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Abstract

A Luminescent Solar Concentrator (LSC) is a device that consists of a transparent plate with
photovoltaic (PV) cells connected to one or more sides. The transparent plate functions as a
waveguide and contains luminescent particles, such as organic dyes or quantum dots. The
luminescent particles absorb sunlight and part of the re-emitted rays is guided towards the edges
of the LSC by total internal reflection, where light is converted to electrical energy from the PV
cells. The efficiency of the received sunlight directed to the edges of the LSC is determined by the
size of the waveguide and the luminescent particles. This thesis outlined the important
characteristics of the LSC, such that we can optimize its optical efficiency for best performance.
Here, red-dye (Lumogen F 305) and silicon quantum dots (Si-QDs) were studied, and their

application to the LSC was simulated by modifying the physics of the photon interaction.

Initially, a red-dye-based LSC model was simulated in ray-tracing software. The LSC simulation
results are compared to existing experimental measurements. After the validation of results, the
ray-tracing method was extended to the silicon quantum dot-based thin-film LSC model. Quantum
dots were found to be a good luminescent particles for LSCs since they have a large Stokes shift,
which reduces the re-absorption loss. Later, a silicon quantum dot thin-film LSC model was
simulated, in which, a ray-tracing simulation model is developed to study the optical efficiency of
a given LSC structure. The model consists of a low-iron glass with a copolymer film known as Poly
(butyl methacrylate-co-methyl methacrylate) and silicon quantum dots embedded in it. The
quantum dot characteristics were changed in this model, and the optical efficiencies were recorded.

The models were used to present different parameter studies of the LSC to optimize performance.
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Chapter 1

Introduction

In environmentally sustainable and renewable energy sources, use of solar power presents a solution
to the increasing energy demand and reducing the environmental impacts from fossil-fuels [1].
Electricity generated from solar energy offers significant advantages compared with conventional
resources, including its nonpolluting, renewable, and widely distributed characteristics. For a long
time, development of photovoltaic (PV) systems have been lowering their costs while improving
their efficiency. However, the silicon solar cell itself still remains a key cost to electricity generation
from solar energy. Luminescent Solar Concentrators (LSCs) were developed to lower the cost of
PV solar cells and to introduce new applications, such as transparent windows. Light
concentration, light trapping, and luminescence are three principal process, which are combined in
an LSC. Historically, the solar cells themselves were the most expensive component of the system,
and it was advantageous to concentrate the light prior to illuminating it on a reduced cell area.
As the cost of solar PV cells have declined, today the biggest opportunity for LSC is to take

advantage of buildings with large areas covered with windows. This includes power generation for



skyscrapers, apartments, and single-family houses. LSC technology offers advantages in
architectural integration, i.e., light weight, tunability of color, ability to work under diffuse light.
These advantages allow LSC to overcome some of the intrinsic limitation of conventional PV
systems [2|, [3]. Compared to bulk-plate LSC configuration, where a polymer slab acts as a
waveguide that is lightly doped with luminescent particles, the thin-film LSC configuration
presents advantages of depositing heavily doped thin luminescent film on any transparent material.

These broaden the applicability of this technology [4], [5].

This thesis discusses how quantum dots can be modelled in new LSC windows. This study first
provides a foundation for the theory, while establishing the background knowledge on the subject
matter. In this work a thin-film quantum dot LSC system is investigated based on different
parameters, such as luminescent concentration, LSC film and glass thickness, and LSC size. This

chapter describes the background knowledge of the LSC.

1.1. Motivation

The dependence of our society on energy resources dominates our economy and industries, such
that energy is the lifeblood of technological and economic development [6]. Even with more efficient
new technologies, energy demand is expected to increase due to population and economic growth.
To this end, primary energy including coal, oil, natural gas, solar, and wind, increased by 28%

from 2005 to 2019. During the same period, Canada produced 33% more primary energy |[7].

The Energy Information Administration (EIA) predicts that the world primary energy
consumption will increase by around 50% between 2018 and 2050 [8]. Currently, global energy
consumption increases by 2% per year, which indicates that demand for energy will continue to
grow. On average around 80% of the primary energy comes from fossil fuels, which have major

environmental impacts including air pollution and increasing greenhouse gas (GHG) emissions [9].

As shown in Figure 1.1, EIA’s International Energy Outlook 2019 identifies that the global energy
related GHG emissions will continue to grow in the near future. GHG emissions have started to

plateau and even decline in some countries (Organization for Economic Cooperation and



Development, OECD), although the growth of GHG emissions will be dominated by non-OECD
countries, i.e., China and India, in the coming years. The EIA business as usual forecast suggests
member countries’ GHG emissions collectively will decline at a rate of 0.2% per year from 2018 to
2050. Since non-OECD countries have growing populations and economies, in the absence of major
changes related to GHG emissions in energy production, emissions are expected to increase at a
rate of 1% per year from 2018 to 2050 [10]. Increase use of renewable energy, such as solar, will be

important in curbing this growth.

billion metric tons

45 history projection 2018.2050
40 growth rates
35
30
+1.0%
25 per year
20 non-0ECD
member countries
15
10 Organization for Economic
5 Cooperation and Development -0.2%
(OECD) member countries per year
0 >
1990 2000 2010 2020 2030 2040 2050 cia)

Figure 1.1: Global energy-related carbon dioxide emission from 1990 to 2018 and projected to 2050.
(Reprinted with permission from U.S. EIA [10].)

Solar power is a clean energy source with near-zero GHG emissions for producing electricity.
Material systems, such as copper indium gallium selenide (CIGS) and cadmium telluride (CdTe),
have been used to reduce the production cost of PV cells for the solar energy industry [11].
Photovoltaic technologies recently have shown remarkable progress, such that now PV accounts
for one of the lowest cost electricity generations globally [12]. Solar cells have a wide range of
applications, from calculators to rooftop solar panels and even utility-scale power plants. Improving

the design and using advanced materials to build solar cells, have led to a higher efficiency for



these systems. Research and development will continue to reduce the cost of solar cells and increase

their efficiency [13].

PV systems have been growing rapidly in recent years. Figure 1.2 shows the evolution of the
annual PV installation from 2000 to 2021. At the end of 2021, a cumulative capacity of ~175 GW
is installed in the world. China has led PV annual installation in recent years compared to other
countries [14]. Today, most PV is built in large utility-scale configurations. However, solar as part
of buildings offer the benefit of local energy supply and reduced distribution losses. Houses and
office buildings account for 40% of overall energy use in the United States [15]. There are two
different concepts in distributed PV systems: Building applied photovoltaics (BAPV) and building
integrated photovoltaics (BIPV). PV systems installed on existing buildings are called BAPV,
while BIPV refers to PV systems that replace conventional building materials such as PV ftiles,

PV shingles, and PV glass [14].
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Figure 1.2: Annual PV installations. (Reprinted with permission from IEA PVPS Task 1 [14].)

A photovoltaic cell requires a large surface area to collect sunlight and convert solar energy into

electrical energy. Unfortunately, tall buildings have small rooftop spaces relative to their overall

4



size, which are not sufficient for rooftop PV to supply their electrical requirements. As a result,
new innovative technologies are needed for solar energy-harvesting devices in the form of PV
windows [16]. Material scientists in the past have tried to embed light-absorbing films into glass
windows, where the architects find it unappealing due to their reddish or brown tint. The latest
solar power window technologies absorb ultraviolet (UV) or infrared light. This blocks the UV and
infrared radiations, which normally pass through the glass, and sometimes delivers unwanted heat.
By generating power from the solar window and reducing the heat gain, windows have an immense
potential for energy harvesting with sufficient capacity to power up a large office building in the

future [15].

1.2. Background

Solar energy was first discovered in 1839 when Edmond Becquerel discovered the photovoltaic
effect. They explained how electric current can be generated from sunlight. Even after extensive
research and development on the introduced theory, the efficiency of photovoltaic power was low,
but their work set the stage for solar cells [17]. American inventor Charles Fritts created the first
solar cell in 1883 using selenium. The efficiency obtained was less than one percent at converting
sunlight to electricity. This motivated many researchers to continue researching photovoltaics in
the following decades. The first silicon solar cell, which was created in Bell Labs, was about 6%
efficient at converting solar energy into electricity [13|. In 1956, the first commercialized solar
panel cost was around $300 per watt [18]|. As the price per watt was expensive to mass produce,
the efforts to commercialize did not succeed in the United States. During the energy crisis in the
1970s, the federal government focused more on making solar energy viable for the market. The
Solar Energy Research, Development and Demonstration Act of 1974 was passed to utilize solar

energy as a major source for energy needs [19].

The demand for electricity will be increasing in the future and many efforts have been placed on
BIPV technologies, where the PV element becomes part of the building. Various techniques have
been proposed for concentrating solar light into a smaller area, where energy can be collected

efficiently. There are two types of solar concentration: Solar thermal power concentrators and



concentrators that use PV cells. Solar thermal concentrators use mirrors to concentrate sunlight
into a smaller area to generate heat, where the heat is delivered to a steam engine to produce
electricity [20]. PV concentrators focus solar light into smaller PV cells for electricity generation.
Thus, solar energy efficiency can increase by concentrating solar radiation, cost effectively [21].
This concept of concentrating solar energy has been extensively researched, which has led to the
idea of Luminescent Solar Concentrators (LSCs) [22]. LSCs were initially proposed in 1976 to

reduce the cost of silicon solar cells, and as an alternative for traditional solar panels [16].

As solar cells were costly, the luminescent solar concentrator concept was developed to reduce the
number of solar cells required per unit area. The most common configuration of LSC is attaching
PV cells to the edge of the luminescent waveguide that is coated or doped with highly fluorescent
materials. This concept was to focus the light from a large area into a smaller area of solar cells
to generate electricity. The Luminescent particle is one of the key components that directly
determines the LSC performance. Different types of luminescent materials, such as dyes or
quantum dots, can be used in LSCs. By design, direct or diffuse sunlight can penetrate the
waveguide and be absorbed by the luminescent materials and re-emitted to the edges of the LSC.
Thus, sunlight tracking option is not necessary and can be integrated into the built environment

(Figure 1.3) [16] [23].

Triple-insulated glass unit Luminescent solar concentrator

Chromophnre

Polymer waveguide

Figure 1.3: Schematic representation of a PV window. (Reprinted with permission from Nature Review
Materials [16].)
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The major advantage over silicon-based PV panels is that LSC can adapt in the built-in
environment. As the weight in plastic or glass waveguide is less compared to the silicon PV panels,
the LSC are viable for mounting on sides of the building [24]. To increase optical efficiency in
LSCs, different luminescent particles (dyes, quantum dots) and waveguide materials are used in
configuring the LSC. Quantum dots (QDs) have shown a number of promising properties in LSCs
[25]. QD particles present no self-absorption as their absorption and emission spectrum is
substantially shifted. Among various types of QDs, silicon quantum dots (Si-QD) are one of the
highly efficient luminescent solar concentrators, while Si-QD is one of the most abundant elements
on the Earth’s crust [26]. This abundance of silicon is beneficial, since it is a non-toxic material
that is readily available. Furthermore, due to the non-toxic behavior of Si-QD, studies have been

conducted to use silicon nanomaterials for biological applications [27].

The non-toxic nature of Si and its availability can be important for the future of LSC industry in
BIPV applications. Furthermore, these silicon semiconductor nanoparticles hold great potential in
the fast-growing world of nanotechnology. Only silicon QD doped bulk LSCs configuration have
been studies and other configurations are not documented. This thesis has worked on a thin-film

based LSC configuration setup where silicon QDs are used as luminescent materials.

1.3. Novelty and Objectives

This thesis is motivated by solar energy harvesting technology and it focuses on the luminescent
solar concentrator concept. Particularly, it assists in developing a product using a small area of
PV cells and high-efficiency concentrators for electricity generation. This thesis utilizes several
design parameters to study the optical performance of LSC. Understanding the interaction between
light and quantum dots is crucial in optimizing the performance of LSC. The main question is
proposed in this thesis: which explore the main parameters affecting the performance of LSC and

how they can be optimized.

To answer the proposed question, the ray-tracing simulation software will be used to achieve the

following objectives:



1. Develop an accurate LSC ray-tracing model for interactions between light and luminescent
particles.

2. Validate an existing LSC model and create a Si-QD LSC prototype in a ray tracing
software.

3. Quantify power losses in the LSC and the amount of light reaching the PV edge.

4. Optimize power output using different parameters of the LSC.

1.4. Thesis Outline

This thesis focuses on understanding luminescent dyes and quantum dots in LSC. To achieve the
proposed objectives, first an understanding of the operating principles of an LSC is needed. The
theoretical background related to an LSC are discussed in Chapter 2, which explains the
information necessary to understand the concepts and theories for constructing a ray-tracing
simulation of an LSC model. This chapter discusses the main physical phenomena by first
explaining the main optic concepts that relate to the operating principle inside an LSC.
Luminescent process is discussed to understand the properties of luminescent particles, such as
organic dyes and quantum dots. Finally, the equations necessary to obtain the overall optical

efficiency of an LSC is shown.

