of the simulations are shown in Figure 34. These simulations were
equivalent as the earlier presented simulations without a Lambertian air gap mirror at the backside, but

with the additional background loss process.
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FIGURE 34:. A) THE DESTINATION OF ABSORBED PHOTONS PLOTTED AGAINST SIZE WITH THE ADDED
LOSS PROCESS OF BACKGROUND ABSORPTION. B) THE CORRESPONDING OPTICAL ENERGY
EFFICIENCY.

The results show that the EC losses were nearly unaffected by the background absorption. This was
because a photon that traveled at an angle in an escape cone reached the corresponding interface at
such short distance that the likelihood of losing the photon to background absorption was almost zero.
The air gap losses, instead, were decreasing with increasing length. These photons had longer path
lengths before being lost through the air gap. So, with increasing length there was an increased
likelihood for the photon to be lost as background absorption instead of being lost due to an air gap.
The losses of photons that would have reached the PV cell increased also with size. Even 55% of the
absorbed photons were lost at a length of 100cm due to background absorption.

Both the air gap losses as the photons that reached the PV cell decreased logarithmically with
increasing size. This suggests a growth of the average path length. Figure 35 shows the trend line of
background absorption against size. The background absorption increased logarithmically with size
following the Lambert-Beer law.
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FIGURE 35: BACKGROUND ABSORPTION LOSSES PER ABSORBED PHOTON OF AN LSC SYSTEM

LOGARITHMICALLY PLOTTED AGAINST INCREASING SIZE. NO LAMBERTIAN AIR GAP MIRROR AT THE
BACKSIDE
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A loss process that increases logarithmically with size has its influence on the concentration factor.
Below, in Figure 36, is the concentration factor plotted against the length. The concentration factor
saturated around G=8 with a perfect luminophore. These simulations showed the major effect of

background losses on large scale causing the limit of G = 8 for this defined system.
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FIGURE 36: CONCENTRATION FACTORS OF THE LSCS WITHOUT LAMBERTIAN MIRROR AT THE
BACKSIDE.

6.4. IMPACT OF THE DIFFERENT LOSS PROCESSES

The size dependent loss mechanisms within an LSC were saturating around a length of 10cm with a
perfect luminophore. The efficiencies shown in Table 4 were extracted from the data without the
Lambertian mirror at the backside, using the equations in Appendix H. All this efficiencies are given as
flux efficiencies. The perfect luminophore had an absorption efficiency of 48% and an optical efficiency
of 12% at a length of 60cm. The efficiencies were limited by the nec, Nair gap and (especially) at larger
sizes by Nuaveguide- The losses due to background absorption were dominant at larger sizes as seen in
the reduction of optical efficiency from 23% to 12%. These were the maximum achievable efficiencies
within the current defined system (so not within LSC at all). The only size dependent efficiency was the

waveguide efficiency.

TABLE 4: THE DIFFERENT EFFICIENCIES CALCULATED USING THE SIMULATION SOFTWARE PVTRACE.
ALL EFFICIENCIES ARE GIVEN IN PHOTON COUNT COMPARED TO THE SOLAR IRRADIATION OF AN
AM1.5G SPECTRUM. THERE IS NO LAMBERTIAN MIRROR PLACED AT THE BACKSIDE.

10cm 30cm 60cm

NEresnel 0.96 0.96 0.96

N absorption 0.48 0.48 0.48
Mok 1 1 1

NEc 0.75 0.75 0.75

Nwaveguide 0.82 0.60 0.42
FReabsorption 1 1 1

Nair gap 0.83 0.83 0.83

noptf 0.23 0.17 0.12
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7. RESULTS: LUMOGEN RED 305

As explained in Section 3.1, Lumogen Red 305 was simulated to examine the performances of the
current quasi-standard within this defined luminescent solar concentrating system. This Chapter
follows the methods described in Chapter 3. Section 7.1 shows the results of the simulations with a
Lambertian air gap mirror at the backside and without the loss process background absorption.
Thereafter, Section 7.2 describes the results of the simulations without a Lambertian air gap mirror at
the backside. Finally the calculated impacts of the different loss processes are discussed in Section
Error! Reference source not found..

7.1. MIRROR AT BACKSIDE, NO BACKGROUND ABSORPTION

Lumogen Red 305 is the current quasi-standard luminophore within LSCs. The absorption and

emission spectra of Lumogen Red 305 are shown in Figure 37.
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FIGURE 37: THE NORMALIZED ABSORPTION AND EMISSION SPECTRA OF LUMOGEN RED 305.

A series of simulations with a varying concentration was performed. The LSC has a length of 10cm
and the simulations contained a perfect Lambertian air gap mirror at the backside. Figure 38 shows
the optical efficiencies of the LSC as result of the simulations. At the x-axis the absorption coefficient
at 574nm was chosen as a proxy for the concentration. For comparison, around 60ppm is equivalent

to an absorption peak of 200m™.
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FIGURE 38 : THE OPTICAL EFFICIENCIES OF A LSC WITH SIZES 10 X 3.5 X 1CM® WITH INCREASING
CONCENTRATION.

The nept e is higher than nep 5, this was explained by the fact that Lumogen Red 305 as luminophore
has its spectra in a higher average intensity range of the solar spectrum than the perfect luminophore.
The efficiency increased with increasing concentration until it saturated around absorption strengths of
200m™. For more insight why this saturation occurred, the effects of the loss processes were

examined. Figure 39 shows the destination of the simulated photons.
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FIGURE 39: SIMULATION RESULTS IN ENERGY OVER INCREASING CONCENTRATION WITH LUMOGEN
RED 305.

The largest loss process was the not absorbed photons. The amount of not absorbed photons
decreased with increasing concentration until it reached a limit. At this limit all the photons within the

absorption spectrum were absorbed. This process followed the Lambert-Beer curve as seen in Figure

56 |Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Results: Lumogen Red 305.

39. The losses due to external reflection were concentration independent (4%), just as the theory
predicted. Also the air gap losses seemed concentration independent, which suggested that most of
these photons were not absorbed photons. The escape cone and quantum efficiency losses were
concentration dependent and increased with increasing concentration. The more photons absorbed,
the more photons were lost through these routes. EC losses and QE losses were enhanced by
reabsorption events. Figure 40 shows the spectra of photons reaching the solar cell at different
concentrations, there was concluded that the red-shift of the spectra was the result of reabsorption.

Also the effect of the scattering effect of the Lambertian air gap mirror was seen.

The valley in the emission spectra, which occurred at higher concentrations, around 700nm, was
explained by the used absorption spectrum. The noise in measuring the absorption spectrum of
Lumogen Red 305 was multiplied by increasing the absorption strength (within the simulations).
Thereby absorption (multiplied noise) was also simulated within wavelength ranges where no actual
absorption would occur. The multiplied noise started to show an effect around an absorption
coefficient of 200m™ at 574nm. The spectrum was cut-off at 700nm, therefore there was a peak value

after that specific wavelength (there was no reabsorption after this cut-off). For more information see

Appendix F.
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FIGURE 40: THE SPECTRA OF PHOTONS REACHING THE SOLAR CELL AT FOUR DIFFERENT
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CONCENTRATIONS. THE LENGTH OF THE LSC WAS 10CM AND THE SYSTEM CONTAINED A LAMBERTIAN
AIR GAP MIRROR AT THE BACKSIDE. THE BINS ARE 7NM EACH AND THE HEIGHT GIVES THE AMOUNT OF
PHOTONS.

7.2. NO LAMBERTIAN AIR GAP MIRROR AT THE BACKSIDE

The Lambertian air gap mirror at the backside made analysis very difficult due to the scattering effect
of this mirror. It scattered photons direct onto the solar cell, air gap losses were a mix of absorbed and
not absorbed photons and the EC losses were difficult to analyze, as seen in the analysis of the
perfect luminophore. Therefore a closer analysis of this system, without Lambertian air gap mirror,
followed here. This analysis was performed to increase the understandability of the relationships
between the loss processes and the concentration of the luminophore. Figure 41 shows the results of
the simulations of the system described in Section 7.1, but without the Lambertian air gap mirror at the
backside.
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FIGURE 41 : THE OPTICAL EFFICIENCIES OF A LSC WITH SIZES 10 X 3.5 X 1CM® AGAINST INCREASING
CONCENTRATION.

The optical flux efficiency saturated at an efficiency of ~8%, about 3% lower than with the Lambertian
air gap mirror. Also the plateau was reached at a higher luminophore concentration without the
Lambertian air gap mirror at the backside than with. This happened due to the fact that the initial
length to be absorbed, for a photon, at least doubled with a Lambertian air gap mirror at the backside.
So, the profits of more absorption were reached at higher concentration without the mirror. The 3%
difference in plateau value was explained by the scattering effect of the Lambertian air gap mirror.
Parts of the scattered photons were directly directed onto the solar cell. Also the likelihood for a, by a
luminophore, emitted photon, emitted in the escape cone, to reach the solar cell before reaching an
escape cone was decreased by removing the backside mirror. These two effects were significant at

this size, as seen in the flux spectra shown in Figure 40 and Figure 42.
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FIGURE 42: THE SPECTRA OF PHOTONS REACHING THE SOLAR CELL FOR FOUR DIFFERENT

CONCENTRATIONS. THE LENGTH OF THE LSC IS 10CM AND THE SYSTEM CONTAINS NO LAMBERTIAN AIR
GAP MIRROR AT THE BACKSIDE. THE BINS ARE 7NM EACH AND THE HEIGHT GIVES THE AMOUNT OF
PHOTONS.

Figure 43 shows the destination of the absorbed photons. The percentage of absorbed photons
reaching the PV cell decreased with increasing luminophore concentration'®. The increases of QE
losses and EC losses by increasing concentrations were subscribed to the reabsorption effect.
Reabsorption subjected the photons again to loss mechanisms as EC losses and QE losses causing

an increase in the likelihood of losing photons.

'8 The absolute value of absorbed photons increased with in increasing concentration. This is not shown in Figure 43.
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FIGURE 43: THE DESTINATION OF ABSORBED PHOTONS (GIVEN IN PHOTON COUNT) PLOTTED
AGAINST SIZE (LENGTH IS 10CM, WITHOUT A LAMBERTIAN AIR GAP MIRROR AT THE BACKSIDE).

The reabsorption loss factor is subtracted from this data. The quantum efficiency losses were 5%
without reabsorption, so everything above 5% QE losses per absorbed photon is caused by again
submitting a part of the photons to this loss mechanism (due to reabsorption). The escape cone losses
were calculated at 25.14% at this size'’. So, all the losses above 0.95 * 25.14% were subscribed to
reabsorption losses as well. This is also explained in Appendix H.

The losses due to reabsorption increased with increasing concentration, as seen in Figure 44. The
reabsorption losses were already causing 5% of the absorbed photons to be lost at very low
concentrations. This is due to the high absorption coefficients in the overlapping part the emission
spectrum (see Figure 37). The losses due to reabsorption increased to 13% of the absorbed photons
at an absorption coefficient of 200m™ (at 570nm), and even to 18% at high concentrations. The height

of the reabsorption loss plateau depends on the amount of reabsorption events, the escape cone
losses and the quantum efficiency.
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FIGURE 44: THE LOSS PROCESSES (PHOTON AMOUNT) PLOTTED WITH THE REABSORPTION LOSSES
EXTRACTED FROM THE DATA.

' The EC losses without reabsorption events are 25.14% at size length = 10 cm (the result within the simulation with the perfect
luminophore)

60|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Results: Lumogen Red 305.

The reabsorption losses were significant at an LSC length of 10cm, and were expected to reach higher
values in larger sizes due to longer travel lengths. To study the relationships between size and ideal
concentration simulations with changing concentration were performed for sizes between 1 and 100cm
length.

In Figure 45 the destination of absorbed photons is shown for three different sizes with both with and
without background absorption. These simulations were conducted without the Lambertian air gap
mirror at the backside to be able to make better comparisons between the results. Figure 45 shows
results for simulations at lengths of 10, 30 and 60cm. These simulations were conducted with 50.000,
75.000, and 100.000 photons respectively. Increasing luminophore concentration was causing
increasing reabsorption losses with a saturation value around 23% of the absorbed photons (Figure
45¢ and Figure 45e). The figures without the background absorption show that at larger sizes about
35% of the absorbed photons reached the solar cell. The reabsorption losses could not be subtracted

out of the simulation conducted with background absorption due to the interchangeability of the loss
mechanisms.

At a length of 30cm the background absorption lowered the photon amount reaching the solar cell with
a factor of ~0.62 to 25% of the absorbed photons. At a length of 60cm this factor changed to ~0.42
(that resulted in a percentage of 15% of the absorbed photons reaching the solar cell) making
background absorption a dominant loss factor. The percentage of background losses decreased with
increasing concentration due to the interchangeability of the loss mechanisms. When a photon is lost
due to reabsorption it could not be lost as background absorption anymore.
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FIGURE 45: THE GRAPHS SHOW THE DESTINATION OF THE ABSORBED PHOTONS OVER INCREASING

CONCENTRATION UNDER DIFFERENT LENGTHS. FIGURE A,C AND E ARE WITHOUT BACKGROUND
ABSORPTION, FIGURE B,D AND E ARE WITH BACKGROUND ABSORPTION.