Chapter 3 describes the methodology. This chapter is broken down to two models. The first LSC
model has red-dye luminescent particles, which are embedded in a waveguide. The second LSC
model consists of two layers. The first layer is a glass component, and the second layer is a thin
copolymer film coating on top of the glass, which has QD luminescent particles embedded in it.
The simulation of red-dye based LSC model in Chapter 4 discusses whether ANSYS can be used
as a tool to simulate a LSC device, and how accurate are the simulation results. A red-dye based
LSC is modeled in a ray-tracing software, and the estimated optical efficiency and losses obtained
by the simulation is compared to the experimental data from the thesis of Lisset Manzano Chéavez

[28].

The simulation of quantum-dot-based LSC model in Chapter 5 characterizes the Si-QD based LSC
model with the data provided by Applied Quantum Materials (AQM). In this chapter, the Si-QD

8



LSC model is simulated using ray-tracing software to find the optimum parameters of the LSC

model with different photoluminescence, quantum yield, polymer thickness, and LSC lengths.

Finally, conclusions on the LSC model are discussed in Chapter 6 along with recommendations to

improve the LSC model.



Chapter 2

Theoretical Background

This chapter focuses on explaining the main theories associated with a Luminescent Solar
Concentrator. The aim is to establish a background knowledge to analyze and compare different
models in simulating ray-tracing. In section 2.1, the concepts on optics are described. Then the
luminescent particles are described in section 2.2. Finally in section 2.3, the operating principle of

an LSC is described.

2.1. Concepts of optics

Light has dual behavior, such that it acts as a wave and as a particle (photon). Considering this
behavior, properties of light can be further explained. When light interacts with a matter, it ejects
electrons, which produces electricity. This is called the photoelectric effect. Albert Einstein
explained that light particle energies are related to their frequencies according to Planck’s formula

[29]. The energy of a photon can be given as,

ph hv (21)
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Here, his Planck’s constant and v is the frequency of light. This equation can be further derived
as [29]:

= (2.2)

Eph =
where ¢ is the speed of light, and A is the wavelength of light [nm|. This equation demonstrates
the photon energy at different wavelengths. Different frequencies of light can carry photons with

different energies.

2.1.1. Reflection and Refraction

The refractive index is closely related to the velocity of light. The velocity of light in vacuum is
the largest when compared to other mediums, i.e., Water or glass. Refractive index (n) of a matter
is defined by the ratio between the two velocities of light, the velocity of light in vacuum (c¢) [m/s|

to that in the given medium (v) [m/s| [29]:

n = (2.3)

S

When light passes through a material, the propagation of light will decrease. This is described in
the form of a complex refractive index, defined as: i = n + ik. Here, the real part (n) is called the
usual refractive index, and the extinction coefficient (k) is the imaginary part of the refractive

index that represents the absorption of light in the material.

The extinction coefficient (k) is related to the absorption coefficient («), and by using equation

(2.4), it can convert the extinction coefficient to the absorption coefficient [1/mm]| [30], such that,

o = (2.4)

Here, A is the wavelength of light [nm)].
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As shown in Figure 2.1, light hitting the surface between two mediums with different refractive
indices of n; and n, at an angle of 8; breaks to two parts. Part of the light will be reflected with
an angle of 6;', and another part will refract with an angle of 6,. This characteristic defines a
Fresnel loss, where part of the light will reflect, and another part is refracted from the surface.
The angles are measured relatively perpendicular to the surface from where the light interacts with

the surface.

Normal to surface

Incident light i
Reflected light

Ty

Refracted light

Figure 2.1: Reflection and refraction of light between two medias.

For unpolarized light with normal incidence angles (6; = 8, = 0?), the reflectance (R) is calculated

according to:

ny —ny|?

(2.5)

ny +n,

If the media is non-absorbing, the transmittance (T) and reflectance (R) add up as T + R = 1.
Figure 2.1 shows how light changes its direction when traveling through a change in refractive

index. Direction of the light changes depending on the incident angle and the refractive index of
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both mediums. The law of refraction, or Snell’s Law, represents the mathematical relationship that
relates the refractive index of both materials, angle of incident (68,), and angle of refraction (6,)

[29]:

ny sin(6;) = n,sin(6,) (2.6)

When light travels from a low refractive index to a higher refractive index (n; < n,), it can be
trapped in a waveguide if the incident angle is above a critical angle. Equation (2.7) presents the

critical angle, at which the total internal reflection occurs.

. g (T2
6. = sin 1(n_1> (2.7)

Total internal reflection (TIR) will occur when the incidence angle is higher than the critical angle,

where the light will reflect multiple times inside the waveguide.

2.1.2. Absorption

When light passes through a material, part of its energy will transfer to the medium in the
absorption process. Transmittance (T) is the ratio of the amount of light transmitted (¢') to the
amount of incident light (¢¢) through a material measured at the same wavelength. This relation

shows the exponential law of absorption or Lambert-Beer Law [29].

Here, a is the absorption coefficient [1/mm]| and d [mm] is the thickness of the material.

2.2. Luminescence

Luminescence is the emission of light from an excited state of a molecule (luminophore) that does

not arise from heating. Various types of luminescence exists based on the energy source that

13



initiates the luminescent process, such as thermoluminescence, radioluminescence,
mechanoluminescence, chemiluminescence, electroluminescence, cathodoluminescence, and
photoluminescence [31]. In LSC principle photoluminescence process is the emision of light, where

absorption of photons takes placed.

In Figure 2.2, the luminophore excitation process is shown. When an luminophore absorbs light,
it excites from the ground state (Sp) to a maximum energy level (singlet state S2), identified as
state 1 in Figure 2.2. The ground state describes all electrons in the lowest possible energy level.
The excited state depends on the luminophore and typically lasts 1-10 nanoseconds. Excited
electrons fall to the lowest energy excited state, which is semi-stable (singlet state S1) by releasing
some of the absorbed energy as heat, (phase 2 in Figure 2.2). The electron will then fall back to
its ground state (So) by releasing the remaining energy as fluorescence (state 3 in Figure 2.2). This
released energy has a longer wavelength (low energy). In molecular systems, fluorescence is

commonly referred to as photoluminescence [32].

; (2

S1

Energy
EEmcitation EEmission

€y 3

So

Figure 2.2: Excited electron movement of a luminescent particle. (Figure adapted from bio-rad [32].)

Absorption and emission spectra shown in Figure 2.3 are the characteristic property of
luminophores in the luminescent particle. The Strokes’ shift is the difference between the

wavelengths of maximum absorption (A in Figure 2.3) and maximum emission (C in Figure 2.3)
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in a luminophore [32] [33]. Suppose a large Stoke shift (B in Figure 2.3) is present in a luminophore.
In that case, this shows that there will be less overlap between the absorption and emission spectra,
resulting in a low probability of re-absorption by other luminophores. So, small Stoke shift

luminophores have re-absorption losses [32] [33].

A50 A00 150 300 a5 GO0 650
Wavelength [nm)]

Figure 2.3: Schematic drawing of an absorption and emission spectrum. (Figure adapted from bio-rad [32].)

Another parameter to evaluate the photoluminescence efficiency is the photoluminescent quantum
yield (PLQY), also known as quantum yield (nqy). The light emitted within the waveguide is
determined by ngy of the luminescent particle. Quantum yield is the ratio between the number of

photons emitted to the number of photons absorbed [34].

Number of photons emitted

— 2.9
Moy Number of photons absorbed (2.9)
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2.2.1. Luminescent Material

Luminescent materials are one of the important components of the LSC design. Luminescent
material properties must be considered to minimize losses for LSC development. A list of these

properties for an ideal luminescent material are [35]:

e Wide spectral absorption: A broader absorption spectrum is ideal for absorbing a wider
range of incident solar energy.

e A higher Stokes’ shift: The overlap of absorption and emission spectra of a luminescent
material needs to be minimized to obtain higher optical efficiency.

e A higher photoluminescent quantum yield: The efficiency of a luminescent material should
be higher to ensure a high emission probability.

o The lifetime of the luminescent material: For commercial use, the luminescent material
needs to perform at a certain level over many years.

e Solubility in a waveguide: The luminescent material needs to be soluble in the waveguide

material with the required optical properties.

The property of luminescent particles doped in the polymer or glass waveguide is an essential
factor in defining the efficiency of an LSC. Therefore, identifying the optimal luminescent particle
for the LSC system is essential for improving LSC performance. To date, various types of
luminescent particles, such as organic dyes and quantum dots, have been utilized as light
converters for LSC purposes. These are summarized in Table 2.1, in which it is shown that organic
dyes with a smaller absorption range have a higher PLQY. Also, organic dye-based LSCs have
higher re-absorption losses due to the Stokes’ shifts for Lumogen Red 305 and Rhodamine (Rh B),

which are ~140 and ~65 meV, respectively [36].
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Table 2.1: Optical properties of luminescent particles.

Luminescent Absorption Emission Stokes shift Noy Ref
particles range (nm) range (nm) (meV) (%)
Organic dyes  Perylene dye 4 400-580 500-650 - 96 [37]
Coumarin-540 420-555 450-620 ~264 78 [38]
Lumogen Red 305 400-620 580-740 ~140 ~100 [39]
Rh B 450-620 520-650 ~65 ~70-97 [40]
Quantum dots  CdSe/ CdS 400-650 590-700 ~400 45 [41]
PbS/CdS 300-800 800-1100 ~250 ~40-50  [42]
Si 300-660 640-1000 ~400 50 [26]

2.2.1.1. Organic Dyes

Organic dyes were mainly investigated as luminescent particles for the LSC application in the
early stages of LSC research. Most organic dyes are categorized as perylene, coumarin, and
rhodamine. As seen in Table 2.1, most dyes overlap between absorption and emission spectra,
where photons will be self-absorbed, resulting in self-absorption losses. Even though organic dyes
are cheap to produce, having a self-absorption loss, leads to a non-efficient dye-based LSCs. Among
all dyes, Lumogen Red 305 organic dye is often used for comparison in LSCs, and it is used for the
dye-based simulation. The small Stokes’ shift of organic dyes causes self-absorption losses, which
limits their performance in large-area LSCs. Moreover, the narrow absorption band limits the solar

energy harvested in LSCs.

One of the main disadvantages of organic dyes is their limited lifetime compared to the lifetime of
solar PV cells (= 20 years) under illumination [35]. Stark et al [43] have shown that absorption
intensity has decreased in Red305 organic dyes when exposed to light for a significant amount of
time (see Figure 2.4). The authors have conducted an experiment where an LSC doped with
Lumogen Red 305 was attached to a solar cell and the short circuit current was measured at
various intervals during illuminations. The LSC is illuminated under a sulfur lamp and outdoors.

As shown in Figure 2.4, the sample was illuminated using a sulfur lamp, and the sample kept
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outdoors showed a 20% decrease in the short circuit current. The reference sample, which is stored

in a dark environment, shows a minor difference.

Organic dyes are advantageous compared to QDs due to their high PLQY, low cost, and
availability. However, they are disadvantageous due to their photo-stability, narrow absorption
spectrum, broad emission spectrum, and overlap between absorption and emission spectra. This
drawback has prevented commercialization of dye-based LSCs. Compared to traditional organic
dyes, quantum dots are excellent emitters for LSCs. They can be engineered to suppress re-
absorption energy losses by providing a large Stokes’ shift in the absorption and emission spectra,

which increases the efficiency of LSC devices [36].
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Figure 2.4: LSC degradation under illumination in a duration of 300 days. (Reprinted with permission
from The Optical Society [43].)
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2.2.1.2. Quantum Dots

Quantum dots are inorganic semiconductor nanocrystals (spherical materials) with a diameter of
2-8 nm [44]. When the size of a bulk semiconducting crystal is reduced to the nanoscale, it gains
different properties that differ from its bulk property. Quantum dots have unique properties
depending on their size and also high photostability under illumination [45]. An excited electron
in a quantum dot can release higher energy than a bulk crystal when moving to a lower energy
level. This released energy might be able to excite another electron in the valence band. The band
gap of a QD can be engineered by altering its size, which changes the absorption emission peak.
Combining different band gap materials, the core-shell structure shown in Figure 2.5 can obtain a
larger stokes shift than organic dyes [46]. In addition, the low quantum yield in QD-based LSC
results in the possibility that no photons will re-emit from the QD when a QD absorbs an emitted

photon. There also has been concern regarding the toxicity of some QDs.

Photovoltaic cell

PMMA/QD nanocomposite

Figure 2.5: Schematic representation of LSC with QDs. (Reprinted with permission from Nature
Photonics [41].)

Silicon nanocrystals are classified as QDs when the crystallite size is reduced below Si’s Bohr
exciton diameter of ~10 nm [47]. Si is an indirect band gap semiconductor, where the maximum
energy of the valence band occurs in a different value of momentum in the minimum energy of the
conduction band. Figure 2.6 (b) shows that an electron in an indirect bandgap semiconductor

requires additional energy for the momentum change that is included in the energy gap (E,) to
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transition electrons from the maximum point in the valence band to the minimum point in the
conduction band. Compared to direct bandgap semiconductors, indirect bandgap semiconductors
are inefficient emitters where the optical transitions are allowed only if phonons are absorbed or
emitted to conserve the momentum of the bulk Si. However, when quantum confinement occurs,
the uncertainty of the crystal momentum increases allowing optical transitions without involving
phonons [48| [49]. The quantum confinement effect has shown the importance of Si QDs which
results in the photoluminescence improvement of the Si QDs compared to bulk Si, where

photoluminescence is the important property in the LSC application [48].
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Figure 2.6: Schematic representation in (a) direct bandgap semiconductor and (b) indirect bandgap
semiconductor. (Figure adapted from Samantha [48].)
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2.3. Literature review of bulk and thin-film LSCs

Coropceanu & Bawendi [50] have used CdSe/CdS QDs embedded in LSC (2 cm x 2 cm x 0.2 c¢m)
with 0.5% w/w concentration. The QD PLQY is 86%. All four surface areas of the edges are used
in the LSC for optical efficiency measurements. The optical efficiency of 48% was obtained at a
fixed wavelength of 400 nm. Meinardi et al [41] have considered a PMMA slab (21.5 cm x 1.3 cm
x 0.5 cm) embedding CdSe/CdS QDs of a concentration of 0.05% w/w with a PLQY of 45%. One
of the smaller edges was used to collect the light of the LSC. Reflectors are placed in the long
surfaces to reflect the escaped light into the waveguide (no reflectors are at the base of the PMMA
slab and opposite face of the detector). From this LSC setup, the optical efficiency of 10.2% is
measured. Meinardi et al [51] have used CISe coated with ZnS with a concentration of 0.5% w/w
doped in an LSC (12 cm x 12 ¢cm x 0.3 cm) with a PLQY of 40%. No reflectors are placed on the
bottom of the slab, and all four edges are used to measure the optical efficiency of 3.27%. Zhou et
al. [52] have fabricated a QD-based LSC (5 ¢cm x 1.5 cm x 0.3 ¢cm) by embedding PbS/CdS QDs
of a concentration of 0.5% w/w. The geometric factor (G) is the ratio of the area of the top surface
and the edge surface (other three edges are being covered by the mirrors to limit photon losses) is
16. The PLQY is 40-50%, and the QD-based LSC reaches an optical efficiency of up to 6.1%.
Meinardi et al. [26] have shown indirect bandgap silicon quantum dots as promising materials for
LSCs. Silicon is a promising material for commercialized use for LSC applications due to its non-
toxicity, low cost, and ultra-earth abundance. A Si QD size of 4.6 nm is embedded in an LSC
waveguide (12 cm x 12 cm x 0.26 cm) with a PLQY of 46%. All four side of the LSC is used to
measure the power conversion efficiency of 2.85%, where the power is collected by solar cells from

the LSC edges.

Two different methods are considered to construct an LSC. One method is to embed luminescent
particles directly into the waveguide, which is called a bulk LSC. The other method is to deposit
a luminescent film on top of a transparent waveguide, where the film is much thinner than the
waveguide. This device is called a thin-film luminescent solar concentrator. The thin-film LSC
represents a convenient technology in the PV systems. The main reason for this method is to

reduce cost and practicality. Thin-film LSCs are necessary because they enable to deposit into any
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transparent waveguide, i.e., glass windows. In this situation, the thin doped layer is responsible
for the absorption of sunlight. It is then emitted to the glass waveguide, where the majority of the
light propagates within the glass waveguide resulting in lower re-absorption losses. The thin-film
LSC structure containing luminescent material coated on a transparent plate was suggested to
reduce re-absorption losses in the LSC. The thin-film reduces the re-absorption loss by confining
the absorption and emission to the thin film, so the emitted light is primary trapped in the

transparent waveguide.

de Boer et al. [53] found that Sm?'-based phosphor has a relatively broad absorption spectrum,
and a peak emission around 700 nm fulfills most of the luminescent material requirements. The
problem with this inorganic phosphor is that it has a particle size in the micrometer range, which
scatter the emitted light. A plate (100 mm x 100 mm x 2.5 mm) with a refractive index of 1.5 with
negligible absorption is used as a light guide to perform a ray-tracing simulation. A luminophore
coating is applied in the bottom of the light guide with a coating thickness of 100 pm (0.1 mm).
The bottom surface of the coating is a perfect mirror. The top surface of the light guide is covered
with a wave-length selective filter, which reflects emitted light but not incident light which the
luminescent material will absorb. The author shows that this LSC setup can reduce the re-

absorption and cone losses in the LSC.

Ying et al. [54] proposed inorganic phosphors for thin-film LSCs. The phosphor concentration and
the suitable position of the thin phosphor layer in the LSC were investigated using different
commercial phosphors. Several thin-film LSC with different inorganic phosphors material,
phosphor concentrations, and the thin-film phosphor layer position in the LSC were investigated
for the effective LSC. A glass plate (50 mm x 50 mm x 5 mm) is used as the light guide in the
LSC. The phosphor layer thickness of 0.65 mm was used in the LSC device. Four phosphors, such
as EG2762, NYAG4EL, R630, and R670, were used in the LSC with phosphor concentrations of
10%, 20%, 30%, 40%, and 50%. When the phosphor layer is placed on the top surface of the LSC,
the optical efficiency decreases as the phosphor concentration increases from 10% to 50%. At higher
concentrations in the phosphor layer, incident light is absorbed by more phosphors and reduces
the optical efficiency. With the increase of phosphor concentration, the thin-film re-absorption

increases, reducing the emitted light that travels to the PV cell. For all the phosphor
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concentrations, the order of the highest optical efficiency for different phosphors was NYAG4EL
> EG2762 > R630 > R670. The trend resembled the phosphors' QYs of EG2762, NYAG4EL,
R630, and R670 were 0.93, 0.95, 0.84, and 0.80, respectively. When the phosphor layer is on the
glass plate's top surface, incident light must first enter the phosphor layer, and more emitted light
is directed to the PV cell on the glass edge. With high phosphor concentrations, re-absorption loss
dominates in the phosphor layer, which reduces the emission light to the PV cell. The phosphor
QY dominated the optical efficiency when the phosphor layer was on top of the glass surface. The
author then investigated when the phosphor layer was on the bottom of the glass surface. In this
setup, the optical efficiency increased when the phosphor concentration increased from 10% to
50%. The emitted light from the phosphor layer increased the light trapping with higher phosphor
concentration. The high concentration in the phosphor layer scatters the incident light and emits
the light to the glass plate. Thus, high concentration in the phosphor layer contributes to the
optical efficiency when the film is on the bottom surface of the glass. For all the phosphor
concentrations, the optical efficiency for different phosphors was R670 > R630 > EG2762 >
NYAG4EL in the following order. The R670 phosphor has a broader absorption spectrum that
overlaps a larger solar spectrum and delivers high optical efficiency. As seen above, the order of
the phosphor layers is different when film placement is changed from the top to the bottom surface
of the LSC. Therefore, the types of phosphors, phosphor concentration, and the thin phosphor

layer position affect the LSC.

Zhang et al. |55] investigate the performance in a large-area LSC with two different waveguide
materials. A LSCs (20 cm x 20 cm x 0.1 cm) with glass-based and PMMA-based with a G factor
of 50 is used as the light guides in this LSC performance analysis. A uniform fluorophore layer
thickness of ~3 pm was deposited on both glass and PMMA-based light guides. In this literature,
the optical flux gain, which refers to the density of the incident and output photons of the LSC,
has a higher optical flux gain in the PMMA-based LSC compared to glass-based LSC for all
increased G values. When the G value was increased from 37.5 to 50, the optical flux gain from
the glass-based LSC did not change. This indicates that more emitted light never reached the
waveguide edges at higher G. However, the optical flux gain increased three times higher in the
PMMA-based device than in glass-based LSC at G = 50. The ray simulation indicated that the

absorbance of the waveguide significantly impacted the performance of large-area LSCs. The
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optical flux gain from glass-based LSC stopped increasing when G is larger than 50, which shows
similar results compared to experimental data. In a PMMA-based waveguide, the increase in
optical flux gain above G = 50 is greater than in the glass-based waveguide. This demonstrates
that for large-area LSC sizes, the main loss is due to the absorbance of the waveguide. This

highlights the importance of the waveguide material used in the large area LSC.

Chavez [28] proposed two thulium models in her thesis report. The 1% model contains thulium
particles (Tm?") doped in a glass. The 2" model has two layers: glass and a thin film coating with
Tm?" particles on one side of the glass surface. The materials were assumed to have no impurities
or absorption characteristics in the waveguide. Different LSC parameters are studied in the
simulation tests. Mean Free Path (MFP) length, quantum yield, glass thickness, and LSC size
have been studied to find optimum efficiency (MFP is discussed in section 3.2.1). In these tests, a
light beam of 550 nm hits the center of the plate. One LSC edge was used to obtain the optical
efficiency in the ray simulation software. The front and back surfaces were Fresnel type, and the
other three edges were mirrors. The 15 model, which has a uniform concentration of thulium
particles, is doped in a glass waveguide (50 mm x 50 mm x 5 mm). When the MFP length is
increased, the optical efficiency increases until the MFP length is 5 mm. The thermalization losses
decreased, and transmission losses increased at longer MFP. This is because larger MFP means
lower phosphor concentration, where light can easily pass through the model. The next simulation
was done with different quantum yield values of 1.0, 0.9, 0.8, and 0.6. As expected, the unity
quantum yield, where one photon emitted per photon absorbed, receives the highest optical
efficiency. The optical efficiency of 13% is obtained at an MFP length of 5 mm. In lower quantum
yield with the same MFP length, the optical efficiency was lower as there were less photons emitted
per photons absorbed. With a QY of 0.9 the maximum optical efficiency is about 12%, with a QY
of 0.8 the maximum optical efficiency is 10.5%, and finally for the lower QY of 0.6 the maximum
optical efficiency of 8% is obtained. The glass thicknesses 3, 4, 5, and 6 mm were tested in the first
LSC model to see the optical efficiency change from thinner to the thicker waveguide, where the
standard model thickness is 5 mm. The optical efficiency of thinner glass thickness (3 and 4 mm)
is lower than the standard thickness of 5 mm in the same thulium concentration. With a glass
thickness of 6 mm, the optical efficiency increased by ~1% from the standard glass thickness. In

the next simulation, the surface area of model 1 was changed by 4 cm?, 25 cm?, 100 cm?, and 400
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cm?, and the light beam was hitting the center of the glass. As expected, the highest optical
efficiency was received in a smaller area (4 cm?) LSC, and the lowest optical efficiency was received
in a larger area (400 ¢cm?) LSC. In the same thulium particle concentration, photons travel a
shorter distance in the smaller area LSC, while in larger area LLSCs, photons have to travel longer
distances which will likely be scattered outside of the plate and lost, which reduces the optical
efficiency. In a 100 cm? size area LSC, the maximum optical efficiency was ~9% and in a 400 cm?
size area LSC, the maximum optical efficiency was 5.6%. The 2" model has a layer of pure silicon
glass with a thickness of 5 mm and a Tm?" doped coating film with a fixed thickness of 5 pm at
the bottom of the glass. A light beam hits the front glass surface where the thulium coating is on
the bottom surface. The simulation results are tested with different parameter results of MFP
length, phosphor quantum yield, glass thickness, and LSC area. The MFP range tested is from 0.1
pm to 100 pm. In this simulation test, the thermalization losses due to down-conversion decreases
with longer MFP (low concentration). However, the transmission losses increase as thulium film
has a lower concentration. The optical efficiency is lower in MFP length below 1.5 pm. Then the
optical efficiency increases up to 11%, and it keeps above 10% till 7 pym of MFP. The next
simulations were tested by changing the quantum yield values of 1.0, 0.9, 0.8, and 0.6. The same
trend of optical efficiency was obtained as in model 1. The maximum optical efficiency in the unity
quantum yield was close to 11% in 4 and 5 pm of MFP length. In other quantum yields, the
maximum optical efficiency was in this MFP length. With a QY of 0.9 the maximum efficiency
was ~9.8%, QY of 0.8 the maximum efficiency was 8.7%, and finally with a lower QY of 0.6 the
maximum optical efficiency was 6.5%. In the next simulation test, the film thickness was fixed and
only the glass thickness was changed and simulated. The glass thicknesses of 4, 5, and 6 mm were
modeled to obtain optical efficiency results with different glass widths while changing the
concentration from 0.1 to 100 pm. In smaller MFP lengths, the optical efficiency is higher in the
thicker glass. When the MFP length was 100 nm, the optical efficiency was similar in all glass
thicknesses. Therefore, the glass thickness does not affect the optical efficiency at lower
concentrations. In the final simulations, the LSC areas of 4, 25, 100, and 400 cm? were used to
analyze the optical efficiency. In a small area (4 ¢cm?) LSC, the maximum optical efficiency was

~16%, the standard size (25 cm?) LSC was ~11%, 100 cm? size LSC was 6.4%, and finally the

25



largest area (400 cm?) LSC obtained a maximum efficiency of 3.6%. As expected, this shows that

maximum optical efficiency decreases with large-area LSCs.