Figure 46 shows the concentration factors (G) that were reached without a Lambertian air gap mirror
placed at the backside. A concentration factor around 2 was reached with Lumogen Red 305 within
this defined system (with background absorption).

E"sLength [m]

FIGURE 46: A 3D PRESENTATION OF CONCENTRATION FACTORS UNDER CHANGING SIZE AND
CONCENTRATION WITHOUT LAMBERTIAN AIR GAP MIRROR. AC = ABSORPTION COEFFICIENT.
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7.3. IMPACT OF THE DIFFERENT LOSS PROCESSES

The optical photon efficiency reached a plateau by increasing absorption strengths. This plateau
started at absorption coefficients of 200m™ at a wavelength of 574nm, (with a Lambertian air gap
mirror at the backside) or 300m™ (without the Lambertian air gap mirror). The concentration factor
showed a limit around G=2. This limited performance was mainly caused by the low absorption
efficiency. Escape cone losses and the reabsorption losses were considered as the most important
loss mechanisms, but at larger sizes the background absorption losses (or waveguide efficiency) were
the dominant loss factor.

The efficiencies for a LSC doped with Lumogen Red 305 with background absorption (waveguide
losses) and without Lambertian air gap mirror were extracted from the above presented results. This is
done at an absorption coefficient of 300m™ at a wavelength of 574nm. This absorption coefficient
correlates at the lowest concentration in the efficiency plateau reached with increasing the
concentration. The calculated efficiencies are given in Table 5. The Napsorpion Of 0.17 is low compared to
the maximum Napsorpion Of 0.48 of the perfect luminophore. That means that there is still a lot to win
within the harvesting of photons with luminophores. The impact of reabsorption is a factor of 0.77 at a
length of 10cm and it decreased to a factor of 0.6 at a length of 60 cm. The waveguide efficiency
decreased from an efficiency of 0.81 to 0.42 by scaling up the LSC from 10cm length to 60cm length.
The increase in length to 60cm resulted in a decrease of the optical efficiency from 6% (10cm length)

to around 2%.

TABLE 5: THE DIFFERENT EFFICIENCIES WERE CALCULATED USING THE SIMULATION SOFTWARE
PVTRACE. ALL EFFICIENCIES ARE GIVEN AS FLUX EFFICIENCIES COMPARED TO THE SOLAR
IRRADIATION OF AN AM1.5G SPECTRUM AT THE LSC.*™

10cm 30cm 60cm

TFresnel 0.96 0.96 0.96

M absorption 0.17 0.17 0.17

Mok 0.95 0.95 0.95

Nec 0.75 0.75 0.75

Nair gap 0.83 0.83 0.83

F(Nge)Nec) Nair gap)Reabsorption 0.77 0.65 0.60
Nwaveguide 0.81 0.62 0.42

Nopt ¢ 0.06 0.04 0.02

18 . .
For calculations see appendix H
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8. RESULTS: QDS

Type-Il core-shell quantum dots are a relative new kind of luminophores. The advantages of low
reabsorption and a broad absorption spectrum are promising characteristics. As explained in Section
3.1, quantum dots were examined as luminophores. This Chapter presents the effects of the quantum
dot characteristics on the LSC. This Chapter follows the methods described in Chapter 3 and
investigates two different quantum dots. Section 8.1 shows the results of the simulations with QD1 as

luminophore. Thereafter, Section 6.2 describes the results of the simulations with QD2 as
luminophore.

8.1. QUANTUM DOT 1

Quantum dot 1 (QD1) is a CdTe-CdSe Type-Il core-shell multipod. Figure 47 shows the normalized
absorption and emission spectra of QD1. There is strong absorption in the high energy part of the
spectrum. At wavelengths longer than 570nm the absorption coefficient reaches very low absorption
coefficients towards zero at 800nm. This, so called, tail is characteristic in type-ll QD absorption
spectra. The simulations with QD1 were conducted with a QE of 48%". The goal was to examine if
these QDs provide better efficiencies within LSCs than Lumogen Red 305.
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FIGURE 47: THE NORMALIZED ABSORPTION AND EMISSION SPECTRA OF QD1
8.1.1. MIRROR AT BACKSIDE, NO BACKGROUND ABSORPTION

A series of simulations with a varying concentration was performed. The LSC had size of 10 x 3.5 x
1cm®. The simulations contained a Lambertian air gap mirror at the backside and no background
absorption. At the y-axis there was chosen for the absorption coefficient at 520nm.?° Figure 48 shows
the optical efficiencies with increasing concentration.

19 The measured QE of this specific QD was <10% but 48% can quite easily be reached with similar spectra.
20 .. . ) . .
It is not known to which concentration this absorption strength correlates
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FIGURE 48: THE OPTICAL EFFICIENCIES OF A LSC WITH SIZES 10 X 3.5 X 1CM® WITH INCREASING
CONCENTRATION.

The efficiency increased with increasing concentration until it reached a peak value around an
absorption coefficient of 60m™. After the peak value the efficiency dropped again until it saturated. To
get more insight into this peak value the effects of the loss processes were examined. The efficiency
of the QD1 doped LSC showed a peak value against increasing luminophore concentrations. This
peak value occurs because the loss processes increased more with increasing concentration than the
increased harvesting of photons. Appendix G elaborates this phenomenon more extensively.

With QD1 as luminophore the largest losses were still the not absorbed energy, although more energy
was absorbed than with Lumogen Red 305 (see Figure 49b). The QE losses were much larger than
with Lumogen Red 305. This is due to the lower QE. Escape cone losses and QE losses increased
with size due to the enhancement by reabsorption events. Figure 50 shows the spectra of photons that
reached the solar cell at different luminophore concentrations. The red-shift of the spectra is the result
of reabsorption. The effect of more absorption was seen in the decrease of photons reaching the solar
cell within the absorption range of QD1.
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FIGURE 49: A) SIMULATION RESULTS IN PHOTON AMOUNT OVER INCREASING CONCENTRATION WITH
QD1. B) THE DIFFERENCE BETWEEN ABSORPTION OF THE AM1.5G SPECTRUM FOR LUMOGEN RED 305
AND QD1 WITH 574NM AND 520NM ABSORPTION COEFFICIENTS RESPECTIVELY.

A few photons with a wavelength shorter than 360nm reached the solar cell at an absorption

coefficient of 287.15m™. This is because the absorption spectrum had only values starting at

wavelength of 360nm, so the photons emitted at shorter wavelengths could not be absorbed within the

simulation. So the photons that reached the solar cell with wavelengths shorter than 360nm were

directly scattered from the Lambertian mirror onto the solar cell. In real life they would be absorbed

because the quantum dots experience their highest absorption coefficients in that region. This is no
catastrophic mistake because it only counts for 0.75% of the photon flux therefore the results are still

valid.
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FIGURE 50: THE SPECTRA OF PHOTONS REACHING THE SOLAR CELL FOR FOUR DIFFERENT

CONCENTRATIONS. THE LENGTH OF THE LSC IS 10CM AND THE SYSTEM CONTAINS A LAMBERTIAN AIR

GAP MIRROR AT THE BACKSIDE. THE BINS ARE 7NM EACH AND THE HEIGHT GIVES THE AMOUNT OF
PHOTONS.

8.1.2. NO MIRROR AT THE BACKSIDE

To be able to extract the losses due to reabsorption simulations without the Lambertian air gap mirror
at the backside were performed. Figure 51 shows the results of simulations of the same system
described earlier but without the Lambertian air gap mirror at the backside.

Efficiency with increasing concentration
without a Lambertian mirror at the backside
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FIGURE 51 : THE OPTICAL EFFICIENCIES OF A LSC WITH SIZES 10 X 3.5 X 1CM® WITH INCREASING
CONCENTRATION WITHOUT LAMBERTIAN AIR GAP MIRROR AT THE BACKSIDE.

The energy efficiency peaks at an absorption coefficient of 97m™ at 4.5% (2.5% lower than with the
Lambertian air gap mirror). The 2.5% difference in peak value was attributed to the scattering effect of
the Lambertian air gap mirror, part of the scattered photons were directly directed onto the solar cell.

Also more harvesting of light by the luminophore caused an increase in efficiency. The significance of

67|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Results: QDs.

the directly onto the solar cell scattered photons is seen in the flux spectra in Figure 50 and Figure 52.
Also the advantage of a doubled absorption length is seen is Figure 50a and Figure 52a by the higher

peak value of the emission spectrum.
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FIGURE 52: THE SPECTRA OF PHOTONS REACHING THE SOLAR CELL FOR FOUR DIFFERENT
CONCENTRATIONS. THE LENGTH OF THE LSC IS 10 CM AND THE SYSTEM CONTAINS NO LAMBERTIAN
AIR GAP MIRROR AT THE BACKSIDE. THE BINS ARE 7NM EACH AND THE HEIGHT GIVES THE AMOUNT OF
PHOTONS.

The percentage of absorbed photons that reached the solar cell, decreased by increasing absorption
coefficients, as seen in Figure 53. The increase in percentage of QE losses and EC losses by

increasing concentrations was subscribed to the reabsorption events.
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FIGURE 53 : THE DESTINATION OF ABSORBED PHOTONS PLOTTED AGAINST SIZE. (LENGTH IS 10CM)
WITHOUT LAMBERTIAN AIR GAP MIRROR AT THE BACKSIDE

The losses due to reabsorption are graphically shown in Figure 54. The quantum efficiency losses
were set at 52%. The escape cone losses were calculated at 25.14% at this size. So everything above
0.48 * 25.14% was subscribed to reabsorption losses. The air gap losses were calculated to be 17% of
the trapped photons, so everything different than 0.48 * 0.2514 * 0.17 was subscribed to the
reabsorption effect as well. The reabsorption losses were very low at low concentration but increased
to 20% of the absorbed photons at high concentration.
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FIGURE 54: THE LOSS PROCESSES (PHOTON AMOUNT) PLOTTED WITH THE REABSORPTION LOSSES
EXTRACTED FROM THE DATA.

The reabsorption losses were quite significant and are expected to cause more losses at larger sizes
due to longer travel lengths. In Figure 55 the destination of absorbed photons is shown for three
different sizes for both with and without background absorption. These simulations were conducted
without the Lambertian air gap mirror at the backside. The simulations at the length of 10cm, length of
30cm and length of 60cm were conducted with 50.000, 75.000, and 100.000 photons respectively.
Increased concentration resulted in larger reabsorption losses with saturation around 22% of the
absorbed photons (Figure 55c and Figure 55e¢).
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At a length of 30cm the background absorption lowered the photon amount reaching the solar cell with

a factor of ~0.62 to 6% of the absorbed photons. At a length of 60cm this factor changed to ~0.42 (that

resulted in that 4.5% of the absorbed photons reached the solar cell) making background absorption a

dominant factor. The percentage of background losses decreased with increasing concentration due

to the interchangeability of the loss mechanisms. When photons were lost due to reabsorption it could

not be lost by background absorption anymore.
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FIGURE 55: THE GRAPHS SHOW THE DESTINATION OF THE ABSORBED PHOTONS OVER INCREASING
CONCENTRATION UNDER DIFFERENT LENGTHS. FIGURE A,C AND E ARE WITHOUT BACKGROUND
ABSORPTION, FIGURE B,D AND E ARE WITH BACKGROUND ABSORPTION.
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Figure 56 shows the concentration factors for different sizes at different luminophore concentrations.
Figure 56a and Figure 56b are both results of simulations without the Lambertian air gap mirror at the
backside. Figure 56¢ and Figure 56d are results of simulations with the Lambertian air gap mirror.
There is a slight shift seen to higher absorption coefficients for the peak value of the efficiency (or

concentration factor) at larger sizes. But, the most important conclusion is that no concentration factor

above 1.0 was reached anywhere.

c) d)

FIGURE 56: (A,C) A 3D PRESENTATION OF THE RESULTING CONCENTRATION FACTOR S . (B.D ) THE
CORRESPONDING SURFACE PLOTS OF THE CONCENTRATION FACTORS. FIGURE A AND B ARE
WITHOUT LAMBERTIAN AIR GAP MIRROR AT THE BACKSIDE, FIGURE C AND D ARE WITH. AC =
ABSORPTION COEFFICIENT.

8.1.3. IMPACT OF THE DIFFERENT LOSS PROCESSES

QD1 as luminophore never reached a concentration factor above 1 with a background absorption

coefficient of 0.5 m™. The loss efficiencies for a LSC doped with QD1 with background absorption
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(waveguide losses) and without Lambertian air gap mirror are extracted from the presented results.

This is done at peak efficiency at an absorption coefficient of 60m™ at a wavelength of 520nm.

As seen in Table 6, the quantum efficiency has a large effect on the total efficiency. Also the Nreapsorption
is lower than with Lumogen Red 305 as luminophore. This is remarkable because the absorption
spectrum of QD1 is broader. The explanation is that due to the strongly increased reabsorption losses
the ideal concentration was reached at levels where not all the light that could be absorbed actually

was absorbed.