Griffini et.al [56] have examined the impact on the thin-film LSC, where the luminescent dye
concentration and luminescent film thickness were varied. The concentration of the luminescent
particles (Lumogen F Red 305) was varied in the thin-film LSC from 0.01% w/w to 10 % w/w.
The power conversion efficiency obtained was 4.8% in a 5% w/w concentration. By increasing the
dye concentration, the efficiency was reduced obtaining 4% in a 10% w/w dye concentration. In
addition to varying the dye concentration, the effect of film thickness was investigated. By
increasing the thickness of the LSC film in the range of 2 pm to 13 pm, the power conversion
efficiency increased to 5.2% for a thickness of 8 ym and then it remained unchanged. This thesis
is mainly focused on the thin-film LSC, where silicon quantum dots are used as luminescent

particles.

Film-based LSCs have been reported in previous literatures, where different luminescent particles
have been used in the luminescent film. Meinardi et al [26] first time have used indirect bandgap
QDs and is considered as a luminescent material choice for the LSC application. Indirect band gap
Si-QDs have a low overlap between absorption and emission spectra, which results in low re-
absorption losses in large-area LSCs. The author has doped Si-QDs in a PMMA to analyze optical
efficiency in the bulk LSC and proven that indirect bandgap Si-QDs are useful for LSCs.
Furthermore, thin films on glass reduce the effective path length through the polymer, suppressing
the waveguide's absorption for optimizing Si-QD LSCs. In this thesis, we have used indirect band
gap Si-QDs in a thin copolymer film and a low-iron glass where low absorption takes place in the
waveguide. This LSC configuration was used in ray-tracing software to find the optical efficiency

with different LSC parameter.
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2.4. Operating principle of LSCs

The standard design of a conventional LSC allows the sunlight to enter through the top surface of
a transparent material doped with luminescent material. The material should have a higher index
of refraction as the photons will be reflected internally in the waveguide. The main component of
the LSC is the doped luminescent particles, which absorb most of the incident light and re-emit it
with a longer wavelength. The longer wavelength photons will travel to the edge of the waveguide,

where a PV cell will collect the light and convert it to electrical energy (see Figure 2.7).
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Figure 2.7: Schematic representation of fluorescence Figure 2.8: Schematic representation of light
material based LSC. (Reprinted with permission transport inside an LSC. (Figure adapted from
from RSC Advances [22].) Assadi et al. [57].)

Figure 2.8 shows the light propagation process through an LSC in 6 stages: (1) Incident light
enters from the top surface and is transmitted to the waveguide; (2) Part of the light reflects, and
the luminescent particle absorbs another part; (3) Luminescent particles re-emit the light, whereas
another luminescent particle absorbs it; (4) Re-emitted light inside the escape cone is lost to the
outside of the waveguide; (5) Re-emitted light by the luminescent particle can be trapped in the
waveguide; (6) Trapped light will be absorbed by the photovoltaic cell, which is attached to the
LSC [28].

Using inexpensive materials, e.g., glass or plastic, the cost of solar energy can be lowered via LSCs.
A large concentrator factor can be obtained by placing a small area of PV cells on the edge of the

waveguide. Concentration ratio (CR) is the ratio between the energy per unit area of incident light
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to energy per unit area of concentrated light. When CR increases, the generated electricity price
reduces since the concentrated light provides more power per unit area. Geometric gain (G) is a
key factor related to the CR. Geometric gain is the incident light area (A;qp,) to the total area of

the edges (Agqge) of the concentrator:

Atop

G = (2.10)

Aedge

With larger values of geometric gain, LSCs can generate larger CRs.

2.4.1. Mean Free Path

The characteristics of the luminescent particles and their concentration in the waveguide determine
the light interaction with a medium. The interaction between photon and luminophore is related
to the number of particles and the mean free path. Mean Free Path (MFP) is the average distance
a photon can travel without being absorbed or scattered by another luminophore particle [28].
This photon-luminophore interaction is translated into equation (2.11), where the MFP is inversely

proportional to the multiplication of particle concentration and its optical cross-section [5§].

MFP = (2.11)

1
N.o

Here, N is the density of particle in the waveguide, and ¢ is the optical cross-section of the particle.
Light is easily absorbed by the luminescent particle for larger cross-sections, whereas photons are

not absorbed in smaller cross-sections.

2.4.2. LSC performance

The overall efficiency of an LSC device is set by the light reaching the photovoltaic cell located at

the edges of the waveguide. This efficiency is called optical efficiency (np¢ ).
Nysc = MNopt * Npy (2.12)
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Here, npy is the light conversion efficiency. This efficiency is dependent on the material technology
used in the PV cells. Optical efficiency (n,y,) is the ratio of output power (Py,;) from the edges of

the LSCs and input power (Py,) entering the top surface of the LSC:

P
Nopt = [())ut (2.13)
in
Incident light inside an LSC has various possible loss factors. Figure 2.9 shows a detailed schematic
representation of losses in a waveguide. These losses include no photon absorption, no emission,

self-absorption, scattering, escape cone losses, and surface impurity losses [59].
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Figure 2.9: Incident light losses in a waveguide. (Figure adapted from Wiegman [59].)

Reisfeld et al. [60] presented equation (2.14) to describe the overall efficiency with different loss

mechanisms.

Nopt = (1—=R) *nyyg * Noy * Ngeif * Nst * Nirap * Mg (2.14)

Here, (1 —R) is the light portion transmitted into the LSC, where R is the Fresnel reflection

coefficient of the LSC surface. Value of R for standard glass is around 4% [60].

Light harvesting efficiency (n;yg) is the efficiency of absorption of incoming photons. For example

in Figure 2.9, ray 1 is not absorbed. Light harvesting efficiency depends on the source emission
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spectrum (Sso) and the absorption spectrum of the LSC. Equation (2.15) describes n;yg as the

ratio of absorbed photons to the available photon flux [61]:

o fy Ssolt — 107 Mdz 215
LHE — [ .
[ Sso(D)dA

The term [1 — 1074™] describes the absorbed photons by the luminescent particle, where A is the

absorbance as a function of wavelength (1).

Photoluminescence quantum yield (nqy) is the ratio between the number of photons emitted to
the number of photons absorbed (In Figure 2.9, ray 2 is absorbed and not re-emitted.). The self-
absorption efficiency (nge;s) is the overlap between absorption and emission spectrum (Ray 3 in

Figure 2.9.).

Stokes efficiency (ng;) is the ratio between the average energy of the emitted photons (v,,,) to the

average energy of the absorbed photons (vgps), which is equivalent to:

D,
Nge = —— (2.16)
Vabs

Trapping efficiency (n4yqp) indicates the photons not lost by the emitted photons inside the escape
cone (Ray 5 in Figure 2.9). Therefore, it is calculated from the refractive index (n) of the waveguide

by using the following equation [60]:

= (2.17)

The waveguide efficiency (nyg), also known as transport efficiency, accounts for the photon
transport losses due to waveguide imperfections, e.g., absorption and scattering in the waveguide

[28] [59] [60]. (See rays 4 and 6 in Figure 2.9)

Different losses in an LSC can be broken down into properties of the waveguide and luminescent

materials, as mentioned in Table 2.2. A related property of the waveguide to reduce the LSC losses
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is to increase the refractive index of the waveguide while maintaining transparency. Increasing the

refractive index of the waveguide will also slightly increase Fresnel reflection losses [35].

Table 2.2: LSC losses as properties of the waveguide and luminescence material.

Property of Waveguide

Property of Luminescent Material

A good quality waveguide, i.e., a waveguide
with no air bubbles and impurities, can be
chosen to reduce the losses by absorption and
scattering.

A higher refractive index of the waveguide can

be used to trap the light by TIR inside the

Increasing the absorbed spectrum of the
luminescent material to absorb a broader

range of the solar spectrum.

Using a high photoluminescent quantum yield

luminescent material. PLQY~ 100%

waveguide.

Minimize surface roughness to reduce loss of Increase the Stokes shift to reduce the re-

TIR photons. absorption losses by the luminescent

materials.
Host material should also be inexpensive, Photostable for multiple years is necessary to

lightweight, and non-toxic. have a long lifetime of the LSC.

2.4.3. Intensity profile

The angle of light changes when traveling through the waveguide. This results in the change of
path length and interactions at interfaces. When light interacts with the LSC, part of the light is
reflected, absorbed, emitted, and guided in the LSC. An expression can be derived for the intensity
profile in the LSC edge by using ray optics discussed previously. Ray optics is applied to the LSC’s

thin film and glass waveguide.

The relevant angles are represented in Figure 2.10 for the directional intensity profile calculations.
The objective is to derive an expression for the intensity radiating from the LSC’s PV surface
(interface 1). This function is derived from the viewing angles 8 and ¢ from the PV surface. The

angles' capital characters are inside the waveguide, and the lower characters demonstrate incident
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emitting and observation angles. For example in interface 2, angles @ and A are related to Snell’s

law (equation (2.6)), and angles 8 and © are at interface 1 [59].
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Figure 2.10: Schematic representation of the directional intensity profile calculations of a thin film LSC.
(Figure adapted from Wiegman [59].)

Wiegman [59] describes that the power radiated from the luminescent particle is defined by the

following expression with small angles da and df:

P,
dp = ﬁsinada dp (2.18)

Here, Py is the total power radiated from the luminescent particle and angles ¢ and 8 are shown

in Figure 2.10. Then, angles a and f are rewritten in terms of the observation angles 8 and ¢:

Py da da 1108 B
dP = - sin[a(¢,6)] %d(p +%d6] [%d¢+%d6] (2.19)

This equation is further rewritten into equation (2.20) by disregarding quadratic terms in da and

dg:
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adp
¢ 06

da p
20 0¢

dP = &sin[a(¢,9)]{|g |+| }d(,b do (2.20)

4T

From equation (2.20), the intensity can be shown as a function of 8 and ¢ after dividing by the

infinitesimal area sin(@) d¢ d6:

Py sina(g,8) {|6a aps

da d
19.9) = 4 a¢ 06 . B}

2696 (2.21)

+
4  siné@ |
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Chapter 3

Methodology

This chapter outlines the methodology in this thesis. ANSYS SPEOS was used to test the
luminescent solar concentrator model and how accurate the software can estimate the optical
efficiency and losses. First, a red-dye LSC was modeled based on a commercial sample. Ray-tracing
simulation results will be compared to the optical efficiency and losses of experimentally measured
results of a red-dye LSC sample. Second, a two-layer LSC with silicon quantum dots embedded in
a thin copolymer film will be modeled on top of a glass waveguide. Finally, the simulation results

of the optical efficiency and losses in the QD LSC model are obtained.

In section 3.1, a brief introduction to ANSYS SPEOS is presented. Then, descriptions of a red-dye
LSC model and a quantum dot LSC model are discussed in sections 3.2 and 3.3, respectively.
Finally, section 3.4 discusses the simulation procedure to obtain optical efficiency and losses in the

red-dye and quantum dot models.
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3.1. ANSYS SPEOS Simulations

The main purpose of this project is to characterize the performance of a thin-film luminescent solar
concentrator-based model. Different models are implemented in the ray-tracing software. ANSYS
SPEOS is a physics-based light modeler. This Multiphysics platform uses Monte-Carlo (MC) ray
tracing method to perform interactive ray-tracing in three-dimension. The model simulates light

from source to sensor, predicts hot spots, and validate the system performance.

The assumptions in the simulation of LSC model in ANSYS SPEOS include:

o A light is assumed to have a normal incidence angle relative to the front surface of the
LSC, even though AM 1.5 G solar spectrum includes both direct and diffuse light.

e Sunlight is unpolarized.

e The refractive index of the red-dye waveguide and copolymer film in the QD LSC
waveguide is constant and independent of the photon wavelength.

e The luminescent particles are uniformly distributed throughout the LSC volume.

e For the red-dye model, 10% visible light absorption is in the PMMA waveguide.

e The photoluminescent quantum yield of the luminescent material is constant.

e Reflection at the edges of the waveguide is ignored. The PV edges have 100% absorption
where all the rays reaching this area are absorbed.

e Isotropic scattering emission is in the luminescent particles.

e No impurities are in the waveguide.

3.1.1. Monte Carlo ray-tracing algorithm

A Monte Carlo simulation for photon transportation, also known as ray-tracing, is a common
technique in LSC research, where the numerical analysis is based on random number generation
[62]. A single photon path is computed using the set of initial conditions, including the light source
spectrum (S(1)), size and the reflective index of the LSC, and the properties of luminescent
particles: Absorption spectrum (A(4)), emission spectrum (E(4)), and quantum yield [63]. The ray

will be followed until it leaves the system, or is absorbed by the system and not emitted again.
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Figure 3.1: Flowchart of a schematic representation of the Monte Carlo ray-tracing algorithm.
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Simulation input parameters include:
*  Number of incident photons (1,000,000).
* Position and direction of incident light (AM1.5 spectrum).
*  The size of the LSC.
* Refractive index and absorption coefficients of waveguide material.
+  PLQY.

*  Absorption and emission spectra of the luminescent particle.

In ray-tracing random numbers are used to determine the progress of the ray propagation [64].
Situations where the ray is determined by random numbers are:

* Reflection and transmission at interfaces.

* Absorption in the waveguide.

*  Absorption by the luminescent particle.

*  Emission by luminescent particle. In the emission process, PLQY is considered.

*  Wavelength of emission.

e Direction of emission.

The software generates a photon from the light source with wavelength calculated from the

probability density equation for a random number generated ¢ € [0,1].

Aem
%L S di= & (3.1)

where K is a normalization constant,
K:fSQML (3-2)
0

Once the wavelength is assigned to the photon, it will emit from the source [63]. Once the photon
interacts with the material, the boundary of the LSC is used to determine the direction of the
photon propagation where the probability for reflection and transmission will depend on the

Fresnel equation (equation 2.5). The inside boundaries are constrained by Snell’s Law (equation
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2.6) to determine if rays are escaped or TIR. When the photon is an absorbing region, the

probability of a photon being absorbed can be described by the Beer-Lambert law,
p(L,A) = 1—107MeL, (3.3)

where C is the concentration of the absorbing material, (A1) is the extinction coefficient of the
absorbing material, and L is the path length where the point that the photon will be absorbed
[65]. The path length is calculated by replacing the absorption probability with a random number

generated from a uniform distribution within [0,1].

1 (3.4)
L=——lo 1-p,A

This equation describes the propagation of photons inside the LSC, where the path will determine

the photon absorption point. If this path is longer than the dimensions of the LSC, then the ray

will go through Fresnel equation again to determine the next photon propagation. When a photon

is absorbed by a luminescent particle, the quantum yield determines if the photon will be re-

emitted or lost. A photon is re-emitted only if,
p(L,4) < QY, (3.5)

where QY is the ratio between absorbed and emitted photons [62]. If a photon is re-emitted, then
the direction and the wavelength of the new photon is determined. By generating a random vector
on a unit sphere, the direction of the re-emitted photon can be obtained. The unit sphere is based
on the isotropic emission and the center is the point of absorption. The new wavelength is
calculated by a similar method as in equation 3.1, using the emission spectrum (E(4)) from the
luminescent particle. The new wavelength is longer after re-emission, as the re-emitted photon

energy is lower than the absorbed photon energy [63].

1 Aem
?L E(1)dl = ¢, (3.6)

abs

where K is a normalization constant,

K = fw S(A) dA. (3.7)
A

abs
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Depending on the random path, a photon can be trapped by internal reflection from all faces of
the LSC. If the photon is re-emitted, its wavelength, position, and direction are updated. Then the

photon will propagate to the next interaction and the process repeats.

Two different LSC models are created and configured for the simulations in ANSYS SPEOS. This
is illustrated in Table 3.1. Model 1 (red-dye model) will be used to implement an experimental
sample. Model 2 (quantum dot model) is used to find the optimum parameters of LSC with silicon

quantum dot particles.

Table 3.1: Outline of LSC configurations between red-dye and QD LSC model.

Model 1: Red-dye LSC Model 2: Quantum dot LSC

Objective ANSYS SPEOS will be used to The optimum parameters of a Si-QD
model a red-dye LSC device and test ray-tracing model will be analyzed.
how accurate this ray-tracing model

is compared to experimental results.

LSC Model PMMA thickness of 3.2 mm is doped Two-layer LSC with silicon quantum
with Lumogen F Red305 dyes. dots embedded in a thin copolymer
film will be modeled on top of a glass

waveguide.

Light source A laser beam wavelength of 425 nm, AM1.5 solar light interacts

Set hitting the red-dye model from a 20 perpendicularly with the LSC model’s
etup

mm distance from the PV edge. top surface of the copolymer film.
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3.2. Red-dye model

The main purpose of the red-dye LSC model is to compare simulation results with experimental
results of a commercialized dye sample. In addition, the ray-tracing software is used to validate

the optical efficiency and losses of the proposed LSC model.

The waveguide is doped with red-dye luminescent particles, which are distributed homogeneously.
This polymer has a 1.5 refractive index and an absorption coefficient of 0.033 mm™, which is
obtained by the Lambert-Beer law equation (equation 2.8). The PMMA thickness is x = 3.2 mm,
and light transmittance is I/Ip = 0.9 when the waveguide absorbs 10% of the visible light. The
polymer waveguide is modeled with no impurities, and it is surrounded by air (ny = 1.0). Using

ray-tracing software, a luminescent particle Lumogen Red F305 is modeled in a PMMA waveguide.

For the red-dye model, a constant absorption coefficient of 0.033 mm! in the visible range up to
600 nm, then ten times lower absorption coefficient in the emission range up to 800 nm, and finally

no absorption in the NIR spectrum (4 = 900 nm) are assumed [28] [66].

3.2.1. Mean Free Path

Equation (2.11) shows that MFP is inversely proportional to luminescent particle concentration.
In luminescent particles, blue photons have smaller MFP as they are likely to be absorbed. While
red photon emits with longer wavelength and have longer MFP as there is no absorption by
luminescent particles. To this end, MFP ratio (R) is defined as the coefficient between MFP after

and before emission [28].

" Blue MFP

‘Blue MFP’ is referred to as the MFP in the wavelength range A < 601 nm and, ‘Red MFP’ is

the MFP in the wavelength range 4 > 601 nm. (See Figure 3.2)
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3.2.2. Absorption and emission spectra

Luminescent particles are modeled using Lumogen Red F305 characteristics by BASF [67]|. The
absorption and emission spectra of the red-dye particles (see Figure 3.2) are used in the LSC
model. In this spectrum, the absorption peaks are 442 nm and 553 nm, and the maximum point is

575 nm. The emission peak is 610 nm, and the Lumogen Red 305 presents a maximum quantum

yield of 93% in the whole absorption range.
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Figure 3.2: Absorption (green dashed lines) and emission (orange solid lines) spectra of Lumogen F Red
305 red-dye particles (Figure adopted from BASF [67]).

3.2.3. Photon-phosphor interaction

Interactions of a photon with a luminescent particle can either lead to its absorption or scatter by
the luminophore. If an absorption occurs, photons will be converted to heat or into lower energy
photons, and excess energy will be thermalized. In ANSY'S, the scattering property for the red-dye
model is ‘isotropic’, meaning that light scatters equally in all directions. Even though scattering
by red-dyes molecules might not have an isotropic angular distribution, an isotropic scattering in

red-dye based models is assumed for the scope of the thesis [28] [68].
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Figure 3.3: Flowchart of photon interaction with a luminescent particle.
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3.2.4. Model geometry and optical characteristics

Figure 3.4 is a schematic representation of a red-dye model, which has the dimensions of a real
sample: L = 100 mm, H = 24.5 mm, and W = 3.2 mm (thickness). The LSC size is A= 24.5 cm?
and the PV edge area is 0.784 c¢cm?.

Laser

beam
y 20 mm
- L

n=15 ®
L 9
@
@ @
L @

PMHMA waveguide

Red-dye particle

Figure 3.4: Schematic drawing of a red-dye model infused in a PMMA waveguide. A light beam hits the
LSC surface at 20 mm from the PV edge.

Front and back surfaces are specified as Fresnel type. The PV edge serves as a perfect absorber
since all the light reaches this area. The other three edges are also defined as 100% absorption

(these edges are painted black in the real sample) [28].

3.3. Quantum dot model

A quantum dot LSC model is proposed for ray-tracing simulation. The QD LSC is construct by
embedding QDs on a copolymer film and placed on top of a transparent waveguide. The QD model
is proposed to obtain optical efficiency using different quantum dot sizes and LSC geometry. There
are three main parameters to discuss; (1) Waveguide of glass layer; (2) Waveguide of copolymer

layer; (3) Silicon quantum dot luminescent particles.
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3.3.1. Waveguide: Low-Iron and regular glass layer

A low-iron glass waveguide with dimensions of L = 150 mm, H = 150 mm, and d = 6 mm with a
refraction index variation shown in Figure 3.5 is modeled with an absorption variation of glass
material in Figure 3.6. The model is surrounded by air, and it is assumed that there are no

impurities in the solid.

AQM has provided the extinction coefficient data for the low-iron and regular glass in different
wavelengths. Since ANSYS software package uses the absorption coefficient when creating the
material, the extinction coefficient data is used to obtain the absorption coefficient using equation
(2.4). In Figures 3.5 and 3.6, a comparison between a low-iron and a regular glass of refractive

index and absorption coefficient is shown, respectively.
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Figure 3.5: Refractive index variation of glass. (Data obtained from AQM [69])
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Figure 3.6: Absorption variation of glass. (Data obtained from AQM [69])

Regular glass has a higher absorption in the wavelength range of 600-1500 nm compared to low-
iron glass (see Figure 3.6). For the Si-QD LSC model, low-iron glass is used as the waveguide to
guide the light to edges of the glass. This is because low-iron glass has lower absorption than

regular glass, resulting in higher transmittance (see Figure 3.7).
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Figure 3.7: Transmittance of Low-Iron vs Regular glass. (Data obtained from AQM [69])
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3.3.2. Waveguide: Copolymer layer

The copolymer film, known as Poly (butyl methacrylate-co-methyl methacrylate), is modeled
above the glass component with dimensions of L = 150 mm, H = 150 mm, and W = 0.1 mm with
a refractive index of 1.486. The transmittance data obtained from AQM is used to calculate the
absorption coefficient using equation (2.8). Figure 3.8 shows the absorption variation throughout

the whole wavelength, which is used to create the copolymer film in the ray-tracing software.
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Figure 3.8: Absorption variation of the copolymer film. (Data obtained from AQM [69])

3.3.3. Luminophore: Silicon quantum dots

Figures 3.9, 3.10, and 3.11 correspondingly represent 3 nm, 4 nm, and 7.5 nm quantum dot size
photoluminescence (PL) spectra that is obtained from AQM. The absorption spectrum (green
dashed line) shows the change in absorption of a sample, as a function of the wavelength of incident
light. The emission spectrum (orange solid line) shows the change in fluorescence intensity as a

function of the wavelength of the emission light, which is measured using a spectrofluorometer.
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Figure 3.9: Absorption and Emission Spectrum of a 3 nm size QD. (Data obtained from AQM [69])
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Figure 3.10: Absorption and Emission Spectrum of a 4 nm size QD. (Data obtained from AQM [69])
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Figure 3.11: Absorption and Emission Spectrum of a 7.5 nm size QD. (Data obtained from AQM [69])

The concentration of Si-QD in the LSC model is given by w/w %, where the concentration
of Si-QD in the copolymer to be simulated is 0.5% (w/w) as informed by AQM. Equation (3.9) is
used to calculate the number of Si particles per unit volume [70]. Polymer film and silicon density

were assumed to be 1.1 g/cm? and 2.33e-21 g/cm?, respectively, as informed by AQM.

) Mass of solute (3.9)
Concentration % (w/w) = Mass of solution x 100% :

3.3.4. Model geometry and optical characteristics

Figure 3.12 is a schematic representation of QD-based model, which has the dimensions L = 150
mm, H = 150 mm, and W = 6 mm. This model includes a uniform coating film of 0.1 mm thickness
on the glass waveguide. All four PV edges are considered perfect absorber, which receives all the

light. Front and back surfaces are defined as Fresnel type in the QD model.
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Figure 3.12: Schematic representation of a QD-based LSC model.

3.4. Simulation procedure

ANSYS SPEOS simulation procedure has two parts: First is the ray-tracing of a red-dye LSC
model, and second is the ray-tracing of a quantum dot model. The red-dye LSC model utilizes
ANSYS SPEOS to validate with a commercial sample. The optical efficiency and losses from the
simulation results will be compared to the laboratory measurements by Lisset Manzano Chéavez
[28]. Once ANSYS results is proven accurately, this procedure can be extended to the quantum

dot model.

In the red-dye simulation model, MFP length and ratio parameters are changed as they are
unknown parameters of the sample. To estimate the LSC optical efficiency and power losses, a
‘loss detector model’ that was described in section 3.4.1 is used for the simulation. A light beam
source of an emitting power of 100 W at a wavelength of 425 nm is used to hit the red-dye model

20 mm away from the PV edge, shown in Figure 3.4.