The waveguide efficiency was higher than with Lumogen Red 305 as luminophore. This implies that
the average travelled length of the photons reaching the solar cell was less within the QD1 doped
LSCs compared to the LSC doped with Lumogen Red 305. The reason for this is that the photons with
the longer path lengths were already lost via other loss mechanism (reabsorption). Another reason can

be the statistical error within the simulations caused by the limited amount of photons simulated.

Type-Il quantum dots promised a larger Stokes shift that should have resulted in a higher Feapsorption- IN
contrast to the expectations the reabsorption losses were larger with QD1. This is partially due to the
lower QE, more percentage of photons was lost per reabsorption event, but even as important is the
tail of the absorption spectrum of QD1. The very small absorption coefficients overlapping with the
emission spectrum caused much reabsorption events at longer travel lengths and higher

concentrations.

TABLE 6: THE DIFFERENT EFFICIENCIES CALCULATED WITH THE SIMULATION SOFTWARE PVTRACE.
ALL EFFICIENCIES FLUX EFFICIENCIES COMPARED TO THE SOLAR IRRADIATION OF AN AM1.5G
SPECTRUM AT THE LSC.%

10cm 30 cm 60 cm

TFresnel 0.96 0.96 0.96

Nabsorption 0.16 0.16 0.16

NoE 0.48 0.48 0.48

Nec 0.75 0.75 0.75

N 4ir gap 0.83 0.83 0.83

F(MoE, Mec) Nair gap)Reabsorption 0.66 0.49 0.39
Nwaveguide 0.89 0.68 0.52

Nopt ¢ 0.03 0.02 0.01

21 . .
For calculations see appendix H
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8.2. QUANTUM DOT 2

Quantum Dot 2 (QD2) is a Type-Il dot-core/rod-shell nanorod with a size around 20nm

in length. The

simulated quantum efficiency was 60%*. The absorption- and emission spectrum looked a lot like

those of QD1, only the absorption spectrum is a slightly broader and the absorption ta

il is less long.

The emission spectrum is bit shifted to the red. The goal of the simulations with these spectra was to

examine the possibilities to higher efficiencies with Type-ll quantum dots. Figure 57
normalized absorption- and emission spectrum of QD2.
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FIGURE 57: NORMALIZED ABSORPTION AND EMISSION SPECTRA OF QD2

8.2.1. NO MIRROR AT BACKSIDE

A series of simulations with varying absorption coefficients was performed. The LSC had size of 10 x

3.5 x 1cm®. A perfect Lambertian air gap mirror at the backside was used and 50.000
simulated. At the y-axis there was chosen for the absorption coefficient at 520nm.* Fig
the optical efficiencies with increasing concentration without background absorption an
Lambertian air gap mirror.
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FIGURE 58: THE OPTICAL EFFICIENCIES OF A LSC WITH SIZES 10 X 3.5 X 1CM® WITH
CONCENTRATION.

2 Measured QE=48%, but QE=60% are measured quantum efficiencies of other batches of Type-Il QD’s
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The efficiency increased with increasing absorption coefficients until it reached a plateau (around
250m'1). The optical efficiencies were comparable with Lumogen Red 305 doped LSCs. Figure 59
shows the losses without and due to reabsorption. The negative reabsorption losses seen at very low
absorption coefficients were caused by the reabsorption of photons that else would be lost as air gap
losses. The photons that would have escaped through the air gap needed to travel a relative long
length before escaping. The likelihood for reabsorption was thereby larger than for other photon.
Reabsorption saved these photons from escaping. But when the absorption coefficients became

higher the additional losses toke over until about 5% of the absorbed photons were lost due to
reabsorption.
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FIGURE 59: THE LOSS PROCESSES (PHOTON AMOUNT) PLOTTED WITH THE REABSORPTION LOSSES
EXTRACTED FROM THE DATA. QE=60%

Figure 60 shows that the reabsorption losses caused a 5% loss of absorbed photons at both 10cm,
30cm and 60cm length. At large sizes about 30% of the absorbed photons reached the solar cell,

considering no background absorption. This value is comparable with Lumogen Red 305.
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FIGURE 60: THE GRAPHS SHOW THE DESTINATION OF THE ABSORBED PHOTONS OVER

CONCENTRATION UNDER DIFFERENT LENGTHS.

INCREASING

FIGURE A,C AND E ARE WITHOUT BACKGROUND
ABSORPTION, FIGURE B,D AND E ARE WITH BACKGROUND ABSORPTION.
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8.2.2. IMPACT OF THE DIFFERENT LOSS PROCESSES

The shorter tail in the absorption spectra of QD2 reduced the reabsorption losses significantly to a

factor of 0.86 at larger sizes, as seen in Table 7. The loss efficiencies for a LSC doped with QD2 with

background absorption (waveguide losses) and without Lambertian air gap mirror were extracted from

the presented results. This was done at the peak efficiency reached at an absorption coefficient of

250m™, at wavelength 520nm. The absorption efficiency of 0.24 was an improvement but still very

modest compared to the maximum of 0.48.

TABLE 7: THE DIFFERENT EFFICIENCIES CALCULATED WITH THE SIMULATION SOFTWARE PVTRACE.
ALL EFFICIENCIES FLUX EFFICIENCIES COMPARED TO THE SOLAR IRRADIATION OF AN AM1.5G

SPECTRUM AT THE LSC.

10cm 30cm 60 cm
Neresnel 0.96 0.96 0.96
N absorption 0.23 0.23 0.23
NoE 0.60 0.60 0.60
NEc 0.75 0.75 0.75
Nair gap 0.83 0.83 0.83
F(Nqg)NEc) Nair gap)Reabsorption 0.92 0.87 0.86
Nwaveguide 0.85 0.62 0.45
Nopt 0.06 0.04 0.03
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9. COMPARISON OF LUMINOPHORES

The results of the different luminophores, presented in the chapters 6, 7 and 8, are compared in this
Chapter. The comparisons considered a system without Lambertian air gap mirror with the loss
mechanism background absorption at the luminophore concentration, per luminophore, that resulted in
the highest system efficiency. Section 9.1 discusses the equalities of the LSCs doped with the different
luminophores. Thereafter, the differences of the LSCs doped with the different luminophores are
discussed in Section 9.2. And finally a simple economical assessment is shown for the best (real)
luminophore and the hypothetical perfect luminophore.

9.1. EQUALITIES OF THE DIFFERENT LUMINOPHORES

The LSCs doped with different luminophores showed some equivalent loss efficiencies. Table 8
presents these losses. At the bottom of this table the total impact of the equivalent loss mechanisms is
presented. The escape cone losses were the most significant equivalent losses. Overall, all the LSCs,
doped with different luminophores had in common that 40% of the energy was lost due to this ‘fixed

losses’.

TABLE 8: AN OVERVIEW OF THE LOSS MECHANISMS WITH EQUIVALENT EFFICIENCIES OVER THE
DIFFERENT LUMINOPHORES.

LR305 QD2 QD1 Perfect
NEresnel 0.96 0.96 0.96 0.96
Nec 0.75 0.75 0.75 0.75
Nair gap 0.83 0.83 0.83 0.83
Total impact 0.60 0.60 0.60 0.60

The equivalent loss mechanisms happened to be design dependent efficiencies. These loss
mechanisms depended on the characteristics of the waveguide, the geometry of the waveguide and
the placement of the air gap mirrors. They were independent from variables used in this research as:
luminophore type, luminophore concentration and LSC size.

9.2. DIFFERENCES OF THE DIFFERENT LUMINOPHORES

The LSCs doped with different luminophores showed different efficiencies over some loss
mechanisms. Table 9 presents these loss mechanisms with associated efficiencies per luminophore at
a length of 10cm. The quantum efficiency was a set parameter and a property of the luminophore. The
largest loss mechanism in the system was imperfect harvesting of the light in the waveguide. Perfectly
48% of the light could be captured. Lumogen Red 305, the current quasi-standard, captured 17%
percent of the light. Surprisingly, QD1 showed lower absorption efficiency than Lumogen Red 305.
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While quantum dots promised better harvesting of light due to the broader absorption spectra. The
decreased absorption efficiency (to 16%) is explained by the lower ideal luminophore concentration
used by QD1 compared to Lumogen Red 305. The lower ideal concentration of QD1 results in
imperfect absorption over the absorption range of the solar spectrum. While Lumogen Red 305
absorbed (almost) all the photons in the absorption range of the spectrum. That resulted in higher
absorption efficiencies for Lumogen Red 305 than for QD1, while the absorption spectrum of QD1 was
broader. QD2 had broader absorption spectra than QD1. The characteristic tail of the absorption
spectrum of QD1 started around 580nm while the tail of the absorption spectrum of QD2 started
around 630nm. Also the ideal concentration of QD2 was higher than of QD1. This resulted in an
approved absorption efficiency of 23%. The reabsorption losses were losses due to reabsorption
events. These were dependable of the amount of reabsorption events, the size of escape cone and
the quantum efficiency. The perfect luminophore had no reabsorption losses, Lumogen Red 305 had a
reabsorption factor of 0.77, QD2 a reabsorption factor of 0.92 and QD1 a reabsorption factor of 0.66.
The reabsorption factor of QD2 was higher while the losses per reabsorption event were also higher
(due to lower quantum efficiency). This implied that an LSC doped with QD2 experienced way less
reabsorption events. Another interesting finding was the difference in waveguide efficiency. The
waveguide efficiency depended on the photon travel length and the background absorption coefficient.
The background absorption coefficient was equal in all simulations. Therefore the travelled length per
photon, reaching the solar cell, differed. Lumogen Red 305 doped LSCs had the longest travel length
followed by the LSCs doped with the perfect luminophore. In the LSCs doped with the QD’s part of the
photons with the longer travel lengths were already lost before they could be absorbed by the
waveguide. This resulted in an overall loss factor of 0.39 for the perfect luminophore, 0.10 for
Lumogen Red 305, 0.11 for QD2 and 0.05 for QD1. This showed that QD2 doped LSCs were about
10% more efficient than Lumogen Red 305 doped LSCs at a waveguide length of 10cm.

TABLE 9: THE LOSS MECHANISMS WITH DIFFERENT EFFICIENCIES OVER THE LUMINOPHORES AT
LENGTH = 10CM

LR305 QD2 QD1 Perfect
Nabsorption 0,17 0,23 0,16 0,48
NoE 0,95 0,6 0,48 1
F(Mog: NEc Nair gap)Reabsorption 0,77 0,92 0,66 1
Nwaveguide 0,81 0,85 0,89 0,82
Total factor 0,10 0,11 0,05 0,39

The next step in the comparison was to see how the efficiencies changed with increased waveguide
size. Table 10 shows the efficiencies for the different luminophores at a length of 60cm. The

absorption efficiency and quantum efficiency were unaffected by the waveguide size.
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TABLE 10: THE LOSS MECHANISMS WITH DIFFERENT EFFICIENCIES OVER THE LUMINOPHORES AT
LENGTH = 60CM

LR305 QD2 QD1 Perfect
Nabsorption 0.17 0.23 0.16 0.48
Mok 0.95 0.60 0.48 1
F(Mog NEc) Nair gap)Reabsorption 0.60 0.86 0.39 1
NMwaveguide 0.42 0.45 0.52 0.42
Total factor 0.041 0.053 0.016 0.202

The reabsorption factor for QD1 and Lumogen Red 305 decreased significantly with the increased
waveguide size. While the reabsorption factor of QD2 did not increase significantly. Another important
factor with increasing size was that the waveguide losses were dominant at a length of 60cm. This
resulted in modest LSC efficiencies. The LSCs doped with QD2 performed about 30% better
compared to the LSCs doped with Lumogen Red 305.

QD2 was a better luminophore than Lumogen Red 305 due to the better reabsorption losses and

higher absorption efficiency. Still, the performances of this luminophores were about 25% of the

maximum (perfect luminophore), so there is a lot to gain.

9.3. ECONOMICAL ASSESSMENT

A small economical assessment was performed to show the current market performances of the
chosen LSC. A cost ratio [€/cm'2] of 4:1 for a c-Si-solar cell to a LSC plate was assumed®*. The
simulations with and without Lambertian air gap mirror at the backside were economically examined.
The loss process of background absorption was involved. This economical assessment was done for
both QD2 as the perfect luminophore

The defined LSC system contained a c-Si-solar cell with an efficiency of 18%. The calculations of ngys
is therefore done with the spectral response spectrum Ry 15(A) (EQ. 22 and Eqg. 23). The relative energy
production of the LSC per € compared to energy production per € of a c-Si-solar cell were calculated
with Eq. 40.

nsyse * Ein Ncen * Ein
LSCc + PVigc, PV,

Relative energy production = EQ. 40

The waveguide costs LSC, were the price per area times the area A. The area is length times width (=
Iength2 x 0.35). The PV sc area was height times width (=0.035 x length). So Eq. 40 was rewritten to

Eq. 41, with X as the costs of PV cells per square meter.