In the quantum dot simulation model, some parameters are kept constant and others are used as
variables for testing purposes. For example, the absorption and emission spectrum of the QD and
absorption coefficient of copolymer and glass are kept the same when other LSC parameters are
tested. Variable parameters tested in the quantum dot LSC are QD concentration, quantum yield,
glass thickness, copolymer thickness, and LSC size. To estimate the QD LSC model optical
efficiency and power losses, a ‘loss detector model’ proposed in section 3.4.2 is used for the
simulation. For the QD model, sunlight is used as the light source of the total front area of the

LSC device. The solar light incident is perpendicular on the front surface of the LSC model. Figure
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3.13 is a plot of AM1.5 Global solar spectrum obtained from the national renewable energy
laboratory (NREL), which is used for flat plate modules and has an integrated power density of
1000 W /m?. [71]

—_
(@)

=
"~

—_
[\

=
o

0.8

Spectral Irradiance [W m2 nm|

0.2 N
0.0 I I I I I

310 510 710 910 1110 1310
Wavelength [nm)|

Figure 3.13: AM 1.5 Solar Spectrum from 310 nm to 1500 nm. (Data obtain from NREL [71].)

3.4.1. Estimations for the red-dye model

The main objective of this thesis is to estimate the LSC optical efficiency to optimize the power
output produced by a PV cell attached to the waveguide. The optical efficiency is obtained by
equation (2.13) in Chapter 2. The PV edge is defined as a perfect absorber to receive all the light
by the sensor. In simulations, light input is 100 W, and output of the PV edge is measured in

watts. From this, the optical efficiency can be obtained by:

Output power in PV edge [W]

_ 3.10
Mopt 100 W (8.10)
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Different sensors are placed around the model to identify the losses from the LSC. Figure 3.14
shows a schematic representation of an ANSYS model, which places sensors to measure the optical
efficiency and losses. One sensor is placed on top of the model to detect the reflected light (green
sensor), and another is placed on the bottom to see transmitted light (blue sensor). The reflection
(R) and transmission (T) sensors are larger than the LSC surface, detecting all the light coming
from the top and bottom of the LSC. The waveguide or luminescent particles absorb light, which
is not reflected or transmitted. Some of this absorbed light reaches the PV edge, and the remaining
will be lost due to thermalization and absorption by the other three edges of the waveguide. The

final sensor is placed on the PV edge to collect light and estimate LSC efficiency.

Reflection sensor
LSC wavegnide Light So
l & o . .-
. . .-’ .
Red-dve particle PV edge
Transmission sensor

Figure 3.14: Schematic diagram of the ANSYS model to detect different losses in the red-dye LSC.

In this validation model, the optical efficiency is obtained only from one PV edge to match the
experimental red-dye setup. The total light outcome in the red-dye LSC model can be shown as

equation (3.11);
Total light outcome = n,p + R + T + Other = 100% (3.11)
Here, the ‘other’ corresponds to the remaining light to complete a 100% total light outcome. In

this validation model, the simulation results obtained from the red-dye model should have similar

results to the laboratory measurements of optical efficiency and losses with a low error.
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3.4.2. Estimations for the quantum dot model

In the QD LSC model, the optical efficiency is obtained by equation (3.12), where the output
power is measured in watts from all four PV edges in the LSC device. The PV edges are defined
as perfect absorber to receive all the light by the sensors. The solar light radiant power is 22.5 W

for the LSC size of 15 cm. The optical efficiency can be obtained by:

Collected power in all four PV edges [W] (3.12)

Nopt = Incident power [W]

Various sensors are placed around to collect light from the LSC, such that we can identify different
losses in a QD LSC model. Figure 3.15 shows a schematic representation of where the sensors are
placed in the LSC model. Four sensors are placed on all four PV edges (brown sensors), one sensor
is placed on top of the model to detect the reflected light (green sensor), and another sensor is
placed on the bottom of the model to see transmitted light (blue sensor). In this QD LSC model,

the optical efficiency is obtained by including the power output of all four PV edges.

Reflection detector
Light Source
PV edge * x PV
3 \ pd \\\ /'I :dge
Ve Y
Transmission detector

Figure 3.15: Schematic diagram of the ANSYS model to detect different losses in the QD LSC.
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Chapter 4

Validation of red-dye LSC model

This chapter evaluates the ANSYS accuracy of in simulating an LSC device to using the ray-
tracing model is accurate. The loss detector model proposed in Chapter 3 (section 3.4.1) is modeled
in ANSYS and the optical efficiency and losses are compared to an actual LSC sample (PMMA
doped with Lumogen F Red-305).

Section 4.1 discusses additional parameters regarding red-dye and simulation results of a red-dye
LSC model. Then, section 4.2 presents the main experimental results of optical efficiency and
losses. Finally, section 4.3 discusses the findings and conclusions of the validation model of the

red-dye LSC.

4.1. Simulations of a Red-dye model

As discussed in Chapter 3, the red-dye model is based on an LSC sample, where the parameters
of the optical and geometry of the model are fixed in ANSYS. Red-dye concentration in the PMMA

waveguide is unknown. Therefore, the MFP is unknown.
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The main standard LSC parameters for the red-dye model is shown in Table 4.1. The absorption
and emission spectra are shown in Figure 3.2, and the refractive index of 1.5 is set as the additional
data for the red-dye model simulation. Red-dye concentration is tested by changing MFP length

and MFP ratio (equation (3.8)), which both are related to red-dye concentration.

Table 4.1: Standard LSC parameters for red-dye model [28].

Parameters Standard parameters for

Red-dye Model

MFP ratio (R) R=10

MFP Length Blue (4 <600 nm) MFP: 0.1 mm
Red (4> 601 nm) MFP: 1.0 mm

Quantum Yield nqy = 0.93

For this simulation, the light source is a monochromatic source at 425 nm, inputting to the model
at 20 mm away from the PV edge as a 100 W incident power. Figure 4.1 shows the ray-tracing
simulation of the red-dye model. Figure 4.1(a) shows a red-dye LSC ray-tracing simulation and
Figure 4.1(b) is the side view of the LSC where rays are waveguided to the PV edge. The intensity

map is shown in Figure 4.1(c), where more rays are shown in the center of the PV edge.

First, as the base case of the red-dye model, the MFP ratio is set as 10. This shows that blue
photons will have an MFP length of 0.1 mm, and red photons will have an MFP length of 1.0 mm
(see Table 4.1). The smaller MFP ratios will result in lower optical efficiency, and larger MFP
ratios will have higher optical efficiency as red photons will have larger MFP lengths respect to
blue photons. Therefore, photons will travel longer paths to reach the PV edge with less photon

absorption with increased of MFP length.

54



(c)

Figure 4.1: Red-dye LSC simulation: (a) 3D view of a ray-tracing in a red-dye LSC model. (b) Side
view of the LSC model showing ray-tracing. (c) Intensity map of the LSC PV edge.

The first step involves testing the change in the MFP ratio and how it affects the optical efficiency
and losses. In this test, the MFP ratio is increases from 1 to 400, and the blue MFP length is fixed
at 2.5 mm. Therefore, red MFP length varies with larger MFP ratios. Figure 4.2 represents the

power losses and optical efficiency when increasing the value of MFP ratio (R).
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Figure 4.2: Ray-tracing simulation results of a red-dye model by increasing MFP ratio and fixing blue
MFP length at 2.5 mm.

Figure 4.2 presents the simulation results for the red-dye model when the MFP ratio is increased
from R = 1 (Red MFP length = 0.1 mm) to R = 400 (Red MFP length = 40 mm). Here, the
orange area represents the thermalization losses and absorbed light by the other LSC edges, except
for the PV edge. The blue area represents transmitted light by the LSC, the green area represents
the reflected light from the LSC, and the yellow area shows the optical efficiency of the PV edge.
The graph shows that the optical efficiency increases from the red MFP length of 5 mm. At an
MFP length of 10 mm, the optical efficiency is 2.10%, and the maximum efficiency is 4.16% at 40
mm of red MFP length (R = 400).

The major optical losses are thermalization and absorption by the other edges of the LSC.
Transmitted light (blue) slightly increases initially and becomes constant at longer red MFP
length. Reflected light (green) decreases initially and becomes constant with longer MFP length.
The longer MFP ensures that the red photon reaches the PV edge, which results in higher optical
efficiency. According to these results, reflected and transmitted light efficiency does not change

significantly but effectively increases the optical efficiency with long red MFP length.
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In the next simulation of the red-dye model, MFP ratio is fixed at 100, while changing the MFP
lengths. Figure 4.3 presents the light outcome of changing the blue MFP length from 0.1 mm up
to 4 mm. In this figure, transmitted light has a larger variation when the blue MFP length
increases, while reflected light slightly decreases with a larger MFP length. Other losses, which
include thermalization and absorption by other edges, decrease significantly with larger blue MEFP

length.
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Figure 4.3: Ray-tracing simulation of a red-dye model by fixing MFP ratio and increasing both before and
after emission MFP length.

Transmitted light changed drastically when the blue and red MFP lengths were changed, while
keeping the MFP ratio constant. As shown in the above graph, the blue MFP length from 1 to 3
mm slightly affects the optical efficiency. The optical efficiency increases when the blue MFP
length is lower than 1 mm, and the optical efficiency decreases when the MFP length is longer
than 3 mm. The maximum optical efficiency is 4.90% at 0.5 mm of blue MFP length and around
4% from 1.5 mm to 2.5 mm in the blue MFP range. This MFP range will be compared with the

optical efficiency of the experimentally measured LSC sample.
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4.2. Experimental optical efficiency and losses

Lisset Manzano Chéavez [28] presents the experimental optical efficiency of a red-dye sample, which
was measured by Overbeek [72] using a 425 nm laser beam which is hitting from a 20 mm distance
from the PV edge. Figure 4.4 shows a summary of experimental results of the red-dye sample's

total reflection, total transmission, and optical efficiency (output from PV edge).
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Figure 4.4: Optical efficiency and losses of a red-dye sample. (Figure adopted from Lisset [28])

Figure 4.4 shows that around 4.5% optical efficiency is measured in the red-dye sample. Losses of
the LSC are recorded as: Total reflected light with around 9%, total transmitted light that is
around 30.8%, and other losses at around 55.7%. Other losses are due to thermalization and

absorption by other edges of the LSC, except for the PV edge.
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4.3. Discussion of results

One of the objectives in this work was to validate if ANSYS can provide a good tool to obtain
accurate simulation results. A LSC composed with PMMA doped with red-dye particles was used
to measure the optical efficiency and optical losses (transmission and reflection) for an LSC device.
Two parameters are tested during the red-dye simulations: MFP ratio and MFP length (change
in red and blue MFP length).

The MFP ratio is initially evaluated by changing the red MFP length. The larger red MFP length
increases the optical efficiency, whereas the transmitted light reduces when increasing the red MFP
length. In this case, a larger red MFP length means longer paths for the red photons, which
increases ray tracing to the PV edge, increasing the optical efficiency. No loss changes occur when

the red MFP length is above 20 mm.

The second examination focuses on changing the MFP length, which will be both red and blue
MFP lengths. In this simulation, changing the MFP length results in a significant change in the
loss outcome. With increasing MFP length, the transmitted light is increased as light can pass
through the waveguide easily, while the red-dye concentration is lower. However, the optical
efficiency is higher as light is absorbed by the luminescent particles and re-emitted to the PV edge
with a lower MFP length.

The second set of simulations (see Figure 4.3) shows similar results to the measured red-dye
sample. To compare the simulations with the experimental measured red-dye sample, results with
similar optical efficiency and losses from Figure 4.4 is used. Figure 4.5 presents optical efficiency
and losses in an LSC sample and simulation results of a red-dye model (three simulation results
from Figure 4.3). The blue MFP of 1.5, 2.0, and 2.5 mm were the closest of the simulations results

to the experimental measurement shown in Figure 4.3.
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Figure 4.5: Optical efficiency and losses of an experimental red-dye sample and simulations with different
blue MFP lengths of 1.5, 2.0, and 2.5 mm.

In blue MFP length of 1.5 mm, the optical efficiency is closer to the experimental sample. However,
the transmitted light is too low compared to the experimental sample. The transmitted light
increases with increasing MFP, closer to the measured results. Among all the simulation results
from Figure 4.5, the best simulation was chosen at 2.5 mm of blue MFP. In this simulation, the
optical efficiency and loss mechanisms had similar results closer to the experimental results
compared to other simulations. Table 4.2 shows the best simulation results and error respect to
the experimental measurements. By comparing the best model simulation with experimental
results, the red-dye model was validated with a smaller error. According to Table 4.2, the highest
error is shown in other losses, and afterwards in transmitted light. Optical efficiency has an error

of 0.8%, and transmitted light with an error of 5.4%.
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Table 4.2: Optical efficiency and losses of red-dye sample comparing experimental estimation with the best
simulation results (Blue MFP = 2.5 mm), and error of simulations.