2 This value is based on 2013 market prices of Si-solar cells [55] and luminescent PMMA [56].
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R l ti d ti T’syse * 035L2 X * 035L2
= *
clative energy proQuction = 45X « 0.35L2 + X * 0.0035L  7oon * 0.35L2
EQ. 41

_ Nsyse * L " 1
0.25L +0.01  7oey

Figure 61 shows a 3D plot, with associated contour plot, of the relative energy production per €
produced by a QD2 doped LSC compared to the energy production per € of a c-Si solar cell. These
results were of a system without a Lambertian air gap mirror at the backside. The economical
comparison showed an optimal relative energy output of 0.3. This value was reached at a length

around 10cm with an absorption coefficient of 250m™ (measured at 520nm).
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FIGURE 61.THE RELATIVE KWH/€ OF A LSC SYSTEM COMPARED TO A SI-SOLAR CELL. A) THE 3D VIEW.

B) THE CONTOUR-PLOT. AC = ABSORPTION COEFFICIENT. THE SYSTEM IS WITHOUT A LAMBERTIAN

MIRROR AT THE BACKSIDE.

The analysis of the perfect dye (Figure 62) shows economical profitable LSCs at small sizes with a
perfect luminophore. It was concluded that the simple LSC geometry, with PMMA, presented was not
economical viable at this presented set-up. The background absorption losses had too much negative

influence on the system.
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FIGURE 62. THE RELATIVE KWH/€ OF A LSC SYSTEM COMPARED TO A SI-SOLAR CELL WITH A PERFECT

DYE
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10. DISCUSSION

This thesis was set out to assess the quality of CdTe-CdSe Type-ll core-shell quantum dots as
luminophores in LSCs. Also the impacts of the different loss mechanisms on the efficiency of the LSC
were determined. This chapter discusses the results of the research in Section 10.1. The reliability of
the results is discussed in Section 10.2. Finally, the implications of this research on the body of

knowledge are discussed in Section 10.3.

10.1. THE RESULTS

The results in this thesis quantify that LSCs doped with QD2, CdTe-CdSe Type-Il core-shell quantum
dots, were 10% more efficient than LSCs doped with Lumogen Red 305, at a length of 10cm. The
performances of LSCs doped with QD2 were even 30% better at a length of 60cm. Section 10.1.1
discusses the total impacts of these results and Section 10.1.2 put the results into broader context.

10.1.1. THE IMPACT OF THE RESULTS

The LSCs doped with CdTe-CdSe Type-Il core-shell quantum dots (QD2) showed 10-30% better
performances than the current quasi-standard LSCs (doped with Lumogen Red 305) within the
simulations. The relative performances increased with increasing waveguide size. But the impact of
this performance increase was modest. A 10% increase over an optical efficiency of 6% results in an
optical efficiency of 6.6%. Therefore the impact on the optical efficiency was not even 1% at 10cm
length. At a waveguide length of 60cm the relative performances of the ideal QD2 doped LSC were
30% better compared to the LSC ideally doped with Lumogen Red 305. A 30% increase over an
optical efficiency of 2% results in an optical efficiency of 2.6%. Therefore the impact on the optical
efficiency was also not even 1% at 60cm length. As comparison, the LSCs doped with the hypothetical
perfect luminophore performed 290% and 390% better than the LSC’s doped with Lumogen Red 305
for a waveguide length of 10cm and 60cm respectively. Furthermore became clear that the largest

problem in scaling-up LSCs was not reabsorption but was the parasitic absorption of the waveguide.

10.1.2. THE CONTEXT OF THE RESULTS

Type-Il core-shell quantum dots have promising characteristics as low overlap between the absorption
and emission spectra and broad absorption spectra. This research investigated the performances of a
few current state QD’s as luminophores. The results of this research were all presented as optical
efficiencies. But at the end the system efficiency is the most important efficiency. An increase in optical
efficiency results in a lower increase in system efficiency. This made the small improvement of the

change in luminophore even less significant.
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The simulations showed that QD2 was a significant better luminophore than Lumogen Red 305
despite of the modest QE of 60%. It is expected that higher QE’s will be reached in future research.
There are already published articles that claim QE’s of around 80%. The increase in QE will have a
large impact on the optical efficiency of thereby making Type-Il quantum dots an interesting option as
luminophore. Care has to be taken to keep the overlap in the characteristic tail of the absorption
spectrum and the emission spectrum to a minimum. Appendix | does contain a summary which

explains this, already in Chapter 9 discussed principles in detail.

10.2. THE RELIABILITY OF THE RESULTS

First, this research was performed using the simulation tool PVtrace. The simulations come with
statistical errors in the results due to the use of a random number generator. The two strategies
chosen: ‘high number of photons simulated’ and ‘truncation of the solar emission spectrum’, as

discussed in Chapter 3, resulted in a negligible random generator error.

Second, there was assumed that the QE of the luminophores was unaffected by the luminophore
concentration. This statement is valid for the concentrations used with the luminophore Lumogen Red
305 because this was measured. However, this statement was not measured for the simulated values
for the used quantum dots. But, the finding by Lumogen Red 305 gave enough certainty to make the

same assumption for the used quantum dots.

Third, the multiplication of the measured noise in the absorption spectra were assumed to show
influence at higher concentrations (high multiplication of the measured spectra), as shown in Section
7.1. The calculated efficiencies at these ‘higher’ absorption strengths were considered as less reliable
due to these errors within the absorption spectrum (for Lumogen Red 305). At high simulated
absorption coefficients the influence of the (multiplied) noise of the measured absorption spectrum
was getting significant within the model. This resulted in more initial absorption and more reabsorption
events in the simulation than in real life would be happened. Lumogen Red 305 started to show
absorption in a range where it is not possible. Therefore these higher concentrations were not used in

the calculation of efficiencies or the comparison section.
Overall could be concluded that the results were reliable, as demonstrated in Chapter 5 and Appendix

D.1. Only the results in the plateau (of optical efficiency against luminophore concentration) of

Lumogen Red 305 were considered less reliable.

10.3. IMPACT ON THE FIELD OF KNOWLEDGE

A lot of research was already done concerning LSCs (see Section 2). This research showed a working

simulation model with validation. This was already been done by other research groups. But, this
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thesis provides a clear format in classifying the photons under different loss mechanisms. Hereby
insight was generated in loss mechanisms as reabsorption losses and waveguide losses. Also it was
shown that the ideal concentration was only affected by the LSC size when the luminophore
concentration against efficiency showed a peak value instead of a plateau. This was not found in the
literature yet. Also the effect of a mirror at the backside of the waveguide was found to be negligible at
large sizes. Also it was shown that quantum dots can already be better luminophores than Lumogen
Red 305. And finally, the statement that an air gap mirror is principally better than a direct mirror was
proven wrong. This is dependent of the reflection index of the mirror and the size of the air gap. These

findings, used frameworks and methods thereby contribute to the body of knowledge.
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11. CONCLUSION

CdTe-CdSe Type-ll core-shell quantum dots can provide a solution in achieving higher efficiencies
within LSCs. The most important factors with the use of CdTe-CdSe Type-Il core-shell quantum dots
as luminophores were possibility of enhanced harvesting of light and less impact of losses due to
reabsorption. This thesis assesses the quality of CdTe-CdSe Type-ll core-shell quantum dots as
luminophores and the LSC system in general. PVtrace was used as simulation tool in this thesis in
order to answer the research questions. Section 11.1 presents the results to the research questions.
Then, Section 11.2 presents the limitations of this study. Thereafter, the suggestions for further

research are presented in Section 11.3. Finally, the final remarks are presented in Section 11.4.

11.1. ANSWERS TO THE RESEARCH QUESTIONS

This research sought answers to the following (sub) question(s):

What is the relation between ideal size and ideal concentration?

It has been shown that increasing concentration enhanced the harvesting of light, as described by law
of Lambert-Beer, and it enhanced the amount of reabsorption events, thereby the reabsorption losses.
The increase in concentration caused an increase in efficiency until the efficiency reached a plateau
(Lumogen Red 305 and QDZ2) or increased until the reabsorption losses toke over (QD1), which
resulted in a peak value. The ideal concentration showed a shift to higher concentrations for the
luminophore with a peak value in efficiency by increasing LSC-lengths. The ideal concentration
showed to be independent of the size when a plateau was reached for efficiency against increasing

luminophore concentration.

What are the maximum achievable performances for the different luminophores within
the defined LSC?

The maximum achievable performances simulated were, besides with the hypothetical perfect
luminophore, with QD2. The optical efficiencies reached were 6.4% for an LSC-length of 10cm and
3.2% for an LSC-length of 60cm. These efficiencies were achieved without a Lambertian air gap mirror
at the backside and at an absorption coefficient of 250m™, at wavelength 520nm. With a QD2 doped
LSC a relative energy production per € of 0.3 was achieved compared to the energy production per €
by the same Si solar cell (of 18% efficiency) without an LSC attached. Also concentration factors
around 2 were reached. LSCs doped with Lumogen Red 305 reached optical efficiencies of 6% and
2% for LSC lengths of 10cm and 60cm respectively. Also these efficiencies were achieved without a
Lambertian air gap mirror at the backside. The absorption coefficient used to reach these efficiencies
was 300m™ at 574nm. The LSCs doped with the perfect luminophore showed efficiencies of 23% and

12% for LSC lengths of 10cm and 60cm respectively.
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What are the important loss factors within LSCs using different luminophores?

The fixed loss factors, due to the simulation framework, were accountable for a factor of 0.6. This
implies that 40% of the photons always were lost, no matter which luminophore was chosen. These
fixed loss factors were EC losses (0.75), air gap losses (0.83) and losses due to external reflection
(0.96). The EC losses and air gap losses were lower, than stated above, when the LSC length was
reduced to 5cm and lower. The air gap losses were significant at the used air gap of 0.5mm, thereby
showing that air gap mirrors does not necessary have to be better than direct attached mirrors.

Furthermore, QE was a fixed luminophore dependent loss factor with a significant influence.

The impact of reabsorption was calculated. It was shown that the impact of reabsorption depended on
the amount of reabsorption events and the likelihood of losing photons per such event. For Lumogen
Red 305 the impact of reabsorption was a factor 0.6 at an LSC-length of 60cm. It was shown that QD2
suffered less reabsorption impact (0.82). This was due to the negligible absorption coefficients
overlapping with the emission spectrum. This research showed that very small absorption coefficients
overlapping with the emission spectrum largely enhanced the reabsorption impact. This is due to large
photon travel lengths before reaching the solar cell compared to the small lengths in which photons

(from the sun) could be initially absorbed.

Furthermore, the nyaveguiae Of PMMA was the limiting factor by increasing the LSC-size. The
waveguide efficiency was already as low as 60% for LSC-sizes of 30 x 10.5 x 1cm®. Thereby was 40%
of the optical efficiency lost, due to parasitic absorption, at a length of 30cm. In the ideal situation the
waveguides should be as large as 1m. But with these background absorption losses this cannot be

achieved.

Main Question: Do CdTe-CdSe Type-Il core-shell quantum dots provide a solution in

achieving higher LSC efficiencies?

Slightly higher optical efficiencies were already achieved at quantum efficiencies of 60% (with QD2). It
is expected that future research will improve the QE of quantum dots. There are already quantum
efficiencies reported for Type-Il QDs around 80%. So, quantum dots provide a solution in achieving
higher LSC efficiencies. But the background losses resulted in a limitation of the concentration factor
for QD2 around G=2. For higher concentration factors the absorption spectra need to be broader, the

QE higher and the background absorption lower.

11.2. LIMITATIONS OF THE STUDY

This study was limited to just a single geometry. This geometry was a height of 1cm, a length-to-width
ratio of 1:0.35, a solar cell attached to a height times width surface and air gap mirrors attached to the
other three smallest sides (with an air gap of 0.5mm). This thesis investigated this geometry and the
impact of different luminophores with different concentrations on the system. Thereby was shown that
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QD2 had better performances than Lumogen Red 305 independent from the geometry (see Section

9.1. and Section 9.2). However, a change in geometry is likely to influence the optical efficiencies and

reached concentration factors. But that is another kind of study. With the economical assessment

should be taken into account that a change in geometry can largely influence the assessment.

11.3. RECOMMENDATIONS FOR FURTHER RESEARCH

1) Geometry study: The geometry is likely to influence the concentration factors and efficiencies

within the system. A study towards the ideal geometry and ideal placement of the solar cells is

therefore useful to study.

2) Different QDs: Chemical studies should try to make a quantum dot with a broad absorption

spectrum and low overlap between the reabsorption spectrum and the emission spectrum.

This is the first requirement for better performances. Thereafter the QE should at least be 60%

to improve current state.

3) Different waveguides: The waveguide showed to be the largest problem in scaling up the

LSC. Research is necessary to improve the quality of the PMMA or to replace the waveguide

for a different material like glass, fiberglass or even the liquid toluene.

11.4. FINAL REMARKS

This research aimed to compare current state Type-Il core-shell quantum dots as luminophore with the

current quasi-standard Lumogen Red 305. A solid method was used to calculate this. Thereby was the

impact of every loss mechanism determined. The economical assessment showed that electricity

generated by a QD2 doped LSC of length 60cm was four times as expensive as electricity generated

by the same solar cell but without the waveguide. But by improving the waveguide, enhancing the QE

to 85% and closing the air gaps this system can be economical viable®.

TABLE 11: AN OVERVIEW OF THE NECCESAIRY STEP TO MAKE LSCS ECONOMICAL VIABLE.