Light Outcome Experimental Best Error
Results Simulation

Optical Efficiency 4.5% 3.7% -0.8%

Reflected 9.0% 9.4% +0.4%

Transmitted 30.8% 25.4% -5.4%

Other Losses 55.7% 61.5% +5.8%

The scattering direction of the red-dye molecule depends on the alignment of molecules in the LSC
[73] [68]. The isotropic scattering property is a reasonable assumption when simulating the red-
dye LSC model as results obtained with a lower error. Chapter 4 concludes that ANSYS SPEOS
is a useful ray-tracing tool with great accuracy when modeling the LSC to obtain optical efficiency

and losses.

61



Chapter 5

Quantum dot based LSC model

It was validated in Chapter 4 that ANSYS SPEOS can accurately simulate an LSC model for
estimating optical efficiency. This chapter discusses a new luminescent particle known as a silicon
quantum dot for the ray-tracing model. This model aims to find the optimal parameters of Si-QD-
based LSCs. Simulation of QD LSC models is used to adjust the parameters for the maximum

output at the edges of LSCs.

In section 5.1, the outline of the simulation tests is discussed. This section will analyze specific
parameters affecting the LSC: QD size, QD concentration, PLQY, glass thickness, copolymer
thickness, and LSC area. The obtained information will help select the optimal parameters for
increasing the optical efficiency of LSCs. Then in section 5.2, the results of the simulation models

are discussed.
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5.1. Simulation of the LSC model

Different LSC parameters will be considered during these simulations: Different QD
concentrations, QD sizes, PLQY, glass thickness, polymer thickness, LSC area, and when a
reflective surface is added on the bottom of the glass. Table 5.1 presents LSC parameters that are
used during the simulations. In each simulation test shown in Table 5.1, one parameter is changed,
and the rest of the parameters are set to the standard values. In most simulation tests, the ideal
condition of 100% PLQY is simultaneously simulated to compare with other results. Each test is
simulated by illuminating the LSC with sunlight AM1.5, in the range of 310-1500 nm, hitting the
top of the copolymer film. Chapter 3 (section 3.4.2) discussed the loss detection model that is used

to obtain optical efficiencies and other LSC losses.

Table 5.1: Summary of LSC parameters which will be simulated in the QD LSC model.

Parameter Standard Values Simulation Tests

QD size 4 nm 3 nm, 4 nm, 7.5 nm

QD concentration 0.5% w/w 0.01; 5% w/w

PLQY 45% 45%, 60%, 100%

Glass thickness 6 mm 1; 10 mm

Copolymer thickness 0.1 mm 0.1; 1 mm

LSC area 225 cm? 144 cm?, 225 cm?, 400 cm?,

900 cm?, 3600 cm?, & 1 m?2

The Si-QD LSC is modeled with two layers where the first layer is embedded with Si QDs, which
is doped in the copolymer film, and the second layer is a glass waveguide. This model is simulated
in ANSYS, and the ray-tracing is shown in Figure 5.1. This figure shows the ray tracing on one

side of the PV edge and demonstrates the intensity map of that PV edge.
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Figure 5.1: Si-QD LSC simulation. (a) Ray-tracing in a Si-QD LSC model. (b) Intensity map of
an LSC PV edge.

In Figure 5.2, the optical efficiency and losses are plotted by increasing the concentration of Si-
QD in the copolymer film where the standard parameters are used. The yellow area represents the
optical efficiency of the LSC device. It is shown that the optical efficiency significantly increases
up to 3.49% in a 0.4% w/w QD concentration. Then a maximum optical efficiency of 4.06% is
obtained at a 2% w/w QD concentration. Then the optical efficiency slightly decreases. This
decrease in optical efficiency is slightly small as the size of the QD particles has smaller cross-

section, which results in the scattering effects to become smaller.

In Figure 5.2, ‘Other’ indicates the absorption and thermalization losses of the LSC. The blue area
represents transmitted light from the LSC device. In lower concentrations, transmitted light has a
higher loss percentage. The light easily passes through the copolymer and glass as it is not absorbed
due to lower QD concentration. On the other hand, there is a constant contribution of reflection

losses (green area).
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Figure 5.2: Optical efficiency and losses using 4 nm QDs and 45% quantum yield.

The results presented in the following sections will mainly use the standard Si-QD LSC model, a
LSC (L = 15 cm, H = 15 c¢m) with a 6 mm low-iron glass and 0.1 mm copolymer thickness. The
copolymer is embedded with 4 nm size quantum dots and 0.5% w/w quantum dot concentration
with a 45% PLQY. The optical efficiency from this model is received as 3.70%, 7.10% reflected,
and 56.7% transmitted light. The QD characteristics are changed, and the optical efficiency is

recorded in the following sections.

5.1.1. Quantum dot sizes

In Figure 5.3, the optical efficiency variation is reached when there are different quantum dot
concentrations and sizes. Here, the ‘blue solid line’ corresponds to a 7.5 nm quantum dot, the ‘solid

green line’ corresponds to a 4 nm quantum dot, and the ‘red solid line’ corresponds to a 3 nm
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quantum dot. The QD concentration inside the LSC is varied from 0.01 to 5% w/w in a 45%
quantum yield. In Figure 5.2, the yellow area of optical efficiency corresponds to the green curve

in Figure 5.3.
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Figure 5.3: Optical efficiency with the variation of QD concentration and QD sizes.

Figure 5.3 shows that the optical efficiency initially increases when the number of QD increases in
the LSC. Then the optical efficiency slightly decreases after a certain QD concentration. The
absorption of photons increases initially with the QD concentration in the LSC. The highest optical
efficiency is obtained when the incident photons equal the number of QDS in the LSC. Then
reabsorption and scattering effects of the QDs become dominant when the QD concentration
increases in the LSC. With this, the optical efficiency decreases. In all sizes of QDs, the maximum

optical efficiency is found to be in the concentration range between 0.4 to 5% w/w.

The maximum optical efficiency of 3.46% is obtained at the edges of the LSC in a 3 nm QD size
of a 2% w/w QD concentration. 3 nm size QDs have a lower optical efficiency than other QDs due

to smaller Stokes’ shift in the absorption and emission spectra (see Figure 3.9), which results in a
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self-absorption loss. The maximum optical efficiency of 4.06% in 2% w/w QD concentration and

3.94% in 5% w/w QD concentration is obtained for 4 nm and 7.5 nm size QDs, respectively.

5.1.2. Quantum Yield

In this simulation test, the optical efficiency is recorded for three different quantum yield values
of 45%, 60%, and 100%. These are tested on the standard values of LSC parameters. The
simulation results of optical efficiency are recorded in Figure 5.4. As expected, the maximum
optical efficiency is achieved when the QDs have the highest PLQY of 100%. The 100% quantum
yield, also describes as unity, represents an ideal case where in most cases, it is far from reality for
luminescent particles to achieve a higher quantum yield. For the 100% quantum yield case, the
maximum optical efficiency of 8.91% is obtained at 2% w/w QD concentration. With lower
quantum yield at the same concentration, the emitted photons per photons absorbed from QDs
are less, which results in lower optical efficiency. With a PLQY of 60%, the maximum optical

efficiency is about 5.39%, and for the lowest PLQY of 45%, the maximum optical efficiency is

4.06%.
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Figure 5.4: Optical efficiency with the variation of QD concentration
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For the standard quantum dot concentration of 0.5% w/w, it is observed that around 3.70% optical
efficiency in the PV edges is achieved when the quantum yield is 45%. A 4.92% optical efficiency
is achieved when the quantum yield is 60%. Finally, 8.16% optical efficiency is achieved when the
quantum yield is 100%. In Figure 5.5, optical efficiency and losses are plotted using a quantum
yield of 100% in an LSC model with standard parameters. The yellow area of the optical efficiency
corresponds to the red curve in Figure 5.4. In the figure, it is possible to see the change of losses
at a high quantum efficiency of Si-QD particles. Optical efficiency, reflection (green area), and
transmission (blue area) losses are higher in the 100% quantum yield. However, thermalization

losses (orange area) show a lower loss compared to QDs, with an PLQY of 45%.
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Figure 5.5: Optical efficiency and losses with a QD quantum yield of 100%

Performance of the Si-QD LSC design is obtained by varying glass thickness (1 — 10 mm),
copolymer thickness (0.1 — 1 mm), and LSC sizes (12 - 100 c¢m). In these cases, the Si-QD quantum

yield is modeled as 45% efficiency.
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5.1.3. Glass thickness

In the following simulation results, the copolymer film thickness of 0.1 mm is kept constant, and
the glass thickness is changed from 1 mm to 10 mm. The main objective of these simulations is to
see the optical efficiency change from a thinner to a thicker waveguide in the LSC model. The

optical efficiency due to this change is plotted and shown in Figure 5.6.
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Figure 5.6: Optical efficiency change with different glass thickness.

According to the simulation results, the optical efficiency from the edges in the LSC slightly
increased when the glass thickness increased. This increment is shown in Figure 5.6 for both low-

iron and regular glass waveguides.

Regular glass receives a lower optical efficiency than low-iron glass, as regular glass has higher
absorption than low-iron glass (see Figure 3.6). A constant optical efficiency of 1.64% is obtained
throughout the regular glass thickness. For low-iron glass, the optical efficiency initially increases

from 3.21% to 3.68% and is constant throughout the remaining thickness in the LSC simulations.
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5.1.4. Copolymer thickness

In this simulation test, the model is changed by increasing the thickness of the copolymer film to
obtain optical efficiency. First, the glass thickness of 6 mm is kept constant, and the copolymer

film thickness is changed from 0.1 mm to 1 mm. The optical efficiency from the edges is shown in

Figure 5.7.
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Figure 5.7: Optical efficiency change with different copolymer thickness.

The results show that the total number of quantum dots in the copolymer film increases when
copolymer thickness is increased. More incident photons are absorbed by the QD, which increases

optical efficiency. This figure presents the ideal case where Si-QD PLQY equals 100%.

These models show that optical efficiency slightly increases with the thickness of the copolymer
film. The estimated trends with the 6 mm glass thickness of 15 x 15 ¢cm? area model receive an
optical efficiency variation from 3.70% to 4.75% of the copolymer thickness from 0.1 mm to 1 mm.

The optical efficiency varies from 8.16% to 9.77% when the PLQY equals 100%.
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5.1.5. LSC area

This analysis continues with changing the surface area while keeping the same standard parameters
of the LSC model. The surface areas are changed by: 144 cm? (L = 12 cm, H = 12 c¢m), 225 cm?
(L =15 ¢cm, H = 15 c¢m), 400 cm? (L = 20 ¢cm, H = 20 cm), 900 cm? (L = 30 cm, H = 30 cm),
3600 cm? (L = 60 cm, H = 60 c¢cm), and 1 m? (L = 100 cm, H = 100 ¢cm). AM1.5 global solar
spectrum, with an integrated power density of 1000 W/m?, is used to illuminate the front surface
of these LSC devices. A power of 14.4 W, 22.5 W, 40 W, 90 W, 360 W, and 1000 W are used,
respectively, as the input power of the solar light for the different size LSC devices. These are
simulated using the 4 nm QD properties, such as absorption and emission spectra, with a 45%
quantum yield. Figure 5.8 demonstrates the simulation results of the optical efficiency with

different LSC sizes.

——PLQY = 45% —a—PLQY = 100%

Optical Efficieny [%]

0 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100

LSC lateral size [cm)]

Figure 5.8: Variation of optical efficiency with different length of LSCs.

It is observed that the optical efficiency decreases with increasing LSC lengths. This is expected

as re-absorption and scattering losses occur when re-emitted photons propagate throughout the
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edges of the waveguide in the LSC. Thus, selecting an optimal LSC length for the LSC is essential.
As shown in Figure 5.8, the optical efficiency of 3.93% is obtained by a smaller LSC area (144
cm?), and the optical efficiency of 0.90% is obtained at a larger LSC area (1 m?). With a PLQY
of 100%, the optical efficiency of 8.63% is obtained by a 144 cm? LSC area, and the optical

efficiency of 2.01% is obtained when the LSC area is increased to 1 m?.

Once the LSC size is increased, the optical efficiency decreases accordingly. In smaller LSC areas,
photons travel shorter distances resulting in a higher probability that light will reach the edges of
the LSC. In larger areas, photons travel longer distances that are likely to be reabsorbed and

scattered before reaching the edges of the LSC, resulting in lower optical efficiency.

5.1.6. Reflective surface

The least expensive and simplest method to improve optical efficiency is through using reflective
surface at the back of the LSC. The existing Si-QD LSC model is modified by adding a reflective
surface to the bottom of the LSC model, as shown in Figure 5.9, to acquire optical efficiency. This

reflective surface was changed starting from 0% to 100% reflectiveness at increments of 10%.