Real QD2 (60cm)

Improved system

NFresnel 0.96 0.96
nAbsorption 0.23 0.23
MoE 0.60 0.85
Nec 0.75 0.75
Nair gap 0.83 1
F(nQEr NEc, Nair gap)Reabsorption 0.86 0.9026
r]Waveguide 0.45 0.90
Nopt 0.03 0.11

% Under the same economical assumptions of a waveguide-to-PV-cell cost ratio of 1:4.
% An improved QE results in an improved reabsorption factor

86|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

References.

REFERENCES

[1] W. G. J. H. M. van Sark, K. W. J. Barnham, L. H. Slooff, A. J. Chatten, A. Bichtemann, A.
Meyer, S. J. McCormack, R. Koole, D. J. Farrell, R. Bose, E. E. Bende, A. R. Burgers, T.
Budel, J. Quilitz, M. Kennedy, T. Meyer, C. D. M. Donega, A. Meijerink, and D.
Vanmaekelbergh, “Luminescent Solar Concentrators--a review of recent results.,” Opt.
Express, vol. 16, no. 26, pp. 21773-92, Dec. 2008.

[2] Z. Krumer, S. J. Pera, R. J. a. van Dijk-Moes, Y. Zhao, A. F. P. de Brouwer, E. Groeneveld, W.
G. J. H. M. van Sark, R. E. I. Schropp, and C. de Mello Donegd, “Tackling self-absorption in
luminescent solar concentrators with type-Il colloidal quantum dots,” Sol. Energy Mater. Sol.
Cells, vol. 111, pp. 57-65, Apr. 2013.

[3] A. Sanguineti, M. Sassi, R. Turrisi, R. Ruffo, G. Vaccaro, F. Meinardi, and L. Beverina, “High
Stokes shift perylene dyes for luminescent solar concentrators.,” Chem. Commun. (Camb).,
vol. 49, no. 16, pp. 1618-20, Feb. 2013.

[4] F. Pietra, R. J. a. van Dijk - Moes, X. Ke, S. Bals, G. Van Tendeloo, C. de Mello Donega, and
D. Vanmaekelbergh, “Synthesis of Highly Luminescent Silica-Coated CdSe/CdS Nanorods,”
Chem. Mater., vol. 25, no. 17, pp. 3427-3434, Sep. 2013.

[5] D. G. Nocera and M. P. Nash, “For the “In This Issue” summary,” vol. 104, no. 42, 2007.

[6] K. Emery, “National Renewable Energy Laboratory (NREL), Golden, CO.” .

[7] A. Bernin and L. I. Fraunhofer, “Record mondial : une cellule solaire atteint 44,7% d’efficacite,”
pp. 7-9, 2013.

[8] F. Photovoltaics, “GLOBAL MARKET,” 2013.
[9] K. R. McIntosh, N. Yamada, and B. S. Richards, “Theoretical comparison of cylindrical and
square-planar luminescent solar concentrators,” Appl. Phys. B, vol. 88, no. 2, pp. 285-290, Jul.

2007.

[10] R.Winston, “Thermodynamics illuminates solar optics,” SPIE Newsroom.
http://spie.org/x48979.xml?pf=true&ArticleID=x4.., 07-Jul-2011.

[11] J. S. Batchelder, a H. Zewail, and T. Cole, “Luminescent solar concentrators. 1: Theory of
operation and techniques for performance evaluation.,” Appl. Opt., vol. 18, no. 18, pp. 3090—
110, Sep. 1979.

[12] M. G. Debije and P. P. C. Verbunt, “Thirty Years of Luminescent Solar Concentrator Research:
Solar Energy for the Built Environment,” Adv. Energy Mater., vol. 2, no. 1, pp. 12-35, Jan.
2012.

[13] P.Lorenz, D. Pinner, and T. Seitz, “The economics of solar power,” McKinsey Q., 2008.

87|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

References.

B. C. Rowan, L. R. Wilson, and B. S. Richards, “Advanced Material Concepts for Luminescent
Solar Concentrators,” IEEE J. Sel. Top. Quantum Electron., vol. 14, no. 5, pp. 1312-1322,
2008.

J. Gutmann, M. Peters, B. Blasi, M. Hermle, A. Gombert, H. Zappe, and J. C. Goldschmidt,
“Electromagnetic simulations of a photonic luminescent solar concentrator.,” Opt. Express, vol.
20 Suppl 2, no. March, pp. A157—-67, Mar. 2012.

A. Goetzberger, “Applied Physics Fluorescent Solar Energy Collectors " Operating Conditions
with Diffuse Light,” vol. 404, pp. 399-404, 1978.

W. A. Shurcliff and R. Clark Jones, “The Trapping of Fluorescent Light Produced within Objects
of High Geometrical Symmetry,” J. Opt. Soc. Am., vol. 39, no. 1, pp. 912-916, 1949.

a. M. Hermann, “Luminescent solar concentrators—A review,” Sol. Energy, vol. 29, no. 4, pp.
323-329, Jan. 1982.

P. S. Friedman and C. R. Parent, “Luminescent Solar Concentrator Development Final
Subcontract Report Luminescent Solar Development,” Sol. Energy Res. Inst., no. June 1982,
1987.

V. Wittwer, S. W., and A. Goetzberger, “Fluorescent Planar Concentrators,” Sol. Energy Mater.,
vol. 11, pp. 187-197, 1984.

L. H. Slooff, E. E. Bende, a. R. Burgers, T. Budel, M. Pravettoni, R. P. Kenny, E. D. Dunlop,
and a. Buchtemann, “A luminescent solar concentrator with 7.1% power conversion efficiency,”
Phys. status solidi - Rapid Res. Lett., vol. 2, no. 6, pp. 257—259, Dec. 2008.

J. C. Goldschmidt, M. Peters, A. Bdsch, H. Helmers, F. Dimroth, S. W. Glunz, and G. Willeke,
“Increasing the efficiency of fluorescent concentrator systems,” Sol. Energy Mater. Sol. Cells,
vol. 93, no. 2, pp. 176-182, Feb. 2009.

C. L. Mulder, P. D. Reusswig, a M. Velazquez, H. Kim, C. Rotschild, and M. a Baldo, “Dye
alignment in luminescent solar concentrators: |. Vertical alignment for improved waveguide
coupling.,” Opt. Express, vol. 18, no. 9, pp. A79-90, Apr. 2010.

A. Goetzberger and V. Wittwer, “Fluorescent planar collector-concentrators: a review,” Sol.
Cells, vol. 4, pp. 3-23, 1980.

P. Konieczny, “Wikipedia.” http://en.wikipedia.org/wiki/File:Fresnel_reflection.svg, 2011.

K. Cser and |. Vass, “Radiative and non-radiative charge recombination pathways in
Photosystem Il studied by thermoluminescence and chlorophyll fluorescence in the
cyanobacterium Synechocystis 6803.,” Biochim. Biophys. Acta, vol. 1767, no. 3, pp. 233-43,
Mar. 2007.

H. Shim, “Transmittance.”

http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Reaction_Rates/Experimental_Deter
mination_of Kinetcs/Spectrophotometry, 2011.

88|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

References.

[28] Konradlew, “Saturation.” http://how-it-looks.blogspot.nl/2010/01/beer-lambert-law-saturation-
and-all.html, 15-Aug-2010.

[29] B. a Swartz, T. Cole, and a H. Zewail, “Photon trapping and energy transfer in multiple-dye
plastic matrices: an efficient solar-energy concentrator.,” Opt. Lett., vol. 1, no. 2, pp. 73-5, Aug.
1977.

[30] Haade, “500px-Angle_solide_coordonnees_svg.”
http://commons.wikimedia.org/wiki/File:Angle_solide_coordonnees.svg.

[31] a.J. Chatten, K. W. J. Barnham, B. F. Buxton, N. J. Ekins-Daukes, and M. a. Malik, “Quantum
dot solar concentrators,” Semiconductors, vol. 38, no. 8, pp. 909-917, Aug. 2004.

[32] N. a. Bakr, a. F. Mansour, and M. Hammam, “Optical and thermal spectroscopic studies of
luminescent dye doped poly(methyl methacrylate) as solar concentrator,” J. Appl. Polym. Sci.,
vol. 74, no. 14, pp. 3316—-3323, Dec. 1999.

[33] A. a. Earp, G. B. Smith, J. Franklin, and P. Swift, “Optimisation of a three-colour luminescent
solar concentrator daylighting system,” Sol. Energy Mater. Sol. Cells, vol. 84, no. 1-4, pp. 411-
426, Oct. 2004.

[34] J. Ballato, S. H. Foulger, and D. W. Smith, “Optical properties of perfluorocyclobutyl polymers.
Il. Theoretical and experimental attenuation,” J. Opt. Soc. Am., vol. 21, no. 5, pp. 2—4, 2004.

[35] R. W. Olson, R. F. Loring, and M. D. Fayer, “Luminescent solar concentrators and the
reabsorption problem.,” Appl. Opt., vol. 20, no. 17, pp. 2934-40, Sep. 1981.

[36] C. Mobley, “lambertian reflection.”
http://www.oceanopticsbook.info/view/surfaces/lambertian_brdfs.

[371 B. S. Richards and K. R. Mcintosh, “RAY-TRACING SIMULATIONS OF LUMINESCENT
SOLAR CONCENTRATORS CONTAINING MULTIPLE LUMINESCENT SPECIES,” 21st Eur.
Photovolt. Sol. Energy Conf., no. September, pp. 2-5, 2006.

[38] D. Sahin, B. llan, and D. F. Kelley, “Monte-Carlo simulations of light propagation in luminescent
solar concentrators based on semiconductor nanoparticles,” J. Appl. Phys., vol. 110, no. 3, p.
033108, 2011.

[39] . Beijing Wenhaiyang Perylene Chemistry, “31709(620).” http://china.zhaoteng.com/, pp. 2-4.

[40] Jacobkhed, “Jablonski Diagram of Fluorescence Only.”
http://en.wikipedia.org/wiki/File:Jablonski_Diagram_of_Fluorescence_Only.png.

[41] M. G. Hyldahl, S. T. Bailey, and B. P. Wittmershaus, “Photo-stability and performance of
CdSe/ZnS quantum dots in luminescent solar concentrators,” Sol. Energy, vol. 83, no. 4, pp.

566-573, Apr. 2009.

[42] C. de Mello Donega, “Synthesis and properties of colloidal heteronanocrystals.,” Chem. Soc.
Rev., vol. 40, no. 3, pp. 1512-46, Mar. 2011.

89|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

References.

[43] C. de Mello Donega, S. G. Hickey, S. F. Wuister, D. Vanmaekelbergh, and A. Meijerink,
“Single-Step Synthesis to Control the Photoluminescence Quantum Yield and Size Dispersion
of CdSe Nanocrystals,” J. Phys. Chem. B, vol. 107, no. 2, pp. 489-496, Jan. 2003.

[44] D. Steiner, D. Dorfs, U. Banin, F. Della Sala, L. Manna, and O. Millo, “Determination of band
offsets in heterostructured colloidal nanorods using scanning tunneling spectroscopy.,” Nano
Lett., vol. 8, no. 9, pp. 2954-8, Sep. 2008.

[45] S. Kim, B. Fisher, H.-J. Eisler, and M. Bawendi, “Type-Il quantum dots: CdTe/CdSe(core/shell)
and CdSe/ZnTe(core/shell) heterostructures.,” J. Am. Chem. Soc., vol. 125, no. 38, pp. 11466—
7, Sep. 2003.

[46] D. J. Milliron, S. M. Hughes, Y. Cui, and L. Manna, “Colloidal nanocrystal heterostructures with
linear and branched topology,” vol. 430, no. July, pp. 190-195, 2004.

[47] P.T.K.Chin, C. D. M. Donega, S. S. van Bavel, S. C. J. Meskers, N. a J. M. Sommerdijk, and
R. a J. Janssen, “Highly luminescent CdTe/CdSe colloidal heteronanocrystals with
temperature-dependent emission color.,” J. Am. Chem. Soc., vol. 129, no. 48, pp. 14880-6,
Dec. 2007.

[48] L.R.Wilson and B. Sc, “Luminescent Solar Concentrators : A Study of Optical Properties , and
Device Optimisation Doctor of Philosophy ( Ph . D .),” no. May, 2010.

[49] Daniel J Farrell, “pvtrace: optical ray tracing for photovoltaic devices and luminescent
materials.” .

[50] Z. Krumer, “Circumvention of self-absorption losses in luminescent solar concentrators.”
[unpublished], 2014.

[51] C. Honsberg and S. Bowden, “PV Education.” http://pveducation.org.
[52] “PV Lighthouse.” http://www.pvlighthouse.com.au/.

[53] Sigma-Aldrich Co., “Sigma-Aldrich,” 2014. [Online]. Available:
http://www.sigmaaldrich.com/chemistry/solvents/toluene-center.html.

[54] J. M. Cariou, J. Dugas, L. Martin, and P. Michel, “Refractive-index variations with temperature
of PMMA and polycarbonate.,” Appl. Opt., vol. 25, no. 3, pp. 334-6, Feb. 1986.

[55] “PVresources.” [Online]. Available: http://www.pvresources.com/Economics.aspx.

[56] “Alibaba.com.” [Online]. Available: http://www.alibaba.com/product-detail/translucent-
fluorescent-cast-acrylic-sheet-pmma_518257946.html.

90 |Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Appendix A: Methods to extract data out of the SQL-lite database.

APPENDIX A: METHODS TO EXTRACT DATA OUT OF THE SQL-LITE
DATABASE

All the photon steps were saved within SQL-files. To find the destination of the photons, thereby the
efficiency and the impact of all the loss processes, a code was written to find the correct data. In the
SQL-files there was looked the last step of each photon (the destination). This ‘last step’ was found by
searching to the creation of a new photon (everything is vacant) and then go one ‘uid’ (step counter)

back into the database. A code looks a seen in Figure 63.

A)

B)

FIGURE 63: A) A CODE USED IN SQL-FILES TO SEARCH ALL WAVELENGTHS OF THE PHOTONS
REACHING RAYBIN. B) A CODE USED IN SQL-FILES TO SEARCH ALL THE AMOUNT OF THE PHOTONS
REACHING RAYBIN.

The characteristics searched per destination are presented in Table 12 (with Lambertian mirror at the
backside) and Table 13 (without Lambertian air gap mirror at the backside) and were all implemented
in a code. When summarized, the total amount of photon destinations found was one minus the total
amount of simulated photons. This is because the destination of the last simulated photon was not
included, there was no new photon created after the last photon so this destination could not be
tracked with this approach. This total gave also the conferment that all the photons were counted and

none of them was double counted or missed.

TABLE 12: THE SEARCH VARIANTS USED IN FINDING THE DESTINATION OF THE SIMULATED PHOTONS
WHILE THERE IS A LAMBERTIAN MIRROR AT THE BACKSIDE.

Ray-
Abs_co Int_cou | Kille | Container_o | On_surface ) .y )
) } Surface_id direction-
unt nt d bj _obj
bound
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PV cell 0 Raybin
Killed 1 None
Not absorbed 0 >=2 0 Top Out
External
. 0 =1 0 Top Out
reflection
Facel/
Mirror losses 0 Face2/ Polygon
Face3/
Face4
Air gap 0 Bound Polygon / Far /
ounds i
losses Near / right /
bottom
EC losses >=1 0 Bounds LSC Top Out
QE losses 0 LSC None None None
Background
0 Background
losses

TABLE 13: THE SEARCH VARIANTS USED IN FINDING THE DESTINATION OF THE SIMULATED PHOTONS
WHILE THERE IS NO LAMBERTIAN MIRROR AT THE BACKSIDE.

Ray-
Abs_co Int_cou | Kille | Container_o | On_surface ] .y-
) } Surface_id direction-
unt nt d bj _obj
bound
PV cell 0 Raybin
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Killed None
0 >=2 Top Out
Not absorbed
0 Bottom Out
External
. 0 =1 Top Out
reflection
Facel/
Mirror losses Face2 / Polygon
Face3/
Face4d
Air gap Bounds Polygon / Far /
losses Near / right /
EC losses >=1 Bounds LSC Top/Bottom Out
QE losses LSC None None None
Background
Background
losses
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APPENDIX B: HOW THE MIRRORS WERE PROGRAMMED

#Define Mirrors

reflectivity = 1

z = 0.0005 # the distance between the mirrors and the L3C

gshapel=Polygon([{(-=z,-=z,-z), ((L+=z),-=z,-=z), ((L+=z),(W+z),-=), (—=,(W+z),-=)1)
shape2=Polygon ([ ((L+=) ,-=z,-=2), ((L+z),-=,H), ((L+=z), (W+=z) H), ((L+=z), (W+=z),.-=2)])
shape3=Polygon([(-z,-=z,-=z), ({(I+z),-=z,-z), ((L+z).,-=z,H), (-=z,-z,H)])
shape4=Polygon([{(-=z, (W+=z) ,-z), ((L+=z),{(W+=z),-=), ((L+=z),(W+z) H), (—=z,(W+=z) H)])

¥ lam:er:ian_s:a::s = True % (wether or not the surface is also a scatterar)
fmirrorl

mirrorl = Coating(reflectivity, shape=shapel, refractive index=1., lambertian=True)
mirrorl.name = 'Facel’

fmirror2

mirror2 = Coating(reflectivity, shape=shape2, refractive_index=1., lambertian=False)
mirrorZ.name = 'Facel’

fmirror 3

mirror3 = Coating(reflectivity, shape=shape2, refractive index=1., lambertian=False)

mirror3.name = 'Face3'

# mirror 4

mirror4 = Coating(reflectivity, shape=shape4, refractive_index=1., lambertian=False)

mirror4.name = 'Faced’

An important fact about programming a polygon: the points needed to be programmed in a row. So, if
you draw from point to point the lines may not cross. Else the program did not recognize the polygon
as a surface. Also, PVtrace did not work with a reflectivity else than 1 for the polygon. Implementing a

QE-like formula, in the polygon code in ‘Materials’, solved this limitation.
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APPENDIX C: EXAMPLE OF INPUT WITHIN PVTRACE.

(ST I R YA U R I

[ o T o B S S S
e R T

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

#sample = sys.argv[3]

from  future  import division

impeort numpy as np

from pvtrace.external import transformations as tf
from pvtrace import *

import sys

impert os

import shutil

impeort glob

ph=int (sys.argv[l]) #amount of photons to be simulated

# 1) Define some sizes

L =0.100

H=0.010

W= 0.035

# 2) Create light source from AM1.5 data, truncate to 300 -- 1150nm range

file = os.path.join (PVTDATR, 'sources', 'BM1.5g-full.txt")

oriel = load spectrum(file, xbins=np.arange (300,1150))

source = PlanarSource (direction=(0,0,-1), spectrum=oriel, length=L, width=W)
source.translate ((0,0,H+0.01))

# Incident light AM1.5g spectrum
# range of spectrum
# source size,direction
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Appendix C: Example of input within pvtrace..

35
36 # Collector Stopper Material
37 abs2 = Spectrum([0,10001, [2,21)
38 ems2 = Spectrum([500,600], [0,01)
39 stop = Material (absorption data = abs2, emission data = ems2, quantum efficiency = 0)
40  stop.refractive index = 1.5
41
42 # 5) Make the LSC and give it both dye and pmma materials
43 lsc = L5C(origin=(0,0,0.000), size=(L,W,H))
44
45 #CompositeMaterial ([pmma, fluro red], refractive index=float(sys.argv[1]))
46 lsc.name = "LsSC"
47

8 #Make Solar Cell (RAYBIN)
49 cellwidth = 0.001
50 raybinl = RayBin(bandgap=0, origin=(-cellwidth,0,0), size=(cellwidth,W,H))
51 raybinl.name = 'RAYBIN1'
52  raybinl.refractive index = 1.5
53 raybinl.material = stop
54
55 # Define Cylinder shape and position
56 # cyll= Geometry.Cylinder()
57 # cyll.radius = 0.004

g # cyll.length = 0.015
59 # cyll.append transform(tf.rotation matrixz(3*(np.pi/2), (1,0,0),(0,0,0)))
60 # cyll.append_transform(tf.tranﬁlation_matrix(((L—0.0UE),W,(H/Z))))
61
62 #Define Mirrors
63 reflectivity = 1
64
65 z = 0.0005 # the distance between the mirrors and the LsC
66

67 shapel=polygon([(~-z,-z,-z), ((L+z),-z,-z), ((L+z),(W+z),-z), (-z, (W+z),-2)])
68 shapez=Polygon ([ ((L+z) ,-z,-z), ((L+z),-z,H), ((L+z), (W+z) H), ((L+z),(W+z),-2)])
69 shape3=Polygon([{(~-z,~-z,-z), ((L+z),-z,-z), ((L+z),-z,H), (-z,-z,H)])

70 shaped=Polygon([(-z, (W+z) ,-z), ((L+z), (W+z),-z), ((L+z),(W+z),H), (-z,(W+z), H)]1)
72
73 #mirrorl
74  mirrorl = Coating(reflectivity, shape=shapel, refractive index=1., lambertian=True)
75 mirrorl.name = 'Facel’
76
17 #gmirror?2
78  mirror2 = Coating(reflectivity, shape=shape2, refractive index=1., lambertian=False)
79 mirror2.name = 'Facs2’
80
81 #mirror 3
82 mirror3 = Coating(reflectivity, shape=shape3, refractive index=1., lambertian=False)
83 mirror3.name = 'Facs3"
84
85 # mirror 4
86 mirror4 = Coating(reflectivity, shape=shaped, refractive index=1., lambertian=False)
87 mirrord.name = 'Fac=4"
89 def delete():
90 filelist = glob.glob("*.sgl")
Ehil for f in filelist:
92 os.remove (f)
93
94 def copy():
95
96 source2 = os.listdir("F:\\python.pvtrace") #### WHERE TO FIND THE FILES ###
97 #### WHERE TO MOVE THE FILES ###
98 for files in source2:
CIZ) if files.endswith(".sql"):
00 shutil.copy(files,destination)

%|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,

Appendix C: Example of input within pvtrace..

Fdef simulation():
abs_f = load spectrum(filel)

fluro_red = Material (absorption data=abs f, emission data=ems_f, quantum efficiency=ge, refractive index=1.5)

# fluro_red = Material with background (absorption data=abs_f, emission data=ems f, background absorption = 0, quantum efficiency=qge,
refractive_index=1.5)

lsc.material = fluro red

#make the cylinder luminecent

# neck =L5C()

# neck.shape = u‘\(ll

# neck.material = fluro red

# neck.name= "bottleneck"

scene = Scene ()
scene.add_object (1sc)
scene.add object (raybinl)
# scene.add object (neck)
scene.add_object (mirrorl)
scene.add object (mirrer2)
scene.add object (mirror3)
scene.add_object (mirrord)

# Ask python that the directory of this script file is and use it as the location of the database file
pwd = os.getcwd()
dbfile = os.path.join(pwd, 'RG14b.sgl') # <-—- the name of the database file

trace = Tracer(scene=scene, source=source, seed=8, throws=ph, database file=dbfile, use visualiser=False, show log=False)
trace.show lines = False

trace.show path = False

import time

tic = time.clock()

trace.start()

toc = time.clock()

# Note: background_absorption = 0 (line 108) should be background_absorption = Spectrum([0,4000],
[x,x]) with x as absorption strength in m™, or an uploaded spectrum as the absorption spectrum of the

dye.

# 6) Statistics

print "
print "Run Time: ", toc - tic
print "

print "Technical details:

generated = len(trace.database.uids_generated photons())
killed = len(trace.database.killed())
thrown = generated - killed

print \E", generated
print , killed
print , thrown
print 15 in raybinl \t", len(trace.database.endpoint uids for object('RAYBINI1'))
# 3) Select aborption spectra
# dbfiles = [f for f in os.listdir(os.path.join(os.getcwd(),"data", "dyes")) if f.endswith('3 .abs.txt")]

dbfiles = [f for f in os.listdir(os.path.join(os.getcwd(),"dzta",
# seed number=1

"LR", "temp", 'select2')) if f.endswith ('3

Bfor name in dbfiles:

# print seed number
destination = "C:\\Use
ge=1

spec_a = str(name)
filel = os.path.join (PVTDATA,
spec e = 'emission RGl4.normal
file2 = os.path.join (PVTDATA,
ems f = load spectrum(file2)
simulation()

copy ()

delete()

# seed_number = 1nt(seej number) +1

The code in line 172 increased the seed with 1 every simulation. In this way it was possible to

s\\robin\\Documents\\simulatio

;, 'LR', 'temp', 'select2', spec_a)

, Spec_e+'.txt')

overcome random generator mistakes that could be possible when a low amount of photons was

simulated.
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APPENDIX D: THE BACKGROUND ABSORPTION CODE

G
326

327
328

343
344
345
346
347

349
350
351
352
353
354

355
356

357
358
359
360
361
362
3e3
364
365
3e6
367
368
3e9
370
371
372
373
374
575
376
377
378
379
380
381
382
383
384
385

Ceclass Material with background (objesct) :

on of angles."""

| def _ init_ (self, absorption_data=Nonme, background_absorpticn=0., emission_data=None, guantum efficiency=0.0, background_guantum efficiency=0.0,
refractive_index=1.0):
I ;

and an emi

nm) . quantum_.

super (Material_with_background, self)._ init_ ()

PR
= def spectrum_from_data_souzce (data_source) :

if isinstance(data_source, str):
if os.path.isfile(data_source):
data = np.loadtxt (data_source)
return Spectrum(x=datal:,0]1, y=datal:,1])

H else:
raise IOError("File '%s5' does not exist at this location, '%s5' .") % (os.path.basename(data_source), data_source)
# Data is 'list-like'
=] elif isinstance(data_source, list) or isinstance(data_source, tuple) or isinstance(data_ source, np.ndarray):
rows, cols = np.shape (data_source)
assert rows > 1, "Error processing the data file '$s'. PVTrace data files need at least 2 rows and must have 2 columns. This data file has
%d rows and %d columns.” % (data_source, rows, cols)
assert cols — 2, "Er processing the data file '$s'. PVTrace data files need at least 2 rows and must have 2 columns. This data file has
%d rows and 3d columns.” % (data_source, rows, cols)
return Spectrum(x=data_source[:,0], y=data_source[:,1])
# Data is alrsady a spectrum

= elif isinstance(data_source, Spectrum):
return data_source

& alse:

raise IOError("PVIrace Cannot process $s

iven to the Material object. Please use the 1

cation of a text file (UTF-8 format)

contains spectral data as 2 columns of increasing

velength (col#l is the wavelength; col#2 is data).”)