Reflection detector

PV edge M, PV edge

Reflection surface

Figure 5.9: Schematic diagram of an LSC model when a reflective surface is attached in the bottom.

According to Figure 5.10, the optical efficiency slightly increased when the reflective surface in the

model increased. Due to the reflective surface, the LSC model's light trapping has increased,

resulting in a higher optical efficiency when the reflective surface is 100%. In a PLQY of 45%, the
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optical efficiency of 3.67% is obtained with no reflectivity. With a reflectivity of 100%, the optical
efficiency increased to 4.05%. In an ideal case of PLQY of 100%, the optical efficiency is increased
from 8.09% to 8.98%.
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Figure 5.10: Optical efficiency change with different reflective surfaces.

5.1.7. Testing different light source

A final simulation test is conducted on the initial Si-QD LSC setup with standard LSC parameters.
Two different light sources are tested for the last simulations. First, a monochromatic light source
is illuminated in the front area of the LSC (copolymer film) to record the optical efficiency and
losses. Then, sunlight (AM1.5) in the range of 310-1500 nm is used as the main light source to
illuminate the front LSC surface area. Table 5.2 shows the simulation results of the two different

light sources completely illuminated to the LSC surface area.
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Table 5.2: Simulation results of a Si-QD LSC model when illuminated by two different light sources.

Monochromatic Solar Spectrum
light at 365 nm AM1.5
Optical Efficiency 7.65% 3.70%
Reflected 6.58% 7.11%
Transmitted 2.48% 56.7%
Other Losses 83.3% 35.4%

The above table shows that when using monochromatic light at 365 nm, optical efficiency is around
7.67% and 2.48% of transmitted light, where 83.3% of heat and thermalization loss occurs. The
solar light AM1.5 results in a lower optical efficiency compared to the monochromatic light. This
optical efficiency is around 3.70% and has a higher transmitted light of 56.7% compared to the

previous light source.

Si-QDs can absorb only up to 510 nm of the solar spectrum, where all the spectrum is not utilized,
and every spectrum wavelength does not have the same irradiance intensity (see Figure 3.13). Due
to this, the solar spectrum light source gives lower optical efficiency compared to the

monochromatic light source.

5.2. Discussion of results

LSCs with Si-QD particles embedded in a copolymer film and a glass waveguide are simulated
using standard parameters in Table 5.1. From the simulation of the Si-QD LSC model, it is
observed a higher optical efficiency is achievable with ideal characteristics, such as 100% quantum
yield, larger QD concentration, and small LSC size. To measure the optical efficiency, ideal optical
properties are considered: 100% absorption in the PV edges and no impurities in the glass and
PMMA. In a realistic model, the PV edge will not absorb all the light since PV cells have reflective
losses. Impurity effects cause absorption and scattering losses where the effects are not studied in

these models.
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Results of QD concentration and QD sizes: Optical efficiency initially increases when the
QD concentration increases. The highest optical efficiency is obtained when the incident photons
equal the QD concentration. Then the re-absorption and scattering effects become dominant, and
the optical efficiency decreases. Light can easily transmit through the LSC at lower QD
concentrations without interacting with Si-QD particles. A large QD concentration in 4nm QDs is
expected as there is no re-absorption by QD particles. Si-QD spectra have no overlap between
absorption and emission, which will result in no self-absorption losses. So, emitted photons
propagate longer distances. However, photons can be scattered by other non-absorbed QD particles
when they encounter them. 3 nm QDs have a lower optical efficiency than other QDs (4 nm and
7.5 nm), as there is an overlap in the absorption and emission spectra (see Figure 3.9), resulting

in re-absorption losses.

Results of Quantum yield: For higher quantum efficiency QDs, a higher optical efficiency was
possible for the LSC performance. For a QY of 60%, the optical efficiency increased by 1%
compared to the standard parameter LSC model. In an ideal case, where QY is 100%, the optical

efficiency increased by 4% compared to 45% efficiency QDs in the standard LSC model.

Results of glass and copolymer thickness: When the glass thickness is increased in the LSC
model, a slight increase in the start and then a constant optical efficiency is achieved. When the
copolymer thickness is increased from 0.1 mm to 1 mm, the optical efficiency increases by 0.4%

when PLQY is 45%. When the PLQY is 100%, the optical efficiency increases by 1%.

Results of LSC size: The model predicts optical efficiency reduction when the LSC area increases
to 1 m? This is expected as the re-absorption and scattering loss mechanism increases, and the
average path length to the edge of the LSC also increases. In a QD concentration of 0.5% w/w,
the smaller LSC model of 144 cm? achieves an optical efficiency of 3.93%. A larger area (1 m?) of
the same characteristics in the LSC model provides an optical efficiency of 0.90%, where light must

travel a longer distance to the PV edges, which leads to re-absorption and scattering losses.

Results of reflective surface: Light is carried mainly by total internal reflection in the glass

waveguide. A reflective surface is used under the glass waveguide to increase the optical efficiency.
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A slight increase in optical efficiency is achieved when a higher reflectivity surface is attached to

the bottom of the LSC surface.
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Chapter 6

Conclusion and Future work

The main aim of the thesis work is to investigate a luminescent solar concentrator and how the
parameters of an LSC affect its performance. In this project, two different luminescent particles,
red-dye and silicon quantum dot-based LSC, were studied using ANSYS SPEOS. The first LSC
model is a PMMA doped with red-dye particles. The second LSC model has two layers: The top
layer is a thin copolymer known as Poly (butyl methacrylate-co-methyl methacrylate) where silicon
quantum dots are embedded in the film and the second layer of the LSC is a glass where the light

is waveguided to the edges.

The simulation results show that ANSYS SPEOS is a useful tool for ray-tracing an LSC-based
model. The simulation results of a red dye-based LSC have similar efficiency results from
experimental measurements conducted by a previous thesis work [28]. The red-dye particles in the
LSC are characterized by their absorption, emission spectra, and quantum yield. Ray-tracing was
used to evaluate the optical efficiency and losses. The simulation results showed similar results to

the experimental measurements. The optical efficiency of the model is 3.7%, and that of the
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experimental measurement was 4.5%, which has a 0.8% error. Losses in the model showed similar
results. The total transmitted light of the model was 25.4%, and the experimental transmitted
measurement was 30.8%. With this red-dye validation model, it was extended to the silicon

quantum dot-based LSC model.

The optical efficiency is recorded from the simulation results in the silicon quantum dot LSC
model. The LSC model with a glass thickness of 6 mm and copolymer thickness of 0.1 mm is
simulated, and an optical efficiency of 3.70% was received at a QY of 45%. LSC parameters of
quantum dot concentration, quantum yield, glass thickness, and copolymer film thickness were
changed, and the optical efficiency was recorded in different cases. Increasing QD concentration
does not increase the optical efficiency indefinitely, but it plateaus at the maximum optical
efficiency (See Figure 5.4). In a PLQY of 45% and 60%, the graph plateaus at 4.06% and 5.39%,
respectively. When the glass thickness was increased, the optical efficiency was constant in the
low-iron and regular glass with an optical efficiency of 3.70% and 1.64%, respectively. The model
was then changed by adding a reflective surface to the bottom of the LSC. When a 100% reflective
surface was added to the bottom surface, the optical efficiency increased to 4.05%. Finally, a larger
LSC size (1 m?) was determined to have a lower optical efficiency of 0.90%, while a smaller LSC

size (144 cm?) led to a higher optical efficiency of 3.93% in a PLQY of 45%.

The discussed results and conclusion can answer the main questions proposed in this thesis. The
main parameters that affect the LSC performance are determined. Thus, it was determined how
it can be optimized. One of the main parameters affecting optical efficiency and transmission losses
is the QD concentration. With higher concentration, more light can be converted by QDs, but
high concentration also means that other QDs can scatter emitted photons. With lower
concentrations, light can reach the PV edges easily, but light can also easily transmit through the
waveguide without being absorbed by luminescent particles. Another main parameter is the
quantum yield. A higher quantum yield will result in a lower thermalization loss and higher optical

efficiency.

In LSC window application, not only the optical efficiency, but the transparency of the glass
window is important. Small-size L.SCs present a higher optical efficiency, but large-size LSCs

present lower optical efficiency. In higher LSC model, light propagation is difficult as the path
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length is increased to reach the PV edge in the LSC. The device presents poor results in
performance. The optical efficiency was under 1% for the large-scale LSC model. For the optimum
performance of a thin-film LSC window application, a higher photoluminescence quantum yield is

recommended, where more emitted photons can propagate in the waveguide.

6.1. Future Developments

Currently, the company working on the silicon quantum dots has provided the required measured
characteristics, which are used in the simulation. AQM has provided additional silicon quantum
dot measured characteristics, such as absorption and emission spectra, quantum yield, reflective
index, and absorption variation of glass and copolymer. To improve the silicon quantum dot-based
model, one of the main recommendations is to make a small-size silicon quantum dot LSC model
to obtain experimental data by comparing them with the ray-tracing model. As discussed in
Chapter 4, a red-dye-based LSC model is simulated in the ray-tracing software. The results were
compared to the real sample to understand the optical efficiency and losses better. The same
procedure can be used for the silicon quantum dot LSC model to obtain a better understanding of

the device.
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Appendix

Appendix A: Additional data

A.1. Global horizontal irradiance in Canada
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Figure A.1: Global horizontal irradiance in Canada. (©) 2020 The World Bank, Source: Global Solar Atlas
2.0, Solar resource data: Solargis [74].

89



A.2. Silicon reflective index
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Figure A.2: Silicon refractive index variation. (Data obtained from RefractiveIndex.INFO [75])

90



Appendix B: Red-dye Additional Results

B.1. Red-dye LSC simulation results

Figure A.3: Red-dye LSC simulation for reflection: (a) 3D view of reflected rays in a red-dye ray-
tracing LSC model. (b) Side closeup view of the LSC model showing ray-tracing. (c¢) Intensity map of
the reflected light.
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Figure A.4: Red-dye LSC simulation for transmission: (a) 3D view of transmitted rays in a red-dye ray-
tracing LSC model. (b) Side closeup view of the LSC model showing ray-tracing. (c) Intensity map of the
transmitted light.
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B.2. Testing different light source in the red-dye model.

Two different light setups are used testing the red-dye LSC model using ANSYS. Light source
(monochromatic) and sunlight (AM1.5) illuminate the LSC surface area in these two different
simulations. Table B.1 shows the simulation results of the two different light sources completely

illuminated to the LSC surface area.

Table B.1 shows that, the optical efficiency is around 2.56% and 25.1% of transmitted light, which
will result in 63.0% of other losses by using monochromatic light at 425 nm. The solar source
AM1.5 in the range of 310-1500 nm, has an optical efficiency of 1.86% and a higher transmitted
light of 67.8% compared to the previous light source. The solar source received about half of the
maximum optical efficiency compared to the monochromatic light. This is because red-dye particles
can absorb up to 600 nm of the solar spectrum, and every wavelength does not have the same

spectral intensity (see Figure 3.13).

Table B.1: Simulation results of an LSC model when illuminated by two different light sources.

Light Outcome Monochromatic light Solar Spectrum
at 425 nm AM 1.5

Optical Efficiency 2.56% 1.86%

Reflected 9.30% 8.88%

Transmitted 25.1% 67.8%

Other Losses 63.0% 25.4%
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Appendix C: QD Additional results

QDs are embedded directly into the waveguide (15 cm x 15 cm x 0.26 cm), which is called a bulk
LSC. This LSC is simulated to measure the optical efficiency and losses. Figure A.5 shows a
schematic representation of the bulk QD LSC model where the sensors are placed to measure the
optical efficiency and losses. Figure A.7 and Figure A.8, represents the optical efficiency and losses
in a PLQY of 45% and 100%, respectively. The optical efficiency of the yellow area in Figure A.7
corresponds to the blue curve in Figure A.6 and the yellow area in Figure A.8 corresponds to the
red curve in Figure A.6. In a QD concentration of 0.1% w/w, the optical efficiency is 7.33% in a
PLQY of 45% and an optical efficiency of 13.49% in PLQY of 100% is obtained. Figure A.9 shows
the optical efficiency change when the thickness of the LSC is increased. In a QD concentration of
0.05% w/w, the optical efficiency increased from 6.81% to 9.53% when the LSC thickness increased

from 0.26 cm to 2 cm.

Reflection detector
Light Source
@
@ @
@
@ @
@ @
@
Wavegnide
QD particles
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Figure A.5: Schematic diagram of a Bulk LSC model.
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Figure A.6: Optical efficiency with the variation of QD concentration and quantum yield.
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Figure A.7: Optical efficiency and losses with a QD quantum yield of 45%.
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Figure A.8: Optical efficiency and losses with a QD quantum yield of 100%.
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Figure A.9: Optical efficiency change with different copolymer thickness.
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