# Load absorption data

=] if background absorption != Mone:

# Load linear background abscrption

self.background_absorption = spectrum_ from data_source (background_zbsorption)

# self.background absorption = background absorption

# self.background absorption_data = Spectrum(x=[200, 4000], y=[background absorption, background absorptien])

=] elif background_absorption — None:
# No data given —- make transparent material
self.background_absorption_data = Spectrum(x=[0, 40001, y=[0., 0.1)

H if absorption_data None:
# No data given —- make transparent material
self.absorption data — absorption data

self.absorption_data = Spectrum(x=[0, 40001, y=[0, 01)

=] elif absorption_data None :

self.absorption data = spectrum_from_ data_source (absorption_data)

# Load spectral emission data
=] if emission data — None:

# Flat emission profile

self.emission_data = Spectrum(x=[200,40001, y=[1,11)
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385

386 J—] else:

387 [ self.emission data = spectrum from data_ source(emission data)
388

389 # Load gquantum efficiency

390 assert 0 <= quantum_efficiency <= 1, "Quantum efficiency is outside the 0 to 1 range.”
391 self.quantum efficiency = gquantum efficiency

332

393 # Load quantum efficiency

334 assert 0 <= background_quantum efficiency <= 1, "Quantum eff outside the 0 to 1 range.™
395 self.quantum_efficiency = guantum_efficiency

396

397 # Load refractive index

398 assert refractive index >= 1, "Refractive index is less than 1.0"
R self.refractive index = refractive index

400

401 H def absorption(self, photon):

402 """Re by e
403 B return self.absorpticn_data.value (photon.wavelength)

404

405 o def absorption b(self, photon):

406 ""rReturns absorption icient I by I e
407 r return self.background absorption.value(photon.wavelength)

408

405 H def emission_direction(self):

410 """Ret 3 pone

411

412

413

414 # This method of calculating isotropic vectors is taken from GNU Scientific Library
415 LOOP = True

416 o while LOOP:

417 x = -1. + 2. * np.random.uniform()

418 y = 1. + 2. * np.random.uniform{()

419 5 = x**2 + yk¥2

420 H if 5 <= 1.0:

421 [ LOOP = False

422

423 z -1l. + 2. * g

424 a2 =2 * np.sgrt(l - s)

425 X =3a * x

426 y=2a*y

427 | return np.array([x,v,zl)

428

429 H sion wavelength(self, photon):

430 a emission .

431 # The emitted photon must be red-shifted to consevration of ensrgy

432 lower bound = self.emission data.probability at wavelength(photon.wavelength)
433 | return self.emission_data.wavelength at_probability (np.random.uniform(lower_bound,l.))
434

435 B def emission(self, photon):

436

437

438 # Update wavelength

439 photon.wavelength = self.emission_wavelength (photon)

440

441 # Update direction

442 photon.direction = self.emission_direction()

443 r return photon

444

445 B def trace(self, photon, free pathlength) :

446

447

448 # Clear state using for collecting statistics

449 photon.absorber_material = None

450 photon.emitter_material = None

451

HEA # Assuming the material has a uniform absorption coefficient we generated a random path length weigthed by the material absorption ccefficient.
453 sampled_pathlength = -np.logl0(1 - np.random.uniform())/self.absorption (photon)
454 background_pathlength = -np.logi0(l - np.randem.uniform())/self.abscrption_b (photeon)
G5
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pathlengths

Appendix D: The background absorption code.

[sampled pathlength, background_pathlength, free_pathlength]

if background_pathlength = min(pathlengths):
# Photon is absorked by background abscrptoicn

photon.position = photon.position + background_pathlength * photon.direction
photon.background = &
photon.active = False
return photon
elif sampled pathlength == min(pathlengths):
# Move photon to the absorption location

self
.position = photon.position + sampled pathlength * photon.direction

.material

photon.absorption_counter = photon.abscrption_counter + 1

# Photon emitted.

if (np.random.uniform() < self.gquantum efficiency)
photon.reabs = photon.reabs + 1
return self.emission(photon)

# Photon not emitted.

else:
photon.active = False
return photon
elif free pathlength = min(pathlengths) :

# Photon not absorbed

# Move photon along path
photon.position + free_pathlength * photon.direction

photon.position

photon.container.name

return photon

The code at line 486 was to rename the container.name to LSC. The containe.name was named
‘Background’ if photon.backgrounds turns to 6 (see line 461). This was done to make background

absorption traceable within the SQL-files (else the characteristics were the same as with QE losses).

D.1 VALIDATION

To test the background absorption code experiments were conducted. The background absorption
length was calculated separately from the absorption length. The shortest length was taken as next
step for the particular photon. As test for the code the following principle was tested. Absorption
coefficients can be summarized to calculate the transparency of a substance. So, the separately
simulated absorption losses should give the same losses as an individual absorption coefficient of the

summarized coefficients. Figure 64 presents the graphical representation.

1 Absorption 1 Transmittance
5 Absorption 2
Transmittance
3 Absorption 3 X
Transmittance
Absorption 1 and 2 ]
4 SISO & £ re Transmittance
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FIGURE 64: GRAPHICAL REPRESENTATION OF THE MECHANISM BEHIND MULTIPLE ABSORPTION
COEFFICIENTS AT THE SAME WAVELENGTH.

T, = 107%@! EQ. 42

X=1[1, 2,3, 4]

In experiments 3 and 4 both the absorption materials of 1 and 2 were present in the host material.
Only the way of calculating the likelihood for absorption is different. In situation 3 the absorption
coefficients were summarized and in situation 4 both possibilities of passing through were calculated

separately and combined afterwards.

Situation 3:
T, = 1073 = 10~ @D+ el = 10-adl 4 10-2D! = T;T, EQ. 43
Ay =1-T; =1-T,T, EQ. 44
Situation 4:
Ay =A1+(1—-A)A, =4, +4,— A4, EQ. 45
UsingT+A=1
A, =1-TT, EQ. 46

So, the mathematics forecast exactly the same results for both simulations. The simulation was
performed with 50.000 photons. An absorption spectrum with an absorption coefficient of 2m™ at every
wavelength was chosen for both the background absorption as the luminescent absorption. The
guantum efficiency was set to zero and the travelled length through the substance was set at 10cm.
The expected amount of photons that reached the solar cell was hereby 104% x 50.000 = 19.905.

The results of the simulations are shown in Figure 65.
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20100

20050

20000 -

Photons in RAYBIN1

19750+

19700

19650

FIGURE 65: THE AMOUNT OF PHOTONS REACHING

19950 -

19900

19850

19800

THE SOLAR CELL FOR BOTH THE COMBINED

ABSORPTION COEFFICIENTS (BLUE DIAMONDS) AS THE SEPARATED ABSORPTION COEFFICIENTS

(GREEN BULLETS).

As is seen in Figure 65 all the results were very close to the calculated value. There was no statistical

difference between the two different ways of calculating the additive background absorption losses.

Hereby was confirmed that the background absorption was programmed correctly. The advantage of

separately calculating these lengths is not losing the knowledge of what caused the absorption event.
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APPENDIX E: LUMOGEN RED 305 WITH LAMBERTIAN BACK

MIRROR
3
2
Efficiency [%] G
05 500 if
Length 1) AC_547 1 :
ength [m] 0 _S47nm [m*-1] AC_547nr§ID[Er]'n“—1 | Length [m]
mo
Optical eff CF
53
4 )
Efficiency [%]
05 20
Length [m] AC_Ed7nm [rn-1]
1.0
System eff
1200
1000
0.4
200
0.3
Efficiency [%] S0y
0.z ool
01 200
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APPENDIX F: LUMOGEN RED, ABSORPTION SPECTRUM
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FIGURE 66: THE NORMALIZED ABSORPITION AND EMISSION SPECTRA OF LUMOGEN RED 305

Lumogen red, absorption spectrum
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FIGURE 67: THE NORMALIZED ABSORPTION SPECTRUM OF LUMOGEN RED 305 F MULTIPLIED FACTOR
2500.

As seen in Figure 67 the noise after wavelength 630nm was multiplied with a factor of 2500 too,
causing the value to increase to a significant absorption coefficient of ~20 m™. The stronger absorption
strengths used were only multiplied with a factor 1000 but still the relative low absorption coefficients
between wavelength 630nm and 700nm were important for the reabsorption events. Thereby adding a
bit of insecurity to the simulation results (more reabsorption losses, more initial absorption of light). To
overcome this problem in the future a Gaussian curve could be plotted against the exponentially decay

o the absorption coefficient.
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i FIGURE 68: THE SYSTEM
ENERGY EFFICIENCY
CALCULATED FOR A SYSTEM
WITHOUT LAMBERTIAN AIR GAP
MIRROR AT THE BACKSIDE.

2
Efficiency [%]
000
OQdc 547nm [m~r-1]

0
Lengt?u [m] 10

105|Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Appendix G: Peak and no plateau.

APPENDIX G: PEAK AND NO PLATEAU

With increasing absorption strengths more photons were absorbed following the law of Lambert-Beer.
This was seen as a profit process within harvesting of light.

With increasing absorption strengths the reabsorption events were stimulated, thereby exposing some
photons again to already undertaken loss mechanisms. This resulted in a decrease of percentage of
the absorbed photons reaching the solar cell. This process was seen as a loss process.

The losses due to reabsorption depend on the EC losses, QE losses and amount and strength of
overlapping absorption and emission spectra (amount of reabsorption events). When the increase in
percentage of losses, by increasing concentration, never overrules the increase in profits, the amount
of photons reaching the solar cell increases to a plateau (as seen with Lumogen Red 305). When the
increase in percentage of losses is large it overrules the extra increase in profits, thereby resulting in a
peak value at a certain concentration.

Lumogen Red 305 already experienced a lot of overlap between absorption and emission spectra at
low concentrations and the extra exposure to a QE of 95% has a quite modest effect resulting in this
plateau value. QD1 experienced little overlap between absorption and emission spectra at low
concentrations, but the extra exposure to the QE losses by reabsorption caused a lot of losses. The
loss process overruled the extra absorption profits at a certain level. That resulted in a peak value by
increasing concentration.

Figure 69 shows the efficiency of a 10cm by 3.5cm LSC, doped with Lumogen Red 305 with a QE of
50%. The loss process was hereby enhanced, thereby causing more additional losses than additional
profits at a certain level. That resulted in a peak value for the efficiency. This simulation was performed
with 50.000 photons and a Lambertian air gap mirror at the backside.

Efficiency with increasing size

©

r's
[ ]

ne

* o
EENy *$4e¢ o o
[

‘ Em g * * *
8 - = .

~

@

w

IS

@ nopt_f
M nopt_e

w

Perceentage [%]

[N}

[

o

o

100 200 300 400 500 600 700 800 900 1000
Absorption strengt at wavelength 547 hm [m-1]

FIGURE 69: THE EFFICIENCY AT INCREASING ABSORPTION STRENGTHS FOR LUMOGEN RED 305 WITH
QE=0.5.
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APPENDIX H: CALCULATIONS OF EFFICIENCIES

This appendix presents the calculations for calculating the different efficiencies. The used amounts N
were gained from the SQL-databases. N, is the total amount of photons corresponding to process x
(using of the search options given in Appendix A). Nyia= 1 — ‘amount of simulated photons’. Eq. 47 up

to Eqg. 54 were all used for the simulations without background absorption.

Nrresnel Presents the efficiency of photons entering the LSC waveguide. The ngesnet Was calculated by

using Eq. 47 where Ngesner iS the amount of photons externally reflected.

_ Ntotal - NFresnel

NFresnel = EQ. 47

Ntotal

Nabsorption Presents the efficiency of absorption. The Napsorpion Was calculated by using Eq. 48 where
Nhot absorbed 1S the amount of photons leaving the LSC without being absorbed. Napsormeq Was calculated

by subtracting Nyt absorbed @Nd Neresnel from Niota (@S given in Eq. 49).

Nnot absorbed

ion=1———"""7""" EQ. 48
Nabsorption Ntotal - NFresnel
Nabsorbed = Ntotal - Nnot absorbed — NFresnell EQ. 49
The QE was set at the start of each simulation. nqe was calculated using Eq. 50.
QE
Noe = 100 EQ. 50

Nec presents the trapping efficiency of the waveguide under the assumption that photons could not
escape through the side surfaces?’. Nec Was calculated using Eq. 51 where Ngc is the amount of
absorbed photons escaped through the front surface?®® (with Lambertian air gap mirror at the backside)

or escaped through the front and back surface (without Lambertian air gap mirror at the backside).

Ngc

Ngc =1—F———""—
Nabsorbed * nQE

EQ. 51

Nair gap Presents the trapping efficiency of the waveguide under the assumption that photons could not
escape through the front surface and back surfaces. N gap Was calculated using Eq. 52. These were

the photons escaping through the air gap between the mirrors and the LSC.

" The side surfaces are the XZ and YZ surfaces of the LSC where no solar cell is attached.
% The front surface is the XY surface where the photons enter the LSC waveguide.
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Nair gap

Nair gap = 1- EQ. 52

Nabsorbed * nQE *MNEc

The Freansorpion are the additive losses due to reabsorption. So, the increase in observed losses
compared to the calculated maxima. Reabsorption has no effect on the Napsorpiion @aNd the Neresner. The
effects of reabsorption on the noe were the observed Nog minus the calculated Noe (using Eq. 50 and
the known QE)®°. The effects of reabsorption on nec were the observed Nec minus the calculated Nec
(using Eqg. 51 and the escape cone losses without reabsorption). The effects of reabsorption on ngir gap
were the observed Ny g5p Minus the calculated Ny 4qp (Using Eg. 52 and the air gap losses without
reabsorption). This results in the Nieapsorpion given in EQ. 53. The Nieapsorpion Was used in Eq. 54 to
calculate the reabsorption factor.

Nreabsorption = (NQE - Nabsorption * (1 - UQE))
+ (NEC - Nabsorption * (1 - UQE) * nECpgrfect) EQ. 53

+ (Nair gap — Nabsorption * (1 - 77(25) * nECperfect * Nair gapperfect)

Nreabsorption

FReabsorption =1- EQ. 54

Nreabsorption + NPV

The Nuaveguide 1S the difference in photons reaching the solar cell with and without background
absorption. Eg. 55 presents the used formula.

NPVwithout background absorption PV ith background absorption

Nwaveguide = 1- N EQ. 55
PVwithout background absorption
This results in the formula given in Eq. 21 and this automatically equals with Eq. 56
— Np”
nWaveguide * FReabsorption *Nair gap * nECperfect * 77Absorption * 77QE * NFresnel = N EQ. 56
total

29 . .
The calculated Nge is noe times Napsorbed
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APPENDIX |I: EFFECTS OF SELF-ABSORPTION IN TYPE-II
QUANTUM DOTS WITH PARTIALLY OVERLAPPING
ABSORPTION AND EMISSION SPECTRA EMPLOYED IN
QUANTUM DOT LUMINESCENT SOLAR CONCENTRATORS

{QD1 is the same quantum dot as used in the thesis only the QE was enhanced to 60% to be

able to make a good comparison with QD2]

BY: R.J.M. Reus™?, Z. Krumer®, W.G.J.H.M. Van Sark?, R.E.l. SchroppS, C. de Mello Donegal
'Utrecht University, Condensed Matter and Interfaces, P.O. Box 80000, 3508 TA Utrecht, the
Netherlands,

“Utrecht University, Copernicus Institute of Sustainable Development, Heidelberglaan 2, 3584 CS

Utrecht, the Netherlands, E: w.g.j.h.m.vansark@uu.nl,

3Energy research Center of the Netherlands (ECN), Solliance, Eindhoven, and Department of Applied

Physics, Plasma & Materials Process, Eindhoven University of Technology (TU/e).

Luminescent solar concentrators (LSCs) are low cost photovoltaic devices, which reduce the amount
of necessary semiconductor material per unit area of a photovoltaic solar energy converter by means
of concentration. The device is comprised of a thin plastic plate in which luminescent species
(fluorophores) have been incorporated. The fluorophores absorb the solar light and radiatively re-emit
part of the absorbed amount of energy. Total internal reflection traps most of the emitted light inside
the plate and wave-guides it to a narrow side facet with a solar cell attached, where conversion into
electricity occurs. The efficiency of such devices is as yet rather low, due to several loss mechanisms,
of which self-absorption is of high importance [1]. It is generally expected, that spectral separation
between absorption and emission influences the losses due to self-absorption [2]. Semiconductor
nano-crystals with a quasi-complete separation of absorption and emission spectra (large Stokes’
shift) may be good candidates to overcome self-absorption losses, however in practice their synthesis
results in a drop in luminescence quantum efficiency [3]. The synthesis of highly luminescent nano-
particles with a small but not negligible spectral overlap promises to be less complicated [2,4]. In this
work we investigate the suitability of such nano-particles to circumvent the self-absorption problem in

LSC devices by means of experimentally validated combined ray-tracing and Monte-Carlo simulations

[2].
Combined ray-tracing and Monte-Carlo simulations is a widely used tool for efficiency estimations of

LSC-devices prior to actual manufacturing. We have varied the LSC-size and luminophore

concentration in the simulation for two different types of semiconductor nano-crystals: one with an
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emission spectra employed in Quantum Dot Luminescent Solar Concentrators.

almost complete absorption/emission-separation and one, where still a few percent of the light in the

spectral region of emission is absorbed.

The simulations show that even the small absorption coefficients that overlap with the emission
spectrum have a detrimental effect to the LSC. The results of the simulation have been compared with
an experiment with fixed LSC-size and luminescent species and a variable concentration, where a

reasonable agreement was found.
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LSCs are non-tracking solar concentration devices, with the capability to concentrate diffuse sunlight
[5]. The incoming light reaches the luminescent particles, through the large facet of the device, where
it gets absorbed and re-emitted. A large fraction of the absorbed light will be re-emitted at angle
smaller than the critical angle for total internal reflection. This light will be wave-guided towards a small
solar cell (Figure 1).

incident light

w ///- escaping ray
il “‘ if
luminescent centre

‘_\““-—Iight trapped by

total internal reflection
TT—__ transmitted radiation

solar cell

FIGURE 1: SCHEMATIC CONCEPT OF AN LSC

Current LSC-designs suffer from re-absorption, which enhances the loss-mechanisms present [6].

Self-absorption has shown to be correlated with spectral overlap [2]. We have compared the
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performance of LSCs based on two different luminophores: one with a slight spectral overlap (QD130)
and an LQE of 48 % (Figure 2a) and one with almost no spectral overlap (QD231) and an LQE of 48
% (figure 2b). Even though sample QD1 had a somewhat smaller absorption width its performance
was much worse at LSC-dimensions that are relevant for practical applications, clearly due to re-
absorption. The reasons for this are that the average effective propagation length for trapped photons
is longer than the thickness of the LSC plate and thus according to the law of Lambert-Beer the
absorption is heavily amplified resulting in high self-absorption.
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FIGURE 2A: THE ABSORPTION AND EMISSION SPECTRA OF A TYPE-II CORE-SHELL QD1.
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Figure 2b: The absorption and emission spectra of a type-Il core-shell QD2

We performed simulations on an LSC geometry with a height of 10 mm and a length-to-width aspect
ratio 1:0.35. The illumination source emitted 50.000 photons from a rectangle of length times width
precisely parallel to the LSC but 50 mm above it. The photons were sampled from the AM1.5G flux
spectrum, however truncated after 1150 nm. This truncated spectrum contained 64 % of the photons

within the full AM1.5G spectrum, which has been used to correct the results later. Thus, this truncation

% CdTe/CdSe Type-Il multipods with a modified quantum efficiency [original <10 %), size unknown.
% CdTe/CdSe Type-Il dot-core/rod-shell nanorods, size ~20nm.
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omitted photons in the computation that neither could be absorbed by the luminophores nor by the
solar cell, which leads to a reduced computation time. The refractive index of the modelled LSC has
been chosen to be 1.5. The solar cell has been modelled by an object 35x10x1 mm3, which absorbs
any photon hitting it. The other surfaces of the LSC have been covered with perfect mirrors with an air
gap of 0.5 mm. The top facet has been left uncovered to define the aperture surface, also the bottom
surface has been left open. The simulations have been performed using the emission spectra depicted
in figure 2. We changed the length of the geometry in steps from 10 mm to 1000 mm and simulated
different concentrations per length step. Figure 3 shows the efficiency change as a function of different
concentrations for a length of 10 cm and 30 cm. QD2 (corresponding to the spectra in figure 2b)
performs better than QD1 (corresponding to the spectra in figure 2a). The better performance of QD2
can be ascribed to the broader absorption spectrum but foremost by the (much) lower reabsorption
losses (see figure 4). The reabsorption losses (combined additional QE and EC losses induced by

reabsorption) are caused by the small absorption coefficients that overlap with the emission spectrum
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FIGURE 3: OPTICAL EFFICIENCIES OF THE DIFFERENT QDS BY INCREASING CONCENTRATION FOR
DIFFERENT LENGTHS.
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FIGURE 4: THE DESTINATION OF PHOTONS AS PERCENTAGE OF THE ABSORBED PHOTONS. QE =

LOSSES DUE TO QUANTUM EFFICIENCY, EC = LOSSES DUE TO ESCAPE CONE, AIR GAP = LOSSES DUE
TO ESCAPING THROUGH THE AIR GAP BETWEEN THE MIRROR AND LSC, PV = REACHING SOLAR CELL

AND REABSORPTION = LOSSES DUE TO REABSORPTION (COMBINED ADDITIONAL QE AND EC LOSSES
INDUCED BY REABSORPTION).

113 |Page



R.J.M. Reus, IMPROVING THE EFFICIENCY OF LUMINESCENT SOLAR CONCENTRATORS,
Appendix J: QD1 Graphs.

APPENDIX J: QD1 GRAPHS

In this appendix some graphics are shown of the efficiencies and concentration factors reached within
LSC doped with the luminophore QD1. The concentration factor almost reached 1 with a Lambertian
back mirror at the backside. The relative energy costs compared to the c-Si-solar cell are also shown,

knowing that it will never be cheaper when there is a dilutor placed on top (LSC with a concentration

factor below 1).
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APPENDIX K: PREPARATION OF THE SPECTRA

PVtrace takes an integral over the absorption and emission spectra. This could not work with negative
absorption or emission coefficients. In practice it is also not possible to have negative absorption or

negative emission coefficients. These values are due to the noise of the measurements.

Within this thesis the absorption and emission spectra were smoothed according the “moving average’
principle. A point was the average of the five surrounding points. So the absorption coefficient at
600nm was the average of the absorption coefficients measured at 598, 599, 600, 601 and 602nm.
The absorption spectra were cut-off when only noise around absorption value ‘zero’ was measured.
Lumogen Red 305 was cut-off at 700nm, QD1 was cut-off at 800 nm and QD2 was cut-off at 740nm.

Figure 70 shows why QD2 was cut-off at 740nm. The black line shows the measured absorption
spectrum multiplied with a factor 1000 (without smoothening). Around 740nm only noise around zero
is seen. The drop seen at 780nm was caused by the switch to another wavelength-zone (due to the
machine measuring). After smoothening the curve with the moving average principle, the first point

that was zero was at wavelength 740nm.

Cutting the tail
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FIGURE 70: ABSORPTION SPECTUM OF QD2 AND THE O-LINE (RED)
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APPENDIX L: RECALCULATING ABSORPTION

The length of the red (dashed) arrow is equal to the total length of the blue arrows (Figure 71). The
question is: ‘is the likelihood of the reaching the end of the red arrow (assuming it is traveling through
the LSC) the same as reaching the end of the blue arrows? So is it correct to re-stimulate absorption
length after total internal reflection instead of subtracting the traveled length from the initial calculated

length?

Solar Cell Solar cell

FIGURE 71: PATH LENGTHS OF A PHOTON REACHING THE SOLAR CELL.ONE WITH NO REFLECTIONS AT
ALL, THE OTHER WITH THREE REFLECTIONS.

The length of the long blue arrows is Lye. The total length of blue arrows is 3Ly. The length of the
red arrow L4 equals 3Ly, The likelihood of reaching either the red (dashed) or the blue solar cell is

calculated within Eqg. 57 and Eq. 58.

EQ. 57

Pprye = 10~¢M05Lpue . 10~ D Lbiue . 10~ ¢MDLbiue . 10~2(A05Lpiue = 10~2MD3Lprue

Preq = 107*WLred EQ. 58

The correctness of the approach of recalculating the absorption length after every interaction is hereby

proven.

Simulation experiment

The setup for the simulation experiment is as followed. The length of the simulated LSC is 10cm, the
width 3.5cm and the hight is variable. The starting position of the photons is a point source at position
[Length, Width/2, Heigth]. The direction (¢, 8) of the point source is (0, 0.251). The used absorption
spectrum was 3.71m™ over the whole spectrum with a QE of 0. Per simulation 50.000 photons were
simulated and the distribution of heights is chosen such that the number of TIRs is increased with one

every new height. See Figure 72 for the grapical representation.
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FIGURE 72: GRAPHICAL REPRESENTATIONS OF THE SIMULATED PHOTON PATHS CORRESPONDING TO
THE DIFFERENT SIMULATION GEOMETRIES.

This simulation was conducted under seven different seeds®. Over all these simulations the highest
percentage of photons that reached the Raybin was 29.919% and the lowest 29.736%. These values
have a variation of ~0.5%, which can be subscribed to the statistical errors. See Figure 73 for all the
results. Figure 73 also shows that the statistical error is small. That implies that the random number

generator is of good quality and enough photons were used within the simulation.

%2 The starting point within the random number generator
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FIGURE 73: AN OVERVIEW OF THE AMOUNT OF PHOTONS REACHING THE SOLAR CELL UNDER
DIFFERENT AMOUNTS OF TIR’S AND WITH DIFFERENT SEEDS. 50.000 PHOTONS WERE SIMULATED.
